Université Catholique de Louvain
Faculté de Médecine
Service de Cardiologie
Département de Médecine Interne

Myocardial Blood Flow and Metabolism in
Left Ventricular Ischemic Dysfunction

Thesis by
Jean-Louis J. Vanoverschelde

Thése présentée en vue de 1'obtention du grade
d'Agrégé de I'Enseignement Supérieur

Co-Promoteurs:
Dr Jacques A. Melin
Dr William Wijns
1995




Author's address:

Jean-Louis Vanoverschelde, M.D.
Division of Cardiology

Cliniques Universitaires St Luc
Avenue Hippocrate 10 (2881)
B-1200 Brussels, Belgium

Tel: (32-2)-764.28.03

Fax: (32-2)-764.28.11



ACKNOWLEDGEMENTS

I would like to express my gratitude to Professor P. Macq, Rector of the University, for the medical
education provided at the University of Louvain.

My deepest gratitude goes my Promoters, Professors J.A. Melin and W. Wijns, who introduced me to
clinical research and always encouraged my research projects. Their continuing support and moreover
their friendship is much appreciated.

I also wish to thank Professor J.-M. Detry, Chief of the Division of Cardiology, who welcomed me in
the Division in 1988 and has always been supportive ever since. | am also grateful to my colleagues of
the Division of Cardiology, and particularly to Professor J. Cosyns, who warmly welcomed me in the
Echocardiographic Laboratory.

Most of the work summarized in this thesis was performed at the Positron Emission Tomography
Laboratory in Louvain-la-Neuve and could not have been done without the invaluable help and
competence of the physicists in charge of the PET scanner, namely A. Bol and C. Michel, without the
expertise and skills of the cyclotron staff, particularly M. Cogneau, D. Labar and B. Georges and
without the hard work of many colleagues, especially T. Baudhuin, C. Depré, B. Essamri, B. Gerber
and C. Grandin. I wish also to thank A. Robert for her thoughtful statistical advises in the preparation
of this thesis.

During my stay at the Cardiovascular Division of the Washington University in Saint-Louis, | was
guided by Professor S.R. Bergmann. | also enjoyed the close collaboration of Drs E. Geltman, R.
Gropler and O. Lowry. | wish to thank them for introducing me to basic cardiac metabolism and
biochemistry.

I would like to acknowledge the members of my thesis committee, who critically reviewed this
manuscript and helped me to improve its content and presentation: Professor L. Opie from the
University of Cape Town; Professor D. Buxton from the University of California, Los Angeles;
Professor M. Borgers, from the University of Maastricht and the Janssen Research Foundation;
Professors H. Pouleur, A. Charlier, J.-M. Gillis, L. Hue, C. Michel and J.-M. Detry.

Finally, I wish to express my deepest thanks to my wife Martine Cransquin for her patience and her
continuing support during the preparation of this thesis. Together, we share the joys, disillusions and
hopes of an ever more demanding scientific and clinical career.



Table of Content

Page No
Chapter 1  Background and definitioNS  .......ccooiioiiiiniieeee e 1
Chapter 2 Assessment of Myocardial Blood flow and
Metabolism with Positron Emission Tomography ..o 5
2.1. Principles of positron emission tomMography ........cccccceiieiiiiieiiieie e 5
2.1.1.  The basics Of POSItrON AECAY ........ccccvieiiiiieiieie e 5
2.1.2.  Tomographic detection of poSItron MISSION ........ccceveriirierinie e 5
2.1.3.  Attenuation and SCALEIING .....ccccverueiierieeiesieseeree e se e e e e sae e e e see e nrs 6
2.1.4.  Finite resolution effeCtS  .....ooeoiiiiiie s 7
2.1.5. Radiopharmaceuticals for cardiaC PET .........cccccceviviiiiiiiiesie e 10
2.2. Quantification of myocardial perfusion With PET ........c.cccoiieiiiiiiiee e 10
2.2.1.  General CONSIAErAtiONS  .....ccoiviiiiiiiiiieie et 10
2.2.2.  Quantification of myocardial perfusion with 33N-ammonia
.................................... 11
2.2.3. Quantification of myocardial perfusion with 150-water.............cccccevverivririiennnnn 13
2.3. Quantification of regional myocardial oxidative metabolism with PET ............cccocvivvinennnns 14
2.3.1.  General CONSIAEIALIONS  .....oivieieiieiieiesie ettt e st e e e nneas 14
2.3.2.  Assessment of myocardial oxidative metabolism with 11C-palmitate
.................... 15
2.3.3.  Assessment of myocardial oxidative metabolism with 1C-acetate........................ 16
2.4. Quantification of regional myocardial glucose uptake With PET ...........cccccovevviieiieieienen, 17
2.5, SUMIMAIY oottt ettt et e ekt e e et bt e e b e e et b e e sabe e e eabb e e snbeeennbeeennbeeennneeans 20
Chapter 3 Myocardial Blood Flow and Metabolism in Patients
with Left Ventricular Ischemic DysfunCtion ..o 21
200 I 11 oo (1o o] o TSR 21
3.2. Myocardial blood flow and metabolism in patients
after recovery from reperfused anterior myocardial infarction ..........c.cccecvvveiieivcieseennnn, 23
3.3. Myocardial blood flow and metabolism in patients with unstable angina
and persistent postischemic dysfunction despite coronary recanalization ..................ccccuv..... 28
3.4. Myocardial blood flow and metabolism in patients with noninfarcted
collateral dependent myocardium: a human model of chronic hibernation...............c............ 31
3.5. Time-course of reversibility of left ventricular dysfunction after revascularization............... 40



Chapter 4  Implications for the Clinical Identification of Myocardial Viability .................... 45

s 1 0o [1 o4 A T o SRR 45
4.2. Flow, metabolic and structural correlates of reversible
left ventricular dysfunction after revascularization ............cccccvieiieeieiiennere e 46
4.3. Prediction of reversible left ventricular dysfunction after revascularization
by PET in unselected patients with coronary artery diSease ..........ccccovevevrrieeneninneennsennens 53
4.4. Residual inotropic reserve to identify reversible left ventricular
dysfunction after revascularization .........cccoceiiieiiiie s 63
Chapter 5 Summary and future direCtioNS  ......cccocveiiic e 71
] (] =] (ol TSP P TR TPUPRPRRTROPRN 73

Plates



Chapter 1

Modern therapy of coronary artery disease
increasingly involves interventional strategies
aimed at directly restoring blood flow to the
ischemic myocardium. Over the recent years,
the emergence of coronary artery bypass
surgery, percutaneous transluminal coronary
angioplasty and thrombolytic therapy has helped
to change the natural course of ischemic heart
diseases and contributed to the significant
reduction in the mortality from both acute
myocardial infarction ® and chronic coronary
artery disease.”®**>' This new sophistication in
revascularization therapy has also heightened
our awareness of the diverse effects of perfusion
on cardiac function. Since the pioneering works
of Tennant and Wiggers, it is known that total
ischemia leads to a prompt cessation of
contraction198 and eventually results in the
appearance of cell damage and irreversible
myocardial necrosis.'®® Accordingly, in the mind
of many cardiologists, the discovery of an
abnormal regional contraction in a patient with
coronary artery disease has long been equated
with the presence of irreversible myocardial
necrosis. With the advent of reperfusion therapy,
however, evidence progressively accumulated
that prolonged regional "ischemic™” dysfunction
did not always arise from irreversible tissue
damage and, to some extent, could be reversed
by restoration of blood flow.'®® From laboratory
and clinical investigations of reperfusion of
ischemic  myocardium, several associated
phenomena were described, which have come to
be known as myocardial "stunning" 22}2>113.128
and myocardial "hibernation.
Stunning is a reversible form of contractile
dysfunction that can occur after restoration of
coronary blood flow following a relatively brief
period of coronary occlusion.®® Myocardial
hibernation is a postulated condition of chronic
sustained abnormal contraction due to chronic
underperfusion in patients with coronary artery
disease in whom revascularization or an
improved oxygen supply-demand balance

126,113,128,161

Background and definitions

causes recovery of regional function.****

Despite the rich and still evolving variety of
eponyms that are used to describe these new
myocardial states, uncertainties remain about
their pathophysiology.128 From a conceptual
standpoint, it seems that a first logical approach
to the elucidation of potential
pathophysiological factors could be to describe
these new states in terms of perfusion-
contraction matching.’®® Studies on regional
flow-function relations during acute ischemia
have indeed indicated that there is a close
coupling between the supply of myocardial
substrates, including O, of which the
measurement of regional perfusion provides a
rough estimate, and myocardial energy demand,
as reflected by the steady state level of regional
contraction.®®"® Thus, whether or not flow and
function are appropriately matched in stunning
and hibernation can provide us with important
clues as to their origin. Unfortunately, while it is
quite easy to obtain accurate measurements of
regional  perfusion and contraction in
experimental animals, it is far more difficult to
obtain these same measurements in man. In this
regard, recent refinements in myocardial
function and perfusion imaging have greatly
enhanced our ability to measure flow and
function directly in patients. In the present
thesis, | wish to review my contribution to the
elucidation of the pathophysiologic factors
associated with left ventricular ischemic
dysfunction in humans. Before going into the
details of the different studies performed, |
would like to set the stage and define more
comprehensively some of the pathological
conditions we will be dealing with throughout
this thesis.

Acute perfusion-contraction matching or acute
myocardial ischemia. Acute ischemia is a
condition of low coronary blood flow associated
with a proportional reduction of contraction and



a steady-state matching of energy supply and
demand.®®'®® Reperfusion after very short
periods of ischemia (less than 10 minutes)
usually results in rapid and complete restoration
of cardiac performance. There is no necrosis,
and myocardial ultrastructure is normal.}%®2%
More prolonged periods of ischemia, up to 15-
20 minutes, do not usually cause tissue necrosis,
but, with reperfusion, are associated with a
prolonged, albeit reversible, dysfunction which
has been termed stunning (see below).* Further
increases in the duration of ischemia result in
the appearance of irreversible cell damage, the
ultrastructural characteristics of which include
cellular swelling, membrane rupture, and cell
contracture 2104100215216 1 yivo, irreversible
damage occurs first in the subendocardial
myocardium. With longer periods of ischemia, a
wavefront of cell death moves from the
subendocardial zone across the wall to involve
progressively more of the transmural thickness
of the ischemic zone (wavefront
phenomenon).’® As a consequence, the amount
of necrosis in the ischemic zone increases over
time, and until completion of the process (3 to 6
hours in dogs, probably more in humans), both
reversibly and irreversibly injured cell
populations may coexist within the same area.
Reperfusion of severely ischemic myocardium
usually results in a marked gain in cellular
calcium, worsening of contracture,® %3
exaggerated enzyme release® and failure to
replenish high energy phosphate. There is
usually no recovery of contractile function. The
healing process involves the formation of a
fibrotic scar, typical of chronic myocardial
infarction.

Acute  perfusion-contraction  mismatch or
myocardial stunning. Stunning is a reversible
form of contractile dysfunction that can occur
after restoration of coronary blood flow
following a relatively brief period of coronary
occlusion, as originally  described by
Heyndrickx et al.®® Stunning is also postulated
to occur in humans and to account in part for the
prolonged contractile dysfunction seen after
thrombolytic therapy or following attacks of
unstable angina.?****%>22° Myocardial stunning
iIs considered to be a form of reperfusion

injury,?** whereby reintroduction of oxygen

after a period of deprivation provokes a transient
overload of calcium in cardiac myocytes and
damages the contractile machinery. > 122123128
The ensuing contractile dysfunction typically
lasts for hours or days, despite adequate
restoration of myocardial blood flow and the
absence of tissue necrosis. Nonetheless, in the
absence of subsequent ischemic episodes,
function always returns spontaneously and
completely back to normal.

As mentioned above, several lines of evidence
support the hypothesis that transient calcium
overload during early reperfusion is critical in
the pathogenesis of myocardial
stunning.>"1?21%3128 K ysuoka et al. showed that
when isolated ferret hearts are exposed to
elevated extracellular calcium during
reperfusion, stunning inevitably ensues, whereas
reperfusion with low calcium in the perfusion
medium improves postischemic recovery.’? The
same group also showed that a transient increase
in cellular calcium in the absence of ischemia
mimics stunning physiologically, metabolically
and histologically.”” Additional evidence for
the role of calcium overload in the genesis of
myocardial stunning is provided by the results of
experiments in which the transport of calcium
across the plasma membrane >’ or its release
from the sarcoplasmic reticulum  were
specifically manipulated at the time of
reperfusion. Release of oxygen-centered free
radicals at the time of reperfusion has been
proposed as the triggering event for altering
calcium homeostasis.”**” The role of oxygen-
centered free radicals in the pathogenesis of
myocardial stunning is supported by the results
of several studies in which free-radicals-
scavenging agents attenuated the severity of
stunning.™*’ Their involvement is also supported
by the results of studies in isolated hearts, in
which exogenous administration of a free
radicals mixture caused calcium overload and
subsequently  contractile  failure.®® 1t s
noteworthy that oxygen centered free-radicals
are capable of inhibiting glycolysis,*® whose
integrity is critical for calcium homeostasis
during reperfusion.’®’ It is therefore tempting to
hypothesize that myocardial stunning might



result from damage to the glycolytic pathway,
perhaps mediated by free radicals, leading
secondarily to impaired calcium homeostasis,
calcium overload and contractile failure. The
molecular mechanisms by which reperfusion-
mediated calcium overload provokes reversible
contractile dysfunction is currently under intense
investigation. The most recent explanation
relates stunning to a decreased sensitivity of the
myofibrils to calcium.’***® The observation that
calcium transients are increased in stunned
myocardium, while function is severely
depressed, supports this hypothesis.**® It has
been postulated that, during the initial period of
overload, calcium could trigger a series of
deleterious  biochemical events, such as
activation of calcium-dependent proteases or
protein kinases, and thereby modify the
properties of the contractile proteins,8 including
their sensitivity to calcium. The reduction in the
maximal calcium activated force observed in
stunned hearts,"? as well as the time course of
recovery of stunned myocardium, which
corresponds to the natural turnover rate of the
contractile proteins in vivo, supports this
hypothesis.

Sustained perfusion-contraction matching or
short-term hibernation. Short-term hibernation
is a condition of low coronary blood flow that
lasts from 1 to several hours (up to 5 hours) and
is associated with a sustained proportional
reduction of contraction.?’®**** No myocardial
necrosis ensues provided that there is sufficient
residual coronary blood flow. Despite
continuing low-flow and dysfunction, some of
the  metabolic  markers  of  ischemia
spontaneously  resolve over time and
phosphocreatine regenerates back to nearly
normal levels.**® Short-term hibernation is a
remarkably unstable condition, as super-
imposition of a chronotropic or inotropic stress
invariably  results in increased lactate
production, decreased phosphocreatine and
eventually myocardial necrosis.*® Short-term
hibernation is also postulated to occur in humans
and to account for the prolonged contractile
dysfunction seen during prolonged attacks of
unstable angina.*®

Chronic perfusion-contraction matching or
chronic hibernation. Myocardial hibernation is a
term first used by Rahimtoola for a postulated
condition of chronic sustained abnormal
contraction due to chronic underperfusion in
patients with coronary artery disease in whom
revascularization or an improved oxygen supply-
demand balance causes recovery of regional
function.’®*%! In his original description of the
condition, Rahimtoola  postulated  that
myocardial  hibernation resulted from a
"relatively uncommon response to reduced
myocardial blood flow at rest whereby the heart
downgrades its myocardial function to the extent
that blood flow and function are once again in
equilibrium, and as a result, neither myocardial
necrosis or ischemic symptoms are present."*®!
Although suggestive evidence supports the
existence of hibernation in humans, there is no
experimental demonstration that such a
perfusion-contraction matching can persist for
weeks or months in chronic animal preparations,
let alone in the intact individual.

Ischemic preconditioning is yet another concept
whereby the myocardium downgrades its energy
requirements and becomes more tolerant to
ischemia (i.e. develops less ischemic injury)
because it has been primed or preconditioned by
a preceding transient episode of ischemia
followed by reperfusion.’® Whether or not
ischemic preconditioning bears any relationship
with either myocardial stunning or hibernation
remains largely unknown.

As briefly outlined in the preceding paragraphs,
the mechanisms responsible for regional left
ventricular dysfunction in patients with chronic
coronary artery disease are obviously multiple
and complex. Their precise delineation thus
necessitates the simultaneous assessment of
myocardial function, perfusion and metabolism,
which, until recently, has remained elusive,
owing mainly to the difficulty of obtaining
quantitative measurements of myocardial blood
flow and metabolism noninvasively in humans.
The recent advent of powerful imaging
modalities, such as positron  emission
tomography (PET), has greatly facilitated such
investigations. In the present thesis, | will focus



on the insights gained into the pathophysiology
of left ventricular ischemic dysfunction in
humans by the use of PET. In Chapter 2, | will
briefly review some of the concepts underlying
the use of this modality for the quantification of
myocardial perfusion and metabolism. In
Chapter 3, | will concentrate on the study of the
flow and metabolic correlates of myocardial

infarction, myocardial stunning and myocardial
hibernation in humans as well as on the
structural changes shown to occur in the
hibernating myocardium. Finally, in Chapter 4, |
will illustrate how the concepts derived from
these studies can be applied to the clinical
identification of which patient is most likely to
benefit from coronary revascularization.




Chapter 2
Emission Tomography

2.1  Principles of Positron Emission

Tomography

Interest in positron emission tomography (PET)
imaging arises from its capacity to measure
regional physiologic function by tracing the
biological fate of compounds that have been
tagged with positron-emitting radioisotopes.
Making accurate measurements with PET
requires great care. Attenuation, scatter,
accidental coincidences, and finite resolution
effects, among many factors, may distort images
and affect the reliability of the physiologic
information derived from PET. In addition,
physiologic parameters are often obtained by
use of mathematical models that describe how
biochemical concentrations vary with time.
Depending on how these models are applied,
factors affecting the reliability of the data can be
minimized, while others become more
important. Therefore, to acquire and analyze
PET data accurately, one must be aware of the
origin and nature of the distorting factors. This
chapter briefly reviews some of the principles
pertinent to the interpretation of cardiac PET
studies.

2.1.1 The Basics of Positron Decay

Radioactive B—decay results from the emission
of an electron or a positron from an unstable
atom. Except for their opposite charges,
positrons are identical to electrons: they have the
same mass and behave similarly. Positrons are
the "antimatter" of electrons. When a positron
and an electron are in close proximity for more
than the briefest interval, both disappear, a
phenomenon termed annihilation, and their mass
is converted into energy in the form of 2 gamma
rays traveling in almost opposite directions
(Figure 2-1). Thus, when the nucleus of a
positron-emitter located in the myocardium
decays, it emits a high-energy (from 3 MeV to
640 GeV) fast-moving positron. Initially, the
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positron is moving so fast that it does not spend
enough time near any electron to annihilate.
However, after traveling a few millimeters in
tissue, the positron loses energy, slows down
and eventually arrives in the close vicinity of an
electron with which it annihilates, liberating 2
gamma rays of 511 keV of energy each (the
energy equivalent to the mass of each particle).

2.1.2 Tomographic Detection of Positron
Emission

PET scanners are built to detect pairs of gamma
rays resulting from the annihilation of a positron
with an electron. The detection is made by use
of a ring containing hundreds or thousands of
detectors that encircle the field-of-view. The
mechanical assembly holding all these detectors
is called the "gantry." All the detectors are
connected together by electronic circuits and
grouped by pairs. When a positron annihilates
within the field of view, the 2 resulting gamma
rays may strike and be detected by the 2
members of an opposing pair of detectors in the

\ Gamma ray
AN

N\ Gamma ray
N\
———Up to several mm ——=

Figure 2-1.
the positron is emitted, it travels through tissue,
bouncing off nearby atoms, and losing energy until
it finally comes nearly to rest and annihilate with an
electron. The electron and the positron annihilate,
giving off 2 photons of 511 keV each traveling in
almost opposite directions.

Positron decay of a nucleus. After



ring. When this happens, each of the detectors
produces an electronic pulse at almost exactly
the same time. The 2 detectors record what is
called a "coincident event." Detection of such
coincident events in pairs of detectors
constitutes the basics of PET. It implies that an
annihilation event has occurred somewhere
along the line between the 2 detectors and
assumes that the radioactive atom that decayed
is located along the same line. By determining
the lines along which gamma rays were
generated in the field-of-view, PET scanners
produce an image showing where the decaying
atoms were located.

As mentioned above, although the 2 gamma rays
causing a coincident event are assumed to strike
their respective detectors simultaneously, this is
seldom the case. As photons travel at the speed
of light, it takes them about 1.33 nanoseconds to
travel the 40 cm or so from the center of the ring
to one of the detectors. If the annihilation has
taken place somewhere other than at the center,
1 of the 2 gamma rays will reach its detector a
few tenths of a nanosecond earlier than the
other. Unfortunately, most current
detector/photomultiplier combinations are not
able to produce electronic pulses timed more
accurately than within a few nanoseconds.
Therefore, simultaneous detection refers to
detection within a so-called "resolving time,"
which is set electronically in the PET scanner,
and is typically of 10 to 20 nsec. Any photons
that are detected within this resolving time are
considered to have occurred in coincidence.
Accordingly, it is quite possible for 2 photons
that did not come from the same annihilation
event to be erroneously identified, quite by
accident, as having occurred simultaneously, i.e.
within the resolving time of the scanner. Such
false coincidences are called "accidental,” or
"random” coincidences. They account for
background activity in the reconstructed image.
They are dependent on the amount and location
of activity detected by the scanner and on the
resolving time of the tomograph. Consideration
of the rate of singles detection on each detector
allows to correct for accidental coincidences
with a fairly small error. One can also measure
the coincidence rate in the so-called "delayed

coincidence time-window," subtract it from that
measured in the “prompt coincidence time-
window" and estimate thereby the true
coincidence rate.

2.1.3 Attenuation and Scattering

When annihilation photons pass through tissue,
they frequently interact with electrons in the
tissue. Of those that interact, some do so by a
process called photoelectric effect, whereby all
the energy of the photon is absorbed by an
electron, while others interact with neighboring
electrons by a process called Compton
scattering, whereby the photon is deflected and
loses some of its energy. The higher the angle of
deflection, the higher the energy loss. In
biological tissues, most of the interaction results
from Compton scattering. As a consequence,
some fraction of the emitted photons is diverted
from its original course and never reaches the
detectors in the ring. The resulting loss of
detected events is termed “attenuation." The
number of photons that make it through
unscathed decreases exponentially with the
thickness of the interposed tissue as:

No = e-u(d1+d2)

where L is the attenuation coefficient (0.096 cm-
1 in soft tissues), and d1 and d2 the distances
traveled by photons before reaching their
detectors. Typically, for a 70 kg subject,
attenuation by factors of 10 to 20 is common.
Although attenuation is a serious problem with
PET because both photons in a pair must survive
intact, accurate attenuation correction s
possible. In contrast, with methods such as
single-photon emission computed tomography
(SPECT) in which only one photon is involved,
such correction is quite difficult because the
attenuation ~ factor, e*", depends on
measurement of the depth at which the isotope is
located in the tissue. This measurement can
hardly be made before imaging. The value
necessary for attenuation correction of PET
images, however, is (d1+d2). This quantity is
independent of how deep the isotope is located
and depends only upon the attenuation through
the total body thickness, which can be measured



accurately.

The most common method for making these
corrections is to calculate an attenuation
correction factor for each pixel of the field-of-
view. This is done by performing a "blank” and
an "attenuation™ scan (often called transmission
scan). Before the patient to be imaged is placed
in the ring, a small positron-emitting source is
placed at one side and a scan, called the blank, is
made. The position of the source is maintained
and the patient is positioned in the ring. A
second scan, the attenuation scan, is then
performed. The difference in counts detected in
the blank and the attenuation scans result from
attenuation by the patient. The ratio of the blank
scan counts to the transmission scan counts
gives the factor e*"® which is the factor needed
to correct for attenuation for this pair of
detectors. Making similar measurements for all
the detector pairs permit complete attenuation
correction on a pixel per pixel basis. It is
important to note that precise attenuation
correction requires either long acquisitions or
spatial/angular smoothing. For practical reasons,
however, acquisition times seldom exceed 15 to
20 minutes.

Scattering may cause other problems. Although
the great majority of scattered photons never
reach the detectors, a small number of them may
still hit a detector and register a coincident
event. When this occurs, the scanner
erroneously computes the position of a
radioactive atom. This may cause false counts to
appear in cold areas of an image when a hot spot
is nearby. Most scanners are designed, however,
to reduce scatter detection by quantifying
photon energy and rejecting those photons with
energy below a certain threshold.

2.1.4 Finite Resolution Effects

The spatial resolution of a PET scanner is a
measure of how well the scanner can distinguish
between 2 small objects placed closely together.
The resolution of a PET scanner is mainly
dependent on 3 factors: 1- the design of the
machine (including crystal size and spacing, ring
diameter, etc. ...); 2- the positron rangeiss

(which relates to how far positrons travel into
the tissue before being annihilated) and
deviation of annihilation photons from exact
colinearity; 3- image reconstruction and post-
processing (including filtering and smoothing)
of reconstructed images.

Besides its influence on the ability to
discriminate between 2 objects, the spatial
resolution of a scanner also influences the
accuracy of count measurements. To understand
better what are the effects of the finite resolution
of a tomograph on its measuring accuracy, let's
assume that a perfect tomograph exists, and is
used to image a 2 cm diameter cylinder of
radioactivity. Assume further that after imaging
for 100 seconds, 100.000 coincident events have
been recorded (1000 events per second) in a
transaxial slice of the cylinder. The perfect
scanner will produce a perfect image, in which
all the pixels have the same value, while all
pixels outside the object would have the value
zero. Placing a 2 cm diameter region of interest
around the image of the object would yield the
total number of coincidences per second coming
from the object and all the coincidences detected
would be measured within the region of interest.

If the same 2 cm diameter cylinder was imaged
with an imperfect scanner (one with a 7 mm
resolution for instance), the same 100.000
coincidences would be detected, but some of the
coincidences would be blurred or spread out.
Some counts from pixels near the edge would be
smeared into the region outside the object. The
pixels from the center of the object would not be
affected as much as the pixels at the periphery
because as many counts would be blurred out as
blurred into them from their neighboring pixels.
The net result is that part of the total
radioactivity present in the object is now
measured outside the object. Consequently, the
same 2 cm diameter region of interest would
now produce a value of 785 events per second,
the other 215 events per second being detected
outside the region of interest. The percentage of
the counts retained in the region of interest is
termed "recovery coefficient,” 78.5% in this
case, while the percentage of counts spreading
outside the region of interest is termed "spillover



fraction,” in this case 21.5%. The term "partial
volume effect” describes the resolution effect by
which counts obtained from a region of interest
applied to an image with finite resolution are
fewer than those in the same region of interest
applied to an image from an "ideal" PET
scanner. The poorer the resolution, the more
blurred the data will be and the fraction of
counts "recovered" within a given region of
interest will be lower.

It is clear from the above example, that if one
wants to measure the total number of events in
the object, simply increasing the size of the
region of interest will be sufficient to recover a
greater number of counts. In practice, however,
PET data are seldom used to assess the total
number of events within a given organ, but
rather ~to  measure  regional  activity
concentrations, in counts per pixel per second.
In this case, drawing too large a region of
interest in an effort to recover all the counts will
just have the opposite effect, as it will reduce the
measured counts per pixel per second by
increasing the total number of pixels. If the
region of interest were decreased in size,
however, it would no longer include pixels near
the edge and the activity concentration would
more closely approximate the correct value.
Unfortunately, as the region of interest gets
smaller, so does the total number of events
contained in it, causing statistical fluctuations to
increase. Also, if the size of the imaged object is
less than twice the actual resolution of the
tomograph, the activity concentration will be
underestimated, even in the pixels near the
center of the imaged object.®®

It is theoretically possible to correct for the
partial volume and spillover effects.10,98 If the
true anatomic dimensions of the imaged object
and the resolution of the tomograph producing
the image are known, it is possible to calculate
the recovery coefficients and spillover fractions
and use them to correct the data.76 These
corrections are an absolute prerequisite to the
measurements of myocardial blood flow and
metabolism in absolute terms, in ml.(min.g)™ or
in umol.(min.g)™*, with PET.

From a theoretical standpoint, the true tracer
concentrations in blood (Cy, left ventricular
[LV] cavity) and myocardium (C,) can be
computed from their imaged concentrations (Ci,
and Cin) by use of the following equations:

Cm=K. (Fbb - Cim - Fom - Cib)
Cb = k . (me . Cib - Fmb . Cim)

Where

and Fy, and Fym are the recovery coefficients for
blood pool and myocardium, respectively, and
Fbm and Fmb are the spillover fractions from
blood pool to myocardium and from
myocardium to blood pool, respectively.

The magnitude of the 4 correction factors (Fpp,
Fmm, Fom and Fpp) is mainly dependent on the
geometric dimensions of the objects, on their
relative distance and on the resolution function
of the tomograph. To determine these factors,
we have developed a Monte Carlo simulation
that assumes a bigaussian spatial resolution in
the tomographic plane and tested its accuracy in
both phantom and in vivo dynamic studies.*”*
The different steps of the method are briefly
outlined below.

Step 1

The shapes and sizes of the LV cavity and
myocardium are first determined by isocontours
on a selected image of the dynamic study where
all the activity is concentrated in the
myocardium. The geometric  dimensions
determined by use of such isocontours compare
favorably with the known sizes of various heart
phantoms (within 3%). Also, the mean radii of
the contours measured on images obtained 70
minutes after FDG injection are in good
agreement with those measured on the
corresponding anatomical slices (y =0.062 +
0.921x, r=0.98). It should be pointed out,
however, that this approach necessitates images
with high count statistics and is likely not valid
in very small objects, typically less than 6 mm.
For these small objects, the geometric



dimensions should be measured by use of
imaging modalities with a better spatial
resolution, such as magnetic resonance imaging
or echocardiography.

Step 2

From the cavity and myocardial contours, 4
images are randomly generated: the "true"
uniform activity distributions in both cavity and
myocardium and the corresponding “imaged"
distributions, distorted by the resolution effect.
The measured in-plane spatial resolution of our
tomograph (ECAT I, model 911/01, CTI Inc.,
Knoxville, TN) follows a gaussian distribution
with a full-width-at-half-maximum (FWHM) of
8 mm when reconstructed with a Hann filter at a
cutoff frequency of 0.5.% When this resolution
function is implemented in the Monte Carlo
simulation, the recovery coefficients computed
as a function of object size are in excellent
agreement with those measured with a hot spot
phantom. The degree of agreement is less,
however, when the same resolution function is
applied to in vivo dynamic FDG studies.
Because of heart motion, the geometric
dimensions determined from dynamic imaging
are averaged over the cardiac cycle, introducing
errors in the computation of the correction
factors. To compensate for these errors, a
simplified model of wall motion derived from
gated studies was added to the Monte Carlo
simulation. In this model, the outer contours of
the myocardium are kept constant, while the
cavity radius is allowed to vary between 2
extreme values determined from contours drawn
at end-diastole and end-systole. Simulation
studies were performed to evaluate specifically
the effects of spatial averaging. The results of
these studies clearly indicated that neglecting
the effects of wall motion led to overestimation
of recovery coefficients and underestimation of
spillover factors. Thus, ideally, gated studies
should be performed in every patient to correct
for the effects of heart motion. Gated dynamic
studies are tedious to perform, however.
Therefore, despite the above limitations, we
finally decided to use the averaged dimensions
from nongated studies and to compensate for the
discrepancies in the correction factors by

increasing the FWHM of the resolution function
from 8 to 10 mm, in accordance to previous in
vitro measurements.

Step 3

The regions of interest defined on the dynamic
PET study are projected on the Monte Carlo
images. Their integral ratios with and without
the resolution effect allow computation of the
recovery coefficients for each region of interest
and the spillover factors between the different
regions.

Comparison with in vitro measurements

To evaluate the accuracy of the correction
factors provided by the Monte Carlo simulation,
dynamic PET imaging was obtained in 8 dogs
after intravenous administration of 5 mCi of
FDG. In the 8 dogs studied, the blood pool
curves derived from corrected PET data
compared favorably with those obtained by
rapid arterial sampling and well-counting. The
mean of all angular coefficients obtained by
linear regression of the tomographic data on the
in vitro arterial counts improved from 0.82 to
0.95 when corrections for finite resolution were
applied. In 4 studies, the dogs were sacrificed at
the end of the PET acquisition, and tissue
samples from the imaged slice were counted in a
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Figure 2-2. Scatterplots of correlation between

in vitro and in vivo tissue concentrations before (o)
and after (®) correction of PET data for finite
resolution effects. Adapted from Ref. 210.
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cross-calibrated well counter. As shown in a
representative example (Figure 2-2) PET data
corrected for the finite resolution effects
correlated well with in vitro measurements.

2.1.5 Radiopharmaceuticals for Cardiac PET

In contrast to most single-photon emitters, many
positron-emitting  radionuclides are unique
because their naturally occurring counterparts
(hydrogen, carbon, nitrogen and oxygen) are
predominant  constituents  of  biological
compounds.  Positron-emitting  isotopes  of
fluorine, carbon, nitrogen, and oxygen may
replace their stable counterparts in the synthesis
of metabolic substrates, receptors ligands, drugs,
and other biologically active compounds without
disrupting biochemical properties or activity.
Also, as the labeled compounds are administered
in only tracer amounts, they do not usually
interfere with the physiological or metabolic
processes under study.

Positron-emitting radionuclides can be produced
in 2 ways: with a cyclotron or with a generator.
Use of an on-site cyclotron can support
production of oxygen-15 (*O, half-life of 2.0
minutes), nitrogen-13 (N, half-life of 9.9
minutes), carbon-11 (*'C, half-life of 20.4
minutes), and fluorine-18 (*°F, half-life of 110
minutes). Many different radiopharmaceuticals
incorporating these labels have been developed
for studies of myocardial perfusion and
metabolism with PET. However, because of
their short half-life, incorporation of these
positron-emitters into the tracer of interest often
requires the use of novel, rapid, synthetic
schemes. These in turn necessitate the expertise
of  highly-specialized  radiochemists  or
radiopharmacists, and strict quality controls
pertinent to the delivery and administration of
radiopharma-ceuticals to human subjects.

Production of positron-emitting radio-nuclides
with generators, whereby a short-lived daughter
radionuclide is rapidly separated from a longer-
lived parent, offers the advantage that the parent
radionuclide can be produced at a remote site
and less expensively than cyclotron-produced
radiopharmaceuticals. To date, however,

generator-produced radiopharmaceuticals
suitable for cardiac studies are limited to agents
used to image the blood pool or to estimate
perfusion (**Ga, ®Rb).

2.2 Quantification of
Perfusion with Positron
Tomography

Myocardial
Emission

2.2.1 General Considerations

Quantification of myocardial perfusion in
absolute terms, i.e. in ml.(min.g)™, is crucial for
determination of the physiologic significance of
coronary artery disease and for evaluation of the
efficacy of pharmacological, mechanical, or
surgical interventions designed to augment
nutritive perfusion. Quantitative estimates of
myocardial perfusion are also mandatory for the
evaluation of patients in whom the uptake and
clearance of flow tracers are homogenous, such
as those with chest pain and angiographically
normal coronary arteries, cardiac allografts or
cardiomyopathies, or when regional disparities
are not obvious because of balanced or
multivessel coronary artery disease.

The severity of stenosis, as determined visually
from coronary angiograms, does not accurately
predict maximal flow in response to a
physiologic or pharmacological stimulus.129
Even though quantitative arteriography has
improved the accuracy of assessment of
epicardial vessels,”* such measurements do
not define nutritive perfusion per se.
Intracoronary flow velocity measurements by
use of miniaturized Doppler flow probes have
been recently proposed to achieve this goal.*?®
Yet, these measurements reflect only bulk
conductance flow in limited vascular territories,
and unless they are coupled with the
measurement of vessel dimensions, they do not
allow flow to be measured. In addition, nutritive
perfusion may not parallel macrovascular flow,
as collateral flow is not taken into account.

Nuclear medicine techniques such as planar or
single-photon emission computed tomography
(SPECT) with perfusion agents such as
“LThallium or *™Tc isonitriles are increasingly



used to assess myocardial perfusion and
perfusion reserve. Despite their convenience,
these methods are of limited accuracy because
of inadequate correction for tracer extraction,
photon attenuation and finite resolution effects.
Accordingly, they cannot be used to assess
myocardial perfusion in absolute terms.

Because of its quantitative capabilities, PET has
emerged as a promising method for
quantification of nutritive myocardial perfusion.
When mathematically and physiologically
appropriate models are used to describe the
biological behavior of the administered
radiotracers in blood and myocardium, it
becomes possible to obtain quantitative
estimates of regional myocardial
perfusion.”>'*% Among the different positron-
emitting radiopharmaceuticals available for
perfusion studies, **N-ammonia, **O-water and
*2Rubidium are the most commonly used.

2.2.2 Quantification of Myocardial Perfusion
with **N-ammonia.

A number of experimental and clinical studies
have shown the feasibility of qualitative and
quantitative estimates of myocardial blood flow
with *N-ammonia and PET. Although ammonia
is a gas, it falls into the category of cation-type
tracers, since at physiological pH, its major form
is NH,". Although the mechanisms of transport
across the sarcolemmal membrane have not
been delineated conclusively, carrier-mediated
transport appears to be involved. **N-ammonia
exhibits high, single pass extraction (greater
than 80% at physiological flow rates).}”®8¢
Once extracted by the heart, its biological half-
life is 80 to 400 minutes. Clearance from the
blood is usually rapid. Accordingly, “N-
ammonia provides good to excellent images of
the myocardium.*”

N-ammonia extraction by the myocardium is
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inversely and non linearly related to flow.'"*

Net uptake plateaus at flows greater than 2 to
2.5 ml.(min.g)™. Thus, net **N-ammonia uptake
IS not very sensitive to changes in the hyperemic
flow range. The extraction and retention of **N-
ammonia by the heart are also related to
myocardial oxygenation and metabolism. #8164
Because the trapping of “*N-ammonia is
dependent on the conversion of ammonia to
glutamine by the glutamine synthase pathway,
factors that influence flux through this pathway
can theoretically affect tracer Kkinetics
independent of flow. In practice, however, these
effects are negligible. Estimation of regional
perfusion with **N-ammonia is usually achieved
by use of a 2- or a 3-compartment model, which
accounts for the forward and the backward
transfer rates of '*N-ammonia into the
myocardium and for the metabolic trapping of
BN-ammonia in the form of ©N-
glutamine 074100120138 jse  of such models
requires dynamic imaging to record time-
activity curves in arterial blood (for input
function) and myocardium. Several studies have
shown that PET derived input functions were in
good agreement  with  their invasive
counterparts,*?** provided that blood pool and
tissue time-activity curves are corrected for
partial volume and spillover effects.

Additional corrections for contamination of the
arterial input  function by '*N-labeled
metabolites may be required to obtain reliable
flow data.’® In dogs, the proportion of
administered **N-ammonia that is degraded to
metabolic intermediates (predominantly urea
and glutamine) is 91 +£9% and 57 £19% at 1
and 2 minutes respectively after intravenous
administration, and increases with adenosine. In
humans, however, accumulation of 13N-labeled
metabolites is slower, the proportion of the total
radioactivity in blood retained in form 13N-
ammonia at 1 and 2 minutes after injection
being 99 + 1% and 90 + 4% respectively.®
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The accuracy of quantitative estimates of
myocardial blood flow with PET and “*N-
ammonia has been evaluated by several
investigators in both open-chest and conscious
animals over a wide range of flow conditions
induced by  coronary  stenosis  and
pharmacological vasodilation.*>"**® |n general,
the Dbest results are obtained when data are
corrected for both finite resolution effects and
for the presence of labeled metabolites
(Figure 2-3). Without these corrections, the
correlation with microspheres deteriorates with
systematic underestimation of flow and larger
random variability. The correlation with
microspheres is poorer in the septum than in any
other regions, presumably because of spillover
from the right ventricle. In myocardium made
necrotic by permanent coronary occlusion, good
agreement between PET and microspheres flow
estimates has also been reported (Figure 2-4).
Thus, the dependence of **N-ammonia
extraction on cell integrity suggested by Rauch
et al.’™® does not seem to affect significantly
myocardial blood flow estimates with **N-
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Figure 2-3. Scatterplot showing the correlation

between myocardial blood flow estimated by “*N-
ammonia and PET and that obtained with
microspheres over a wide range of flow conditions in
dogs. PET data were corrected for finite resolution
effects and for the accumulation of **N-labeled
metabolites in the arterial blood. Adapted from Ref.
19.
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Figure 2-4. Scatterplot showing the correlation

between myocardial blood flow estimated by **N-
ammonia and PET and that obtained with
microspheres in 22 infarcted regions in dogs.
Adapted from Ref. 1

ammonia. Accordingly, **N-ammonia is used
extensively in humans for both qualitative and
quantitative imaging of myocardial perfusion.
As mentioned earlier, it usually provides images
of good quality (except in patients with lung
diseases), allowing for the assessment of
myocardial blood flow in both relative and
absolute terms.

In normal subjects, the uptake of **N-ammonia
is usually homogenous throughout the left
ventricle, although slightly lower levels of tracer
uptake may be noted in the lateral free wall.
Absolute levels of myocardial blood flow
estimated with the 3-compartment model
average 88 +22 ml.(min.100g)" at rest and
increase linearly with increases in cardiac work.
With adenosine or dipyridamole, flow rates
usually increase markedly, up to 3 to 4-fold.*"*®

2.2.3 Quantification of Myocardial Perfusion
with O-water.

In contrast to **N-ammonia, °O-water is
relatively freely diffusible across capillary and



cellular membranes. Its first pass extraction
fraction is close to unity and thus insensitive to
flow changes. In theory, the advantage of using
freely diffusible tracers is that their kinetics of
accumulation and clearance from myocardium is
far less complex than those of partially
extractable  tracers. Bergmann et al.
demonstrated that the limitations to free
diffusibility of water were modest, constant, and
not altered by flow." Thus, *O-water can be
considered as freely diffusible in the heart.
Regional uptake of 'O-water was found to
correlate closely with regional uptake of
microspheres.” In most centers, 150-water is
directly cyclotron-produced and administered as
an intravenous bolus.™*®*° Alternatively, it can
be produced from the inhalation of *°O-carbon
dioxide (which is converted to "O-water by
lung and blood carbonic anhydrase), which
requires more prolonged infusion protocols.**%*
The fact that O resides in blood as well as in
myocardium necessitates the use of a separate
scan (like O-carbon monoxide) to label the
blood pool to visualize the myocardium.

Assessment of myocardial perfusion in absolute
terms is performed with a modification of
equations derived by Kety to encompass
correction for finite resolution effects.>*992110
As with *N-ammonia, dynamic imaging is
required to measure the time-activity curves in
arterial blood and in myocardium. Several
assumptions underlie the use of the single-
compartment Kety model for quantification of
myocardial  perfusion  with  O-water
including 1% : 1- that the uptake of tracer is
flow dependent and not diffusion limited, 2- that
no arteriovenous shunts or bypasses are present,
3- that the solubility of the tracer is constant,
and 4- that the flow is constant and more
importantly homogenous throughout the region
interrogated during the imaging interval. As
mentioned above, limitations to free diffusibility
are modest, constant and not affected by flow.
Significant shunts or bypasses are probably not
present in the heart. However, the assumption
that flow is uniform is probably not valid in
patients with coronary artery disease and a
previous myocardial infarction.
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Figure 2-5. Scatterplot showing the correlation

between myocardial blood flow estimated by *°O-
water and PET and that obtained with microspheres
over a wide range of flow conditions in dogs. PET
data were corrected for finite resolution effects
before the fitting procedure. Adapted from Ref. 19.

The accuracy of quantitative estimates of
myocardial blood flow with PET and *O-water
has also been evaluated by several investigators
in both open-chest and conscious animals over a
wide range of flow conditions induced by
coronary  stenosis  and fharmacological
vasodilation.™®****® Tripp et al.*®> demonstrated
a close correlation between measurements of
myocardial blood flow obtained with tritiated
water and microspheres. In several studies, good
correlations were also observed between
estimates of myocardial blood flow derived
from O-water (injected as a bolus) and PET
and those measured with microspheres (Figure
2-5). Similar correlations were also reported
with the inhalation approach, although the
accuracy at hyperemic flows was less than with
bolus injections.

In myocardium made necrotic by permanent
coronary occlusion, the degree of agreement
between PET and microspheres flow estimates
is reportedly poor (Figure 2-6). Although it was
originally proposed that overestimation of flow
by °O-water and PET in infarcted tissue was
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due to partial resolution effects and poor count
statistics,® this explanation is unlikely as these
factors should equally affect flow estimates with
other tracers, such as **N-ammonia.'® Therefore,
these inaccuracies must either reflect intrinsic
kinetic characteristics of °O-water or be related
to problems in model parameters estimation.
Based on results obtained in patients with a
previous myocardial infarction, lida et al. have
recently proposed that the *O-water method
estimates flow per unit of mass of perfusable
tissue excluding scar tissue, as opposed to the
conventional microspheres technique which

would also include the nonperfusable
space.>>1%2%1  Although  attractive,  this
explanation implies that, somehow, the

diffusibility of water into scar tissue is
restricted, a possibility that has been recently
ruled out by Herrero et al. who performed direct
measurements of  '°O-water content in
chronically infarcted canine myocardium.94
These authors proposed that overestimation of
infarcted blood flow by 150-water resulted from
errors in parameters estimation in the presence
of heterogeneous blood flow.**

In normal subjects, the myocardial uptake and
clearance of '°O-water are homogenous
throughout the left ventricle. Estimated levels of
absolute myocardial blood flow are usually
slightly higher than those measured with **N-
ammonia and average 95 + 17 ml.(min.100g)™.
Lower values are measured in the septum,
probably because of spillover from the right
ventricle. As with **N-ammonia, estimated flow
rates increase in proportion to cardiac work. Due
to its short half-life, *O-water is well suited for
the assessment of myocardial perfusion reserve.
With adenosine or dipyridamole, flow rates
usually increase 3-5 fold.”**

2.3  Quantification of Regional Myocardial
Oxidative Metabolism with Positron
Emission Tomography

2.3.1 General Considerations
Myocardial oxygen consumption (MVO,) is

often used to measure cardiac energy utilization
because as much as 90 to 95% of adenosine
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Figure 2-6. Scatterplot showing the correlation

between myocardial blood flow estimated by °O-
water and PET and that obtained with microspheres
in 22 infarcted regions. Adapted from Ref. 19.

triphosphate in the heart is produced by aerobic
metabolism, via oxidative phosphorylation in
the mitochondria.’®* Measurement of regional
MVO?2 is needed for investigations designed to
define the relative efficacy of therapeutic
interventions implemented to reduce myocardial
oxygen requirements, increase supply, or both. It
is also needed to identify pathophysiologic
factors in conditions such as cardiomyopathies
or chronic ischemic heart disease. Cardiac
derangements of clinical significance are indeed
often attributable to impaired oxidative
metabolism leading ultimately to contractile
dysfunction and pump failure. Their detection
has been greatly facilitated by advances in
cardiac PET. Although cardiac PET can
interrogate  specific metabolic  pathways,
quantification of overall oxidative metabolism
has been elusive because of varying
contributions of the various substrates to overall
energy utilization under physiologic
conditions.****%21% This dilemma reflects the
capacity of the heart to utilize a wide variety of
substrates for energy production, including fatty
acids, glucose, lactate, pyruvate, ketone bodies
and amino acids. The particular pattern of



substrate  utilization  depends on  the
concentrations of substrates in arterial blood,
myocardial perfusion and oxidative capacity,
and the neurohumoral milieu.39 Under aerobic
conditions, fatty acids are usually the preferred
metabolic substrate for oxidative energy
production. With ischemia, fatty acid oxidation
decreases, and glucose utilization
predominates.*?’*3® With reperfusion, oxidative
fatty acids utilization is again predominant.'®®
Therefore, estimation of overall oxidative rates
based only on the utilization pattern of
individual substrates is nearly impossible.

2.3.2 Assessment of Myocardial Oxidative
Metabolism with **C-palmitate

Because fatty acids are the preferred substrate
for oxidation under aerobic conditions, PET and
C-palmitate have been proposed for
quantification ~ of  myocardial  oxidative
metabolism.}"178180181  Generally  speaking,
before a tracer like **C-palmitate can be used for
the measurement of oxidative metabolism, 2
basic assumptions must be fulfilled: 1- the
utilization pattern of the tracer must accurately
reflect the turnover rates of the tricarboxylic
acid (TCA) cycle, 2- the externally detectable
kinetics of the radiotracer must faithfully reflect
its metabolism. Unfortunately, in the case of
1C-palmitate, neither of these assumptions
appears to be valid.

Although it is generally accepted that fatty
acids are the preferred metabolic fuel for the
heart, it is also known that the heart can oxidize
a wide variety of other fuels, including glucose,
lactate, pyruvate and ketone
bodies ¥141162194230 and adjust their relative
contributions to oxidative metabolism according
to their plasma concentrations. Therefore,
estimation of overall oxidative rates based only
on the utilization pattern of palmitate is elusive.
In addition, the myocardial *'C clearance curves,
which are used to assess palmitate oxidation, do
not only reflect the oxidation of the labeled
compound but also the complexity of the
metabolic pathways involved in long-chain fatty
acid metabolism, from initial uptake and
activation to acetyl-CoA to incorporation as
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triglycerides into the endogenous lipid pool, or
to mitochondrial transport via the carnitine
shuttle and shunting into R-oxidation and TCA
cycle.

After intravenous or intracoronary
administration of !C-palmitate, the tracer
initially accumulates in the myocardium in
proportion to blood flow.'®® Thereafter, it clears
biexponentially from normal myocardium. The
late slow clearance phase is thought to reflect
incorporation and release of the tracer from the
intracellular lipid pool, while the early rapid
phase has been associated with its
oxidation.”"*8 Unfortunately, factors other than
cellular uptake and metabolism also influence
the myocardial kinetics of the tracer. In addition
to delivery by myocardial perfusion,
backdiffusion of labeled molecules,>®®"20%2%7
washout of both non-metabolized tracer and
labeled metabolites, and multiple fates of
isotope contribute to the complex kinetics of this
tracer.

2.3.3 Assessment of Myocardial Oxidative
Metabolism with **C-acetate

There has been growing interest in acetate as a
tracer of myocardial oxidative metabolism
because of the relative simplicity of its oxidation
pathway. Indeed, after initial uptake, acetate is
rapidly activated into acetyl-CoA by means of
the acetyl-CoA synthase. In myocardial cells,
this activation primarily takes place in the
mitochondrial ~ matrix, where acetyl-CoA
becomes immediately available for shunting into
the TCA cycle. Even though acetate is readily
oxidized by myocardium, the concentration of
acetate in plasma is so low under physiologic
conditions (30 to 400 puM) that its oxidation
contributes negligibly to overall production of
ATP in the heart. In the rat heart, under steady-
state conditions, myocardial oxygen
consumption of acetate is less than 90
nmol.(min.g)?. Several experimental studies
have demonstrated that the TCA cycle could be
traced accurately with either **C- or *'C-acetate
and that the flux through the cycle correlated
closely with MVO,.283 Although variations in
the pattern of substrate utilization can alter the
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ratio of TCA cycle flux to oxygen consumption,
the magnitude of these changes is usually small.
For example, if the heart used exclusively
glucose, lactate or palmitate as sole substrate for
oxidative metabolism, it would consume 3.0,
3.0, and 2.9 moles of oxygen per mole of acetyl
CoA consumed, respectively. Thus, if oxidative
metabolism shifted from exclusive oxidation of
palmitate to exclusive oxidation of glucose, the
maximal error in the estimate of MVVO, based on
the assessment of TCA cycle flux would be 4%.

Theoretically, the rate of oxidation of
radiolabeled acetate should not be affected by a
change in the particular substrate that serves as a
precursor to acetyl CoA as long as the size of
the precursor pool is small compared with that
of glutamate, the main form in which the label is
trapped, and as long as the pool size of
glutamate remains constant. As judged from
results of numerous studies, these assumptions
appear valid. Acetyl-CoA can also be
incorporated into fatty acid by de novo synthesis
or chain elongation. However, in normoxic
hearts, the rate of such incorporation is less than
1% of the TCA cycle flux.®* Even though this
rate can increase up to 12-fold with hypoxia ®
and ischemia, the fraction of acetyl-CoA
incorporated into lipids remains small compared
with the total intracellular pool of acetyl-CoA.
Acetate can also be incorporated into amino
acids and ketone bodies.”® However, the
magnitude of acetate flux through these
synthetic pathways is so modest under diverse
conditions, including ischemia, that the use of
radiolabeled acetate for estimation of MVO; is
unlikely to be compromised.

In the isolated rabbit heart, the steady-state
extraction fraction of acetate averages 62%.
Oxidation of radiolabeled acetate, assessed from
the rate of efflux of radiolabeled CO, in venous
effluents, was found to correlate closely with
MVO, under conditions of normoxia, ischemia,
hypoxia and reperfusion.28,33 Under conditions
of ischemia, more than 80% of the efflux of
label is attributable to labeled CO, despite a
slight increase in the production of non-CO;
labeled metabolites.”® Also, with ischemia,

modest backdiffusion of labeled acetate

occurs.?

In dogs, the steady-state extraction of unlabeled
acetate averages 33%. The unidirectional
extraction fraction of labeled acetate is even
greater (47 - 70%).°  Experiments  using
simultaneous intracoronary injection of 14C-
and ''C-acetate have demonstrated that
clearance of radioactivity from the myocardium
after injection of labeled acetate occurs almost
exclusively in form of labeled CO, and that
external measurements of C myocardial
clearance kinetics closely parallel the removal of
1%co2 from the coronary sinus effluent.”
Studies with PET have revealed that ''C
radioactivity is cleared in a biexponential
fashion from the myocardium and that the rate
constants k; and Kmeno Of the early rapid
clearance closely correlate with MVVO, over a
wide range of physiologic conditions. The
clearance kinetics was shown to be largely
insensitive to changes in myocardial substrate
availability*® and to be independent of
myocardial blood flow.® Finally, the relationship
between ki, Kmono, and MVO, was found to be
unaffected by ischemia, reperfusion or both.°

After intravenous administration of 'C-acetate
in humans, extraction of the tracer by the
myocardium is usually avid and clearance from
the blood is rapid. Accordingly, images of the
myocardium are of high quality. In most
subjects, clearance from the myocardium is
mono-exponential at rest >*% (at least with
short imaging protocols)® but becomes
biexponential at higher myocardial workloads
(Figure 2-7).°*#2 'In normal subjects, the
clearance of radioactivity is homogenous
throughout the left ventricular myocardium and
averages 0.054 + 0.008 min™, corresponding to
a biological half-life of approximately 13
minutes.”*? Use of the relationship between
kmono and MVO, established in canine hearts
enables to calculate an MVO, of
189 + 33 pmol.(min.100g)™, a value close to
that previously obtained directly with invasive
procedures.



Several investigators have reported that the
myocardial clearance kinetics of *'C-acetate
correlated closely with the rate-pressure
product, 1?4412 3 rough estimate of the global
cardiac energy demand, and with PET estimates
of MVO,, obtained by use of '°O-labeled
molecular oxygen, over a wide range of levels of
work and oxygen consumption.®*  The
correlation with rate-pressure product is even
better when time-activity curves are fitted to a 2-
compartment model to account for possible
recirculation of labeled acetate during the
scanning period.** These characteristics lend
considerable support to the use of ''C-acetate
and PET for the accurate noninvasive
assessment of myocardial oxidative metabolism
in vivo.

2.4  Quantification of Regional Myocardial
Glucose  Uptake with  Positron
Emission Tomography

Assessment of exogenous myocardial glucose
utilization in vivo with PET can be achieved by
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Figure 2-7. Plot of myocardial time-activity

curves obtained at rest (open circles) and during
infusion of dobutamine (closed circles). Myocardial
activity was determined from a large volume of
interest encompassing septal, anterior and lateral
left ventricular myocardium. Note that myocardial
1C clearance is monoexponential at rest and
becomes  biexponential during infusion  of
dobutamine. Adapted from Ref. 212.
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use of the glucose analog 2-deoxy-2-18F-D-
glucose (FDG). FDG competes with glucose for
facilitated transport sites and also for
phosphorylation by hexokinase to yield FDG-6-
phosphate. However, FDG-6-P is not a
significant substrate for either glycogen
synthase, phosphoglucose isomerase, glucose-6-
phosphate dehydrogenase or
phosphoglucomutase. In addition,
dephosphorylation back to free FDG occurs
slowly in heart and the phosphorylated
compound has a low membrane permeability.
Therefore, the FDG-6-P is effectively trapped in
the tissue as the end product of the
phosphorylation reaction. These properties
permit imaging of myocardium in vivo using
PET and the application of a tracer Kinetic
model to calculate the rate of exogenous glucose
uptake.

The mathematical tracer kinetic model that is
used was first developed by Sokoloff et al.*** for
autoradiographic studies of brain using the
glucose analog 2-'*C-deoxyglucose. This model
was further extended by Phelps et al.™* to
include possible hydrolysis of FDG-6-P to FDG.
It consists of the 3 compartments shown in
Figure 2-8: a vascular compartment for both
FDG and glucose denoted by P; an extravascular
or tissue compartment for FDG and glucose,
which includes the interstitial and cellular
spaces, denoted by E; and a compartment within
the cell for the FDG-6-P and glucose-6-P
denoted by M. The forward and reverse
transport rate constants between compartments P
and E, which include transport from the vascular
space to the interstitial space as well as transport
across the plasma membrane of the myocytes,
are k; and ky for glucose. The rate constants
between compartments E and M, denoting the
phosphorylation and dephosphorylation
reactions, are ks and ks. The respective k's for
FDG and FDG-6-P are denoted with an asterisk.
The application of this model permits the
estimation of the rate constants for FDG forward
and reverse transport between plasma and tissue,
phosphorylation of FDG and dephosphorylation
of FDG-6-P. The myocardial metabolic rate of
exogenous glucose utilization can be calculated
using these derived rate constants and a lumped
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constant. The lumped constant is a term based
on the principles of competitive substrate
Kinetics that corrects for the differences in
transport and phosphorylation between FDG and
glucose. This lumped constant is used to
transform measured values of FDG metabolism
to corresponding metabolic rates of exogenous
glucose utilization. It is made up the following
six constants: the maximum velocities (Vmax and
Vmax*) and Michaelis-Menten constants (K, and
Kn*) for the hexokinase reaction for glucose and
FDG, respectively; A, which is the ratio of
distribution volumes (i.e., tissue to plasma
concentrations ratios) of FDG and glucose; and
¢, which is the fraction of phosphorylated
glucose that is metabolized. The FDG model has
been validated in the isolated, arterially perfused
rabbit septum and in isolated working rat hearts,
with the estimated utilization rates for
exogenous glucose correlating well with those
derived by the Fick method or from detritiation
of tritiated glucose, over a wide range of
perfusion, workload and metabolic
conditions.***

Application of this model to FDG PET data is
complicated by the slow convergence in fitting
for the different rate constants of the FDG
model, due to noise levels typically encountered
in dynamic in vivo studies. A simplified method,
using the Patlak graphic analysis, has therefore
been proposed to avoid these problems.71 This
technique, usable for general models in which
the tracer is irreversibly trapped in a system, was
first proposed and described by Patlak et al.'*
and can be applied to dynamic FDG studies if
one assumes the dephosphorylation constant k4*
to be equal to 0. The following equation
constitutes the basics of the Patlak analysis:

Am(0)/Cp(t) =
[(Ky x ko)l (ke + ko)l / [ Cp(£)Cp(s)ds + W,

where Am(t) is the myocardial tissue 18F
activity at time t, Cp(t) is the plasma activity at
time t and W is a function of the steady state
volume of the reversible compartments and the
effective plasma volume. The plot of

Glucose -
Cp (1) < Ce (t) < Cwm ()

Glucose || Gluc-6-P

FDG Ki_|  FDG ks_| FDG-6-P
crt) |==| CcE® |==| cm@

Figure 2-8. Compartment model wused to
describe the kinetics of glucose and FDG in
myocardium. The left compartments represent the
vascular space for glucose and FDG; the middle
compartments represent tissue or extravascular
(interstitial and intracellular) space for glucose and
FDG:; the right compartments represent the cellular
space for glucose-6-P and for FDG-6-P. Glucose
and glucose-6-P  concentrations in the 3
compartments is denoted as Cp, CeE and Cwm,
respectively. The corresponding FDG and FDG-6-P
concentrations are denoted with an asterisk.

Am(t)/Cp(t) versus fot Cp(s)ds/Cp(t) has been
shown to be linear at late times with a slope
equal to K = (K3 x k3)/(k2 + k3) and a Y intercept
equal to W, that is Kika/(ko+ks). The Y intercept
represents a kinetic volume and has no particular
physical meaning. The graphic approach allows
for an estimation of glucose uptake by simply
giving an estimate of K from the slope of the
linear regression of the plot. Regional
myocardial glucose uptake is then calculated as
rMGU = (Cp/LC) x K, where Cp is the plasma
concentration of glucose, K is the slope of the
graphic analysis and LC is the lumped constant
that accounts for differences in the transport and
phosphorylation of FDG and glucose. In
humans, the lumped constant is generally
assumed to be 0.665. From these data and from
the measured levels of absolute myocardial
blood flow (which can be obtained with 13N-
ammonia and PET for instance), one can
calculate backward the extraction of glucose
from the arterial blood as the ratio of regional
myocardial glucose uptake to regional
myocardial blood flow.*® Normalized glucose
extraction can also be calculated as the ratio of
absolute glucose extraction in the risk region to
that in the remote region (Table 2-1).



There are potential limitations to the use of
FDG and PET for assessment of exogenous
glucose uptake, particularly in the setting of
ischemic heart disease. The basic assumption
underlying the use of FDG and PET for
assessing myocardial glucose uptake is that the
lumped constant, which relates the steady-state
uptake and phosphorylation rates of FDG to
those of glucose, is insensitive to changes in
dietary state and hormonal conditions, and is not
affected by ischemia, reperfusion or both. As
glucose analogs are favored over glucose in
most membrane transport systems, while at the
same time, glucose is favored over its analogs
by most plant and mammalian hexokinases, the
value of the lumped constant is unlikely to
remain constant under all conditions. Switch
from one type of glucose transporter to another,
such as occurs with insulin stimulation or
ischemia, is thus likely to affect the lumped
constant and consequently the reliability of the
metabolic information derived from FDG
studies. In fact, significant changes in the value
of the lumped constant with insulin **™ and
ischemia ™ have been reported in isolated heart
preparations.

In humans, estimation of regional myocardial
glucose utilization can be obtained under
various physiologic, metabolic and
pathophysiologic conditions. Under fasting
conditions, myocardial glucose utilization is
usually low, as it is inhibited by the high
circulating free fatty acid levels.®"*®® Fasting
also results in significant regional heterogeneity
in FDG retention, the uptake of the tracer in the
septum and anterior wall being only 80% of that
in the lateral and posterior walls.”®*" In patients,
most FDG studies are performed under glucose
loading, either oral or intravenous, or during
hyperinsulinemic euglycemic clamp.***** This is
mainly aimed at standardizing the dietary state
and at maximizing glucose uptake by normal
myocardium (usually 2 to 3 times) while
minimizing regional heterogeneity in FDG
uptake.

We have recently studied 6 normal male
volunteers aged 21 to 28 vyears during a
hyperinsulinemic euglycemic glucose clamp.
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Definitions relevant to PET FDG
metabolism

TABLE 2-1.

Metabolic concept Proposed definition

FDG uptake Apparent overall 18F activity in a
given segment of the myocardium;
always expressed in % of maximal

activity at the same imaging level.

Discordant reduction of overall
levels of ®F and N in a given
myocardial segment

Mismatch pattern

Concordant reduction of overall
levels of ®F and N in a given
myocardial segment

Match pattern

Glucose uptake148 Absolute quantity of glucose taken
up by the myocardium per unit of
time; requires dynamic FDG
imaging; expressed as
pmol.(min.100g)™.

Normalized glucose Ratio of the absolute glucose uptake

uptake in the risk region to that in a remote
normal region; expressed as % of
remote.

Glucose Arterio-venous difference of

extraction148,193 glucose across the myocardium.
Calculated backward from uptake
data and flow; expressed as

pmol.ml™,

Normalized glucose
extraction

Ratio of the absolute glucose
extraction in the risk region to that
in a remote normal region;
expressed as % of remote.

During the clamp, blood insulin levels increased
significantly (from 12 + 4 pU/ml at baseline to
85+ 14 yU/ml the end of the procedure,
p<0.001), plasma glucose levels remained
unchanged (from 92 £ 5 mg/dl to 87 £ 10 mg/dl,
p=ns) and the arterial concentration of fatty acid
decreased (from 532 + 205 pM to 132 £ 91 pM,
p<0.001). At the same time, regional myocardial
glucose uptake increased from 24 +9 (ranging
from 15 to 33) to 53 + 11 (ranging from 40 to
76) pmol.(min.100g)™, and was similar among
the different myocardial regions. Myocardial
blood flow and oxidative metabolism were
unaffected. Similar results can be obtained by
use of drugs that acutely reduce circulating free
fatty acid levels, such as acipimox or nicotinic
acid.™® Nonetheless, of all these methods, the
hyperinsulinemic euglycemic clamp technique
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gives the best results and is the only one
applicable to patients with insulin-dependent
diabetes mellitus.??® It is noteworthy that, with
hyperinsulinemic euglycemic clamp, changing
free fatty acid levels does not alter regional FDG
uptake. This suggests that the effects of insulin
on myocardial glucose uptake are largely
independent of its effects on circulating free
fatty acids. The lack of apparent changes in
glucose utilization by the heart implies that a
change in the metabolic fate of exogenous
glucose occurs, likely in the form of rerouting
towards glycogen synthesis such as shown in the
isolated heart.*°

2.5 Summary

PET is a sophisticated technique that permits
assessment and quantification of regional
metabolic and physiologic processes directly in
vivo by means of the availability of biologically
active positron-emitting radiopharmaceuticals.
When mathematically and physiologically
appropriate models are used to describe the
biological behavior of the administered
radiotracers in blood and myocardium, it
becomes possible to obtain quantitative

measures of the processes in which these tracers
are involved. In contrast to most single-photon
emitters, many positron-emitting radionuclides
are unique because their naturally occurring
counterparts (hydrogen, carbon, nitrogen and
oxygen) are predominant constituents of
biological compounds. Positron-emitting
isotopes of fluorine, carbon, nitrogen, and
oxygen may replace their stable counterparts in
the synthesis of metabolic substrates, receptors
ligands, drugs, and other biologically active
compounds without disrupting biochemical
properties or activity.

Thanks to these unique features, it is now not
only possible but also practical to interrogate
with PET a specific region of the heart muscle,
with a specific positron-emitting radioisotope,
and to obtain noninvasively quantitative
information regarding absolute levels of tissue
perfusion, oxygen consumption or exogenous
glucose uptake and phosphorylation. This
information is crucial not only to elucidate the
pathophysiologic factors underlying reversible
left ventricular ischemic dysfunction in humans,
but also to design better and perhaps more
appropriate diagnostic and therapeutic strategies.




Chapter 3
Ischemic Dysfunction

3.1 Introduction

With the advent of recanalization therapy to
salvage ischemically jeopardized myocardium in
humans, delineation of dysfunctional but
potentially reversible (so-called "viable") from
irreversibly damaged and thus "nonviable"
myocardium has gained increasing importance
in the management and risk stratification of
patients with ischemic heart disease. Although
assessment of tissue viability after an acute
ischemic episode has long relied on the simple
examination of regional wall motion, evidence
has accumulated that regional wall motion can
remain impaired for a prolonged period of time
after an ischemic insult, even in reversibly
injured tissue.”*® Two associated phenomena
have been described, which have come to be
known as myocardial stunning ***'*>'"31% and
myocardial hibernation.?®''*'?*1! A5 discussed
in chapter 1, stunning is a reversible form of
contractile dysfunction that occurs after
restoration of flow following a relatively brief
period of coronary occlusion, while hibernation
is a postulated condition of chronic sustained
abnormal  contraction due to  chronic
underperfusion in patients, whereby the heart
spontaneously downgrades its myocardial
function and, as a result, no myocardial necrosis
ensues.

While the existence of these altered myocardial
states was receiving increasing recognition
among basic and clinical cardiologists, ways to
identify them in the clinical setting became one
of the most active areas of research in the field
of ischemic heart diseases. Because regional
contractile  ischemic  dysfunction reflects
underlying alterations of myocardial perfusion
and metabolism, flow and metabolic imaging
with PET has focused much attention. Results of
studies in patients with left ventricular
dysfunction due to chronic coronary artery
disease have indicated that PET with '°F-
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Myocardial Blood Flow and Metabolism in Patients with Left Ventricular

deoxyglucose could accurately identify viable
myocardium, by showing an increased FDG
uptake relative to blood flow (so-called flow-
metabolism mismatch), while a concordant
depression of flow and FDG uptake (flow-
metabolism match) was usually found in
necrotic  segments.'***®  Theoretically, an
appealing alternate way to identify reversible
injury would be to assess residual myocardial
oxidative metabolism, as the energy required for
contraction can only be provided by aerobic

metabolism. Studies in both experimental
225

animals and in humans ™' have recently
shown that maintenance of oxidative
metabolism in dysfunctional myocardium
portended its functional recovery after
revascularization. The noninvasive
determination of  myocardial oxygen

consumption might thus prove useful to assess
the potential for recovery of the postischemic
dysfunction.

There are situations, however, where flow and
metabolic imaging with PET lacks accuracy. In
patients with myocardial infarction, estimates of
glucose uptake by PET was shown to
overestimate the capacity for recovery of
function after revascularization.156,183
Similarly, assessment of oxidative metabolism
with ''C-acetate has been of limited value
shortly after infarction because of the time-
dependence of the return of mitochondrial
function after ischemia,gl’195 and because of the
non-transmural character of injury. Obviously,
an improved understanding of the flow,
metabolic, and structural correlates of the
conditions of myocardial infarction, stunning
and hibernation is needed to elucidate
underlying pathophysiologic factors and to
design better and perhaps more specific
diagnostic strategies. This chapter will review
some of the insights into the mechanisms of left
ventricular ischemic dysfunction gained from
the study of myocardial blood flow and
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metabolism with PET in carefully selected
patients with chronic coronary artery disease. In
this chapter, I will focus successively on the
flow, metabolic and structural correlates of:

1- reperfused Q-wave myocardial infarction,*'
2- isolated myocardial stunning®® and
3- chronic myocardial hibernation.*""

The clinical implications of the findings of these
studies for the delineation of myocardial
viability will be the focus of the next chapter.

The PET methodology is common to all studies.
All acquisitions were performed with the ECAT
IIT tomograph and the patients were studied after
overnight fasting. However, to standardize the
dietary state and to maximize the exogenous
glucose uptake by normal myocardium, all
patients received a continuous intravenous
infusion of a 10% dextrose in water solution, at
a rate of 15 umol.(kg.min) ™. The stability of the
plasma glucose levels during the 4 hours PET
study and glucose infusion was checked in 10
patients, none of whom showed more than 15%
variation of their plasma glucose levels during
the infusion. Myocardial perfusion was assessed
with  "’N-ammonia, myocardial oxidative
metabolism with ''C-acetate and exogenous
glucose uptake with '®F-deoxyglucose. All
tracers were injected intravenously, by means of
a calibrated infusion pump. After collection of
the attenuation data, 15 mCi of BN-ammonia
was injected over 20 seconds. Beginning with
tracer injection, 28 serial cross-sectional images
were acquired in a decay compensated mode for
10 minutes. After a 50 minute interval for decay
of "N radioactivity to baseline levels, 15 mCi of
HC-acetate was injected over 20 seconds, and,
beginning with tracer injection, 25 serial cross-
sectional images were acquired for 25 minutes.
After an additional interval of 60 minutes for
decay of ''C radioactivity to baseline, 15 mCi of
FDG was infused over 60 seconds, followed by
the acquisition of 34 serial cross-sectional
images for 45 minutes.

One midventricular transaxial tomographic
slice was analyzed for dynamic studies per
patient. Ten regions of interest (9 in

myocardium and 1 in blood pool) were drawn
on each PET image. "N-ammonia and "*F-FDG
cross-sectional images were analyzed with an
operator-interactive computer program using
circumferential ~ profiles. The  program
normalizes '*F and "N counts within a given
myocardial cross-section to maximal activity in
the same ventricular slice. Each cross section of
the left ventricle is then divided into serial 30°
segments. The activity within each segment was
expressed in relative terms (reported as relative
F and "N uptake) as percent of maximal
activity normalized to peak '*N-ammonia
segmental activity at the same level. A pattern of
flow-metabolism "mismatch" was considered to
be present when the segmental FDG/ammonia
activity ratio exceeded 1.2, according to data
obtained in normal volunteers (with a
FDG/ammonia ranging from 1.02 to 1.12).*"°
Regions of interest in tomograms obtained after
administration of *N-ammonia were subdivided
to encompass regions of interest in remote and
risk tissue. In patients with left anterior
descending coronary artery disease, remote
(normal) regions were identified as the 4
segments from the lateral free wall and the basal
septum. Risk regions were identified as the 3
segments from the anterior wall. In patients with
previous anterior infarction, regions of interest
in tomograms were also subdivided to
encompass remote, adjacent and infarcted tissue.
Remote (normal) regions were identified as
those with normal perfusion (>80% of maximal
activity in the same slice). Infarct-related
regions were identified as anterior or septal
regions with <80% of maximal '*N-ammonia
activity in the same slice. The regions of interest
located in the center of the zone of
hypoperfusion were defined as central infarct.
Adjacent regions were delineated as those
located at the borders of the infarct zone (on
both sides).

The quantitation of tomographic data was
performed as described in Chapter 2. Regional
myocardial perfusion was quantified by use of
the ""N-ammonia 3-compartment model. No
correction for circulating metabolites was
applied. The kinetics of ''C-acetate were used to
evaluate TCA cycle turnover. ''C-acetate



clearance from the myocardium under resting
conditions was always monoexponential.
Finally, the Patlak graphic analysis was used to
estimate absolute regional myocardial glucose
uptake. Glucose extraction was calculated as the
ratio of regional myocardial glucose uptake to
regional myocardial blood flow. Normalized
glucose extraction was calculated as the ratio of
absolute glucose extraction in the risk region to
that in the remote region.

3.2  Myocardial Blood Flow and
Metabolism in Patients After Recovery
from Reperfused Anterior Myocardial
Infarction

Absolute levels of myocardial perfusion and
metabolism were first investigated in patients
with Q-wave anterior myocardial infarction and
a patent infarct-related coronary artery to define
the flow and metabolic patterns associated with
irreversible injury. The patients were studied at
an average of 42 days after myocardial
infarction, at a time when residual dysfunction
was unlikely to be related to residual myocardial
stunning.

Methods

We studied 15 patients (13 men, mean age
56 £ 10 years, range 38 - 67 years) admitted to
the coronary care unit for treatment of a first
acute anterior myocardial infarction (MI). Upon
admission, 13 patients received intravenous
thrombolytic therapy and 2 were treated with
intravenous heparin. Nine patients received
streptokinase (500.000 IU) and 4 received
recombinant human tissue-type plasminogen
activator (100 mg). The interval from onset of
chest pain to beginning of thrombolytic therapy
was 207 £ 183 minutes. Peak serum creatine
kinase activity averaged 2393 +1249 U/
(normal values 40 to 160 U/). All patients
subsequently developed anterior Q-waves on 12-
leads surface EKGs. PET acquisitions were
performed at an average of 42 days (range 13 -
90 days) after the acute event.

Coronary arteriography and contrast left
ventriculography in the 30° right anterior
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oblique projection were performed in every
patient at an average of 20 days after the acute
event, and visually interpreted by two observers.
In each patient, the infarct-related coronary
artery, i.e. the left anterior descending coronary
artery, was found to be patent, with a residual
luminal diameter stenosis of 80 + 11% (range 50
to 95%). Eight patients had single-vessel and 7
multivessel disease, including 6 with 2-vessel
and 1 with 3-vessel coronary disease. None of
the patients underwent angioplasty or bypass
surgery before the PET study. The regional
ventricular wall motion was reviewed by 2
experienced observers and defined in each of 5
segments (anterobasal, anterolateral, apical,
inferior and posterobasal) as normal -0-,
hypokinetic -1-, akinetic -2- or dyskinetic -3-. A
dysfunctional wall motion score was calculated
by summing the scores of the 3 anterior
segments. Severe anterior dysfunction was
observed in 14 patients: 7 patients had akinesis
and 7 had dyskinesis. The remaining patient
showed mild hypokinesis of the anterior wall.
Mean global left ventricular ejection fraction
was 52 £ 11% (range 29 to 70%) and mean wall
motion score was 5.0 £ 1.3.

Results

Relative regional myocardial blood flow and
glucose metabolism. PET revealed diminished
perfusion in 71 anterior and/or septal segments,
corresponding to the tomographic area of
infarction in all 15 patients. Relative "“N-
ammonia uptake in these segments averaged
61 = 13% of maximal activity. Segments with
decreased blood flow showed 3 different
patterns of FDG uptake: a parallel decrease of
PN-ammonia and FDG uptake (flow-
metabolism match), increased uptake of FDG
relative to flow throughout the infarcted zone
(central flow-metabolism mismatch) and a
combination of concordant decrease of flow and
FDG uptake in the center of the infarcted zone
with increased FDG uptake relative to flow at
the periphery of the infarcted zone (peripheral
flow-metabolism mismatch). As indicated in
Table 3-1, 8 patients showed concordant
decrease of flow and metabolism in the infarcted
area (FDG/flow ratio: 0.9 - 1.06), 2 patients had
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TABLE 3-1.

Individual Values of FDG-to-Ammonia Ratios in Hypoperfused Segments and Corresponding Ratios of

Hypoperfused-to-Remote Absolute Flow and Glucose Utilization

Patients with FDG-to-ammonia No. of

flow-metabolism ratio in hypoperfused Hypoperfused-to-remote Hypoperfused-to-remote
match hypoperfused regions regions (nN=38) ratio of MBF ratio of IMGU
P542 1.06 5 0.50 0.51
P568 1.01 4 0.75 0.82
P582 0.99 5 0.62 0.69
P601 0.95 4 * 0.84
P658 0.99 6 0.66 0.55
P668 0.90 5 0.51 0.25
P683 0.91 6 0.58 0.47
P699 0.99 5 0.56 0.62
Mean+SD 0.97 £ 0.05 4.8+0.7 0.60 +0.09 0.59+0.19

FDG-to-ammonia
ratio in mismatch

Patients with
flow-metabolism

No. of mismatch

Hypoperfused-to-remote Hypoperfused-to-remote

mismatch regions regions (N=24) ratio of MBF ratio of IMGU
P537 1.35 1 0.73 0.95
P602 1.25 3 0.80 1.06
P611 1.21 2 * 0.79
P622 1.79 3 0.52 1.22
P652 1.99 5 0.68 1.76
P669 1.64 5 0.63 1.13
P701 1.76 5 0.66 1.68
Mean+SD 1.57+£0.30 44+1.6 0.67 £ 0.09 1.23 +£0.36

FDG, "F-fluorodeoxyglucose; MBF, myocardial blood flow; rMGU, regional myocardial glucose uptake; *, not available.

peripheral flow-metabolism mismatch
(FDG/flow ratio: 1.25 and 1.35) and 5 patients
had central  flow-metabolism  mismatch
(FDG/flow ratio: 1.21-1.99). The average
values of the FDG/flow ratios were 1.57 + 0.3 in
patients with a mismatch pattern, and
0.97+0.05 in patients with a match pattern.
Relative  "N-ammonia  uptake  averaged
60+ 10% in infarcted segments with flow-
metabolism mismatch and 61 = 14% in infarcted
segments without flow-metabolism mismatch
(p=ns). In the same segments, relative FDG
uptake was 108 £26% and 60+ 15%,
respectively. No difference in regional wall
motion score was observed between patients
with and without increased FDG uptake
(5.1+1.5 versus 49+1.4, p=ns). Similarly,
ejection fraction was not different in the §
patients with concordant decrease of flow and

metabolism versus the 7 patients with flow-
metabolism  mismatch  (53+10  versus
51 + 13%, p=ns).

Acetate kinetics in reperfused anterior infarcted
segments. Plate 3-1 illustrates the myocardial
uptake and clearance of ''C-acetate in a patient
with anterior myocardial infarction and central
flow-metabolism mismatch. The clearance of
"'C-acetate was reduced in the center of the
infarcted region, compared to remote segments
(0.027 £0.012 versus 0.055+0.013 min’,
p<0.001). Adjacent segments also showed
reduced uptake and clearance of the tracer,
albeit to a lesser extent than in the center of the
infarcted area (0.041 +0.012 min”, p<0.001
versus central, p<0.001 versus remote).
Comparing segments with and without flow-
metabolism mismatch but with identical levels
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TABLE 3-2. Relative Perfusion, Glucose Uptake, and Acetate Clearance in Normally Perfused and Hypoperfused Segments
with and Without ""Flow-Metabolism™ Mismatch

Flow-metabolism pattern n Flow (%) FDG (%) k (min'!)

Normal flow/FDG 47 89+ 6 89 £8 0.057 £0.015

! Flow TFDG 24 66+13" 111+26* 0.041+0.015 "

! Flow { FDG 38 68+7" 68+7" 0.037+0.014 *

L Flow 4| FDG 9 3947 38+8 " 0.017 % 0.006 *f

18
FDG, F-fluorodeoxyglucose; k, acetate clearance slope; %, percent of maximal activity within the same slice, normalized to peak

I3N-ammonia segmental activity at the same level.
*p<0.01 vs. normal flow/FDG.
p<0.01 vs. 4 flow T FDG and vs. ¥ flow { FDG.

of hypoperfusion (Table 3-2), no differences in
HC-acetate clearance were found (0.041 £ 0.015

min"  in  mismatch segments  versus

0.037+0.014 min_1 in match segments). In
segments with hypoperfusion (<80% of maximal
activity) ranked according to different values of
HC-acetate  clearance (Table 3-3), the
corresponding myocardial blood flow values
were significantly different while absolute
glucose uptake and relative FDG/ammonia
ratios were not different.

Absolute myocardial blood flow and glucose
metabolism. Estimation of regional myocardial
blood flow was not possible in 2/15 patients
because of inadequate left ventricular input
function. In the remaining 13 patients, absolute
transmural myocardial blood flow averaged
80+ 16 ml.(min.100g)" in remote segments,
67 + 15 ml.(min.100g)" in adjacent segments
and 49 + 11 ml.(min.100g)" in segments located
in the center of the infarcted area. Compared
with  segments without flow-metabolism
mismatch, those segments exhibiting increased

glucose uptake relative to flow had significantly
higher residual myocardial blood flow: 54 + 13
versus  45+8 ml(min.100g)"  (p<0.01).
Similarly, residual oxidative metabolism was
better preserved in segments with flow-
metabolism mismatch (0.035+0.014 min™)
than in segments with concordant decrease of
flow and metabolism (0.023 +0.009 min’,
p<0.01). Individual metabolic rates for glucose
utilization in remote, adjacent and central infarct
regions are shown in Table 3-4. Both flow-
metabolism patterns were associated with a wide
range of absolute regional myocardial glucose
uptake. Rates of utilization in remote
myocardium were lower in patients with
mismatch (25 + 15 pmol.(min.100g)") than in
patients without mismatch (5520
pmol.(min.100g) ™). Patients with mismatch had
also higher plasma fatty acid levels. This could
suggest that the presence of a match/mismatch
pattern is partially dependent on the Ilevel
substrate utilization in remote myocardium and
thus on overall metabolic conditions, including
fatty acid levels. As indicated in Table 3-1, the

TABLE 3-3. Myocardial Blood Flow, Glucose Utilization, and FDG-to-Ammonia Ratios in Hypoperfused Segments With Different
Acetate Clearance Values

k categories k MBF MGU FDG-to-ammonia
(min!) [ml.(min.100g)!] [umol.(min.100g)!] ratio

<0.020 0.015 +0.003 40+6 19+11 1.16 +£0.48

0.020-0.030 0.026 + 0.003 49+7 29 +17 1.14+0.34

0.030-0.040 0.034 +0.003 5611 30+£22 1.26 +0.50

0.040-0.050 0.047 +0.001 70+ 8 32+15 1.32+0.51

>0.050 0.069 + 0.006 75+7 41+19 1.41+041

p <0.001 <0.001 NS NS

p values are from one-way analysis of variance

18
FDG, F-fluorodeoxyglucose; k, acetate clearance slope; MBF, myocardial blood flow; rtMGU, regional myocardial glucose uptake.
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TABLE 3-4. Individual Regional Myocardial Blood Flow, Glucose Utilization, and Acetate Clearance Among Remote
(Normal Relative Perfusion), Adjacent, and Infarcted Segments (<80% of Relative Perfusion) in Patients With
and Without Flow-Metabolism Mismatch.

Remote regions Adjacent regions Central infarct
k k k
MBF rMGU (min'!) MBF rMGU (min’!) MBF rMGU (min!) RPP Glucose FA

Flow-metabolism match

P542 80£14  72+10 0.057+0.015 65+14 6623  0.049+0.015 4045 36+13  0.021+0.005 7,920 115 339

P568 72+6 746  0.044+0.006 672 63+£5  0.040+0.004 5442 62 0.030+£0.004 6,930 114 390

P582 80£12  39+£3  0.064+0.008 68+6 30+4 0.047 50+10 2748  0.040+0.011 6,750 140 235

P601 * 31£3  0.053+0.007 * 2642 0.042 * 30£2  0.041+0.002 5,520 94 234

P658 7349 55+4  0.047+0.010 60+2 38+8  0.033+0.008  48+6 3044  0.022+0.008 8,960 109 290

P668 8710  60+10 0.064+0.008 82 44+3  0.045+0.002  44+10 15¢5  0.020+£0.008 10,250 81 530

P683 77+10 304+5  0.050+0.007 68+7 3745 0.046 45+4 14+5  0.023+0.003 7,020 127 151

P699 95+14  81+4 0.061+0.005 8616 50+16 0.051+0.016  53+3  64+20 0.028+0.002 7,580 164 382

Mean 80 55 0.055 71 44 0.043 47 34 0.027 7,635 118 319

(SD) (14) (20) (0.011) (11) 1) (0.009) (8) 9) (0.009) (1,157)  (26) (118)

Peripheral flow-metabolism mismatch

P537 86+4 4243 0.056+0.015 6317 27£20 0.032+0.018  41+4 10£5  0.012+0.003 7,680 106 850

P602 56+6 17£6  0.038+0.002 45+4 14£2  0.032+0.002 43+12 161  0.024+0.002 6,100 88 539

Mean 69 28 0.045 54 21 0.032 42 14 0.017 6,890 97 695

(SD) (18) (13) (0.013) (14) (17) (0.010) (7) (5) (0.007)

Central flow-metabolism mismatch

P611 * 48+6 0.077+0.011 * 38+3  0.060+0.002 * 353  0.055+0.004 8,640 103 756

P622 78+4 9 0.063+0.008 61 9+1 0.049+0.004  35+17 112 0.023£0.007 7,920 78 2,312

P652 81+7 13+2  0.051+0.007 4144  22+14  0.043£0.014 5548 23+2  0.037+£0.007 8,100 83 560

P669 75+11 2344 0.053%0.004 45+7 29+6  0.040+0.009  47+6 26+£2  0.026+0.007 7,440 101 390

P701 111£16 2245 0.082+0.004 90+14 316  0.061+£0.010 7349 37£5  0.056+0.009 9,800 150 302

Mean 87 25 0.069 74 26 0.052 53 24 0.036 8,340 103 864

(SD) (18) (14) (0.015) (13) (12) (0.013) (13) (11) (0.016) (902)  (28) (828)

FA (mM), fatty acids; k, acetate clearance slope; MBF [ml.(min.100g)™'], myocardial blood flow; tMGU [pmol.(min.100g) '], regional
myocardial glucose uptake, RPP(mm Hg per beat per minute), rate-pressure product; * not available.

ratios of glucose utilization in infarcted over

clearance
metabolism pattern. No relationship was found

slope,

irrespective  of the

flow-

remote myocardium were >1 in all but 1 patient
with mismatch (1.23 = 0.36). Conversely, these
ratios were <l in all patients with a match
pattern (0.59 £+ 0.19). There was no relationship
between absolute glucose utilization in infarcted
myocardium and fatty acid levels either in
mismatch or in match regions. Also, there was
no relationship between glucose utilization
measurements and plasma insulin levels. As
shown in Figure 3-1, a positive correlation
(r=0.89, p<0.001) was found between absolute
transmural myocardial blood flow and acetate

in the hypoperfused regions with a match pattern
between regional glucose uptake and myocardial
blood flow or acetate clearance slope. However,
in the 24 regions with flow-metabolism
mismatch, there was a relationship between
regional myocardial glucose uptake and
myocardial blood flow (r=0.66, p<0.001) and
acetate clearance slope (r=0.74, p<0.001).

Plasma substrate concentrations. Venous
plasma glucose, fatty acid, lactate and insulin
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Figure 3-1. Scatterplots of correlation between MVO2
and myocardial blood flow, in absolute terms in all
regions;

O, Hypoperfused myocardium with a match pattern;

@, Hypoperfused myocardium with a mismatch pattern;

A Normally perfused myocardium.

Adapted from Ref. 210.

concentrations obtained at the end of the FDG
study are listed in Table 3-5. A significant
difference (p<0.05) in fatty acid plasma levels
was observed among patients with and without
flow-metabolism mismatch.

Discussion

The results of this study indicate that, 40 days
after an acute myocardial infarction, regional
myocardial blood flow and oxidative
metabolism are reduced by an average of 51% in
the area of infarction, compared to remote
normal myocardium. Adjacent but infarcted
segments also manifest reduced flow and
oxidative capacity, albeit to a lesser extent than
central infarct segments. Our findings thus
confirm and extend previously reported data
showing that early after myocardial infarction,
oxygen consumption is reduced in both infarcted
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. - 108,222
and peri-infarction segments.

The present data also demonstrate that regional
oxidative metabolism in reperfused segments
remains tightly coupled to regional myocardial
blood flow, irrespective of the presence of a
flow-metabolism mismatch. A similar degree of
covariance between myocardial blood flow and
oxygen consumption has been documented
previously in normal myocardium, over a wide
range of flow and metabolic conditions.''® In
reperfused myocardium, however, reports on the
relation between myocardial blood flow and
oxygen consumption have produced conflicting
results. Studies in open-chest dogs have shown
that the extraction of oxygen by regionally
stunned myocardium was quite variable, "2
depending on the severity of regional
dysfunction. In patients with reperfused
infarction, Henes et al.”' showed that myocardial
perfusion, assessed by '*O-water and PET,
returned rapidly (18 £6 hours) to normal
following  reperfusion,  while  oxidative
metabolism recovered more progressively and
remained "in fine" (9+7 days) significantly
depressed (68 £ 17% of normal). More recently,
Czernin et al.*® observed a close, albeit
nonlinear, relation between flow and oxygen
consumption in patients studied within the first
week of a reperfused infarction. There are
several potential explanations to the apparent
discrepancies between these studies. First, they
could be related to intrinsic differences in the
severity and duration of ischemia, in the
completeness and duration of reperfusion, and
perhaps also in the methods used to measure
myocardial blood flow. For instance, while most
animal studies were looking at stunned
myocardium, all human studies, including ours,
focused on infarcted myocardium, which is
composed of a mixture of necrotic, reversibly
injured, and perhaps normal cell populations, all
coexisting within the same risk area.'™ Thus,

TABLE 3-5. Plasma Substrates Levels
Glucose Insulin Fatty acids Lactate
(mg/100 ml) (nU/ml) (uM) (mM)
All 110 £ 25 19+9 555 £ 548 1.02 £0.28
Flow-metabolism match 118 +26 167 347+ 103 0.91+0.21
Flow-metabolism mismatch 102 +24 22+11 778 £724 * 1.16 £ 0.31

* p<0.05



28

tissue heterogeneity may have contributed to the
differences in oxidative metabolism seen in
stunned and infarcted myocardium. Other
factors may have contributed as well, including
the persistence of a significant residual stenosis
on the infarct-related artery in patients with
infarction or the presence of reperfusion-induced
microvascular failure (the so-called "no-reflow"
phenomenon),''? as both of these conditions
may limit oxygen supply to post-ischemic
myocardium, possibly blunting any uncoupling
between flow and oxidative metabolism.

The finding of a similarly depressed level of
oxidative metabolism in similarly hypoperfused
segments despite opposite patterns of exogenous
glucose extraction is also of interest. Increased
glucose uptake relative to flow has been
considered as a useful marker of the presence of
viable myocardium in mechanically
dysfunctional areas. This approach was shown
to allow accurate distinction between
irreversibly injured and potentially viable
myocardium.'**?*#!  On the other hand,
maintenance of a normal oxidative metabolism
has also been shown to portend the return of
contractile function following reperfusion.”®'
Combining both approaches in patients with
reperfused infarction, we were unable to find
any difference in oxidative metabolism between
similarly hypoperfused myocardial segments
with and without flow-metabolism mismatch.
Although we cannot dismiss the possibility that
this was related to the persistence of a
significant residual epicardial coronary artery
stenosis, possibly limiting blood and oxygen
supply to the infarcted segments, our
observation nevertheless suggests that the
combined assessment of myocardial oxidative
and glucose metabolisms can sometimes
produce conflicting results in terms of
myocardial viability. It should be stressed,
however, that only the serial measurement of
mechanical function following reperfusion
allows determination of the reversibility or
irreversibility of injury. Further studies are thus
warranted to address the relative impact of
assessing glucose and oxidative metabolisms
upon the prediction of functional recovery in
patients with reperfused infarction.

In summary, the results of our study indicate
that, at an average of 40 days after an acute
myocardial infarction, oxidative metabolism is
significantly reduced in the area of infarction,
irrespective of glucose metabolism and that
regional  oxidative  metabolism  remains
intimately coupled to myocardial blood flow.

3.3  Myocardial Blood Flow and
Metabolism in Patients with Unstable
Angina and Persistent Postischemic
Dysfunction despite Coronary
Recanalization

Having characterized the flow and metabolic
correlates of healed myocardial infarction, we
investigated the same parameters in patients
with unstable anginal symptoms and persistent
anterior wall dysfunction despite successful
angioplasty of the culprit lesion. As all patients
eventually resumed normal regional function
and showed no evidence of infarction at the time
of the initial event, we considered that they
fulfilled the criteria for acute myocardial
stunning.

Methods

We studied 10 patients (5 men, mean age
63 + 14 years, range 42 - 79 years) with unstable
angina and well defined coronary anatomy. By
reviewing all diagnostic coronary angiograms
performed at 2 clinical sites, we selected
prospectively patients with unstable angina,
persistent anterior wall dysfunction, precordial
T-wave inversion on 12-leads surface EKG, and
significant left anterior descending coronary
artery stenosis. All had a single vessel coronary
artery disease and underwent successful
angioplasty of the culprit lesion, despite which
anterior wall dysfunction persisted at least to the
time of the PET study, i.e. 48 hours after the
angioplasty. Importantly, no patient developed
acute myocardial infarction by clinical,
enzymatic and standard 12 lead EKG criteria.

Resting 2D-echocardiograms were obtained and
digitized in a cineloop, quad-screen format
before and after revascularization in all patients.



Regional wall motion was assessed in 16
segments (basal, midventricular and apical
levels of the septum, lateral, anterior and inferior
walls; and basal and midventricular levels of the
anteroseptal and posterior walls) and defined as
normal (1), hypokinetic (2), or akinetic (3).
Normal wall motion was defined as 5 mm of
endocardial excursion and obvious systolic wall
thickening. Hypokinesis was defined as <5 mm
of endocardial excursion and reduced wall
thickening. Akinesis was defined as near
absence of endocardial excursion or thickening.
A '"dysfunctional" wall motion score was
calculated by summing up the scores of all
dysfunctional LAD-dependent segments,
normalized for the number of abnormal
segments. Left ventricular volumes were
calculated from the apical 4- and 2-chamber
views by use of the Simpson's method. Repeated
2D-echocardiograms were obtained 48 hrs and
again 4-8 weeks after PTCA. As judged from
the changes in segmental wall motion (in 6 £ 2
abnormal segments out of 16) from the time of
PET to the follow-up echocardiographic study,
regional dysfunction was entirely reversible in
9/10 patients.

Results

Effects of coronary revascularization on global
and regional left ventricular function. At the
time of follow-up echocardiography, all patients
were asymptomatic and showed normalized
resting 12-lead surface EKG. In the 9 patients
with improved wall motion after
revascularization, global segmental wall motion
score improved from 2.4+0.3 to 1.2+0.1 at
late follow-up, left ventricular ejection fraction
increased from 54 £ 8 to 61 + 7% (p <0.01) and
end-systolic volume decreased from 38 + 15 to
27+ 14 ml/m?(p <0.05). There were no
changes in left ventricular end-diastolic volume
(from 77 £ 18 to 72 £ 25 ml/m?, p=ns).

Regional myocardial blood flow in stunned
myocardium. PET revealed homogenous "“N-
ammonia uptake in 8/10 patients, while it
showed moderately depressed anterior wall
perfusion in 2 patients, one of whom had
persistent left ventricular dysfunction at follow-
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up. Baseline absolute myocardial blood flow
was measured in the 9 patients with improved
wall motion at follow-up in both remote and
stunned myocardial regions. Absolute levels of
myocardial perfusion were within the normal
range in 8/9 patients (95+ 21 ml.(min.100g)",
range 60 - 124 ml.(min.lOOg)'l), while it was
decreased (33 ml.(min.100g)™") in the remaining
patient. On average, absolute myocardial blood
flow was similar among stunned and remote
normally contracting myocardial segments
(88 + 28 versus 85 + 25 ml.(min.100g) ™", p=ns).

Regional oxidative metabolism in stunned
myocardium. The monoexponential slope of
C-acetate clearance, kmono, was measured in
4 patients. ''C-acetate clearance was slightly,
albeit non significantly, faster in remote
compared with reperfused stunned segments
(0.065+£0.036 versus 0.057 +0.030 min’’,

p=ns).
Discussion

This study was designed to evaluate the flow
and metabolic correlates of acute myocardial
stunning in humans. For this purpose, we
carefully selected a human model of prolonged
postischemic dysfunction which fulfilled the
experimental criteria for myocardial stunning.
All the patients included in this study presented
with unstable anginal symptoms, T-wave
inversion on precordial EKG, anterior wall
dysfunction and significant left anterior
descending coronary artery disease.'® They all
underwent flow and metabolic imaging by PET
within 48 hours of a successful angioplasty of
the culprit lesion, despite which anterior wall
dysfunction persisted on 2D-echocardiograms.
The results indicate that, in these patients,
persistently  dysfunctional but reperfused
myocardium  exhibits absolute levels of
myocardial perfusion and oxidative metabolism
similar to those measured in remote, normally
contracting, segments. To the best of our
knowledge, this is the first unequivocal
demonstration that, following attacks of unstable
angina, myocardial stunning occurs in humans.

Since its first description in 1975 by Heyndrickx
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et al.,95 it is now well established that brief
periods of myocardial ischemia produced by
temporary coronary artery occlusion in the dog
can be followed by prolonged depression of
regional contractile performance, which may
extend for hours or days despite adequate
restoration of blood flow and the absence of
tissue necrosis. This condition has been termed
"stunned myocardium."* Although the concept
of myocardial stunning is well established in
experimental animals, definite demonstration of
its existence in humans has been elusive, owing
mainly to the difficulty of measuring myocardial
blood flow in absolute terms.”' In addition, the
diagnosis of stunning can only be made in
retrospect, as it requires 1- documentation of
complete recovery of contractile function after
full restoration of nutritive perfusion, and 2-
proof of absence of myocardial necrosis. In the
present study, both criteria were used to identify
the presence of stunned myocardium in patients;
the recovery of regional function was followed
up for 2 months after coronary recanalization
and plasma creatine kinase activity was
regularly monitored at the time of the acute
event to rule out significant myocardial necrosis.
Of the 10 patients initially considered for
inclusion into the study, one did not show any
improvement of regional function at follow-up.
Despite the absence of significant enzyme
release at the time of the acute event, this patient
was nonetheless considered to have a small non
Q-wave myocardial infarction and was therefore
excluded from further analysis. In 8/9 of the
remaining patients, quantitative assessment of
myocardial perfusion by PET revealed
completely normal perfusion in the area of
dysfunction.

The finding of similar levels of overall oxidative
metabolism among stunned and remote normal
myocardial segments is also of interest. Previous
studies on the measurement of regional oxygen
consumption in stunned myocardium have
produced conflicting results.”'*'%?  Studies
using ''C-acetate and PET to assess regional
oxidative metabolism in canine models of
myocardial stunning have shown that reduced
contractile function in reperfused stunned
myocardium was associated with reduced

oxygen consumption, despite normalization of
blood flow.”>***** Similar observations were
also made by Schaper et al.'”* who used regional
venous blood sampling, a more direct
measurement of oxygen consumption. Yet, other
investigators have found opposite results, i.e.
that myocardial oxygen consumption was
normal or even increased in stunned
myocardium.

These apparently discordant results likely reflect
differences in the severity of regional
dysfunction observed in these various studies.
Indeed, in the studies of Stahl et al.' and
Laxson et al.,'® as in the present study,
measurements of oxygen consumption were
made at a time when postischemic segments
were still akinetic or even dyskinetic, at least
during the first third of systole. As early as
1932, Feng reported that stretching of isolated
muscle strands caused a proportional increase in
heat production and oxygen consumption.®® It is
therefore conceivable that oxygen consumption
of stunned myocardium is proportional to the
severity and duration of systolic bulging.” In
support of this view, we offer from our
laboratory the observation that moderately
stunned myocardial segments made to bulge by
rapid asynchronous right ventricular pacing
exhibits a disproportional increase in oxygen
consumption.*”®

In summary, the results of this study indicate
that myocardial stunning does occur in human
subjects following attacks of unstable angina
and is associated with normal levels of
myocardial perfusion and oxygen consumption,
as initially observed in dogs following transient
ischemia.

3.4  Myocardial Blood Flow and
Metabolism in Patients  with
Noninfarcted Collateral Dependent
Myocardium: a Human Model of
Chronic Hibernation

So far, we have investigated the flow and
metabolic correlates of chronic infarction and
acute stunning. As expected from experimental
data, healed infarction was associated with



reduced flow and oxygen consumption, while
stunning was characterized by a significant
degree of perfusion-contraction mismatch. To
investigate the flow and metabolic correlates of
chronic hibernation, = we carefully selected
patients whose clinical and angiographic
characteristics were quite similar to those
initially reported by Rahimtoola.'®" All had
symptomatic coronary artery disease, no
previous myocardial infarction and complete
chronic occlusion of a major coronary artery. In
these patients, the myocardium that was
normally supplied by the occluded vessel had
thus become totally dependent on collateral
flow. Some of these patients presented with a
completely normal left ventricular function,
while others displayed severe regional
dysfunction despite no previous infarction. This
latter group of patients thus fulfilled the criteria
for chronic hibernation, as defined by
Rahimtoola, and gave us the opportunity to
study the pathophysiologic factors associated
with this peculiar condition.

Methods

We studied 26 patients (19 men, mean age
60 £ 9 years, range 46 - 75 years) with angina
pectoris and well defined coronary anatomy. By
reviewing all diagnostic coronary angiograms
performed at 2 clinical sites, we selected
prospectively patients having a complete
occlusion of a proximal coronary artery,
retrogradely filled by collateral vessels. Twenty-
five patients showed occlusion of the left
anterior descending coronary artery, among
whom 2 had a totally occluded right and 1 an
occluded left circumflex coronary artery. The
remaining patient had a proximal circumflex and
right coronary artery occlusion with a normal
left anterior descending. None of the patients
had left main stenosis. Importantly, no patient
had suffered from a previous myocardial
infarction by clinical or enzymatic criteria and
standard 12 lead EKG's showed no abnormal Q-
waves.

Coronary arteriography and contrast left
ventriculography was performed in every patient
an average of 14 days (range 1 - 48 days) before
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TABLE 3-6. Clinical and Angiographic Data
Group 1 Group 2
Wall motion in collateral Normal Abnormal
dependent segments
No. of patients 9 17
Age (years) 60 +7 61+9
Sex 8M, 1F 11M, 6F
Anginal class
CHATI+TI 8/9 10/17
CHA III + IV 1/9 7/17
Diseased vessels
LAD 8/9 13/17
LAD + Cx - -
LAD + RCA 1/9 2/17
LAD + RCA + Cx - 1/17
Cx+RCA - 1/17
Collateral Score 23+05 22+0.6
Rate-Pressure Product
(mm Hg x bpm) 8,871 2,637 9,368+ 1,035
LV end-diastolic index
(ml/m?) 92 +22 112+ 17
LV end-systolic index
(ml/m?) 27+ 10 47+ 13
LV ejection fraction (%) 68 +9 52+13
Regional wall motion score 0.4+0.7 45+1.2

CHA, Canadian Heart Association; Cx, circumflex artery;
LAD, left anterior descending artery; LV, left ventricle; RCA,
right coronary artery; bpm, beats per minute.

No statistical analysis was applied to the differences in left
ventricular function, which are build in by study design.

the PET study. Significant disease was defined
as a >70% luminal diameter stenosis in any
major coronary branch. The collateral
circulation was graded as follows: 0 = no visible
collaterals, 1 = poor (thread like, poorly
opacified distal arterial segment), 2 = fair (good
distal arterial segment lightly and slowly
opacified), 3 = adequate (good distal arterial
segment, normally and quickly opacified).”* Left
ventricular volumes and ejection fraction, as
well as regional wall motion score were
calculated as described above. In the patients
undergoing revascularization, either by bypass
surgery (n=11) or by angioplasty (n=12), a
functional follow-up was requested. Coronary
angiography and contrast left ventriculography
were obtained in 12 patients with chronic
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dysfunction between 5 and 8 months after
revascularization. The same analysis of global
and regional ventricular function was
performed. In 7 patients with left anterior
descending  coronary  artery  occlusion
undergoing bypass surgery, a transmural needle
biopsy specimen was obtained from the anterior
myocardium and analyzed for morphological
changes. This study protocol was approved by
the Ethical Committee of our institutions and no
complications resulted from any part of the
study.

PET was performed as described -earlier.
Myocardial perfusion was assessed with '*N-
ammonia, myocardial oxidative metabolism
with ''C-acetate and exogenous glucose uptake
with '®F-deoxyglucose (FDG). Fifteen patients
had flow and metabolic imaging at rest, using
the 3 tracers. In the remaining 11 patients,
myocardial blood flow was studied at baseline
and following intravenous administration of
dipyridamole (0.56 mg/kg over 4 min, followed
by 0.28 mg/kg over 6 min) to assess myocardial
flow reserve in remote and collateralized
segments.

Morphological tissue analysis. Two transmural
biopsies (20 mm 14-gauge needle) were
obtained from the anterolateral wall, between
the first and second diagonal branches, before
induction of extracorporeal circulation.®*®
Biopsies were taken at a site showing
dysfunction at cineventriculography and where
metabolic data were available with PET. All
samples were transmural, but were immediately
dividled into a subendocardial and a
subepicardial portion of equivalent sizes. The
specimens were fixed in 3% glutaraldehyde
fixative buffered at pH 7.4 with 1M natrium
dihydrogenophosphate, postfixed in osmium
tetroxide and routinely embedded in Epon. Light
microscopy was used to quantify cellular
alterations and the amount of fibrosis and to
select regions of interest to be subsequently
assessed with electron microscopy. Semi-thick
sections stained with toluidine-blue and
Periodic-Acid Schiff (PAS) reaction were
obtained from each biopsy specimen. Each
section was examined using a special grid
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Figure 3-2.  The mean wall motion score along

the ventricular silhouette is shown in patients from
group 1 (closed circles) and group 2 (open
circles). There is no significant difference in the
regional wall motion score in group 1. No
statistical analysis was applied to the differences
between groups, which is build in by study design.
Adapted from Ref. 211.

dividing the field in 121 identical squares to
measure the percentage of the biopsy surface
covered by fibrosis or by cardiomyocytes. This
procedure was repeated several times on
different zones of the biopsy. Subsequently,
100 - 200 cardiomyocytes sectioned through
their nucleus were examined and their
morphological characteristics were studied.
Ultrathin sections were stained with uranyl
acetate and lead citrate and examined with a
Philips EM300 electron microscope to further

qualify the structural alterations in the
cardiomyocytes.

Results

Clinical and angiographic patient

characteristics. According to resting regional
wall motion in collateral dependent segments
(Table 3-6), the patients were divided in 2
groups:

- Group 1: 9 patients (8 men, mean age
60 + 7 years, range 49 - 73) with normal or
minimal regional wall motion abnormalities
(mean regional wall motion score: 0.4 £ 0.7;
range 0 - 2).



- Group 2: 17 patients (11 men, mean age
61 +£9 years, range 46 -75) with severe
regional dysfunction (mean regional wall
motion score: 4.5 £ 1.2; range >2 - 7).

Figure 3-2 shows the wall motion score along
the ventricular silhouette in the patients from
both groups. Angiographic collateral grade was
similar among the 2 groups. There was a non
significant (p = 0.12) trend towards more severe
anginal symptoms (Canadian Heart Association
class IIT or IV) in patients with dysfunctional
collateral dependent myocardium.

Baseline regional myocardial blood flow and
metabolism. The baseline absolute myocardial
blood flow was measured in all 26 patients and
is shown in Figure 3-3 both in remote and
collateral dependent myocardial regions. No
regional differences were found in patients with
normal resting regional wall motion. In patients
with abnormal resting wall motion, myocardial
blood flow was higher in remote compared to
collateral dependent segments (95427 vs.
77 +25 ml.(min.lOOg)'l, p <0.001). Yet, no

difference was found among collateral
140
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Figure 3-3.  The baseline myocardial blood

flow (MBF) measured with 13N-ammonia in all
remote and collateral dependent regions is
shown for both patient groups. A significant
difference was found in patients with left
ventricular dysfunction between remote and
collateral dependent regions. MBF in the remote
regions was significantly lower in group 1 than
in group 2. *p<0.05 **p<0.01. Adapted
from Ref. 211
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Figure 3-4.  The absolute transmural
myocardial flow profile (MBF) is shown in the
patients with left anterior descending coronary
artery occlusion from both groups. There is a
significant difference between the increased flow in
the septal and lateral walls compared with that in
the anterior wall in the patients with dysfunctional
collateral dependent myocardium. *p <0.05.
Adapted from Ref. 211.

dependent segments from patients with and
without abnormal wall motion (77 £25 versus
85+ 14 ml(min.100g)"’, p=ns). Figure 3-4
shows the same data, but compares the flow
profile along the tomographic image in the
patients with left anterior descending coronary
occlusion. The only significant (p <0.01)
difference relates to the increased flow in the
septal and lateral walls relative to the anterior
wall in the patients with dysfunctional collateral
dependent myocardium.

Table 3-7 compares myocardial blood flow,
absolute glucose uptake, relative '“F-FDG to
PN-ammonia circumferential profiles, oxygen
consumption and mean estimated wall thickness
(by use of the Monte Carlo simulation) in the
subgroup of 15 patients in whom these data
were available. Absolute myocardial flow values
in this subgroup of patients were similar to those
measured in the total population. The metabolic
rates for exogenous glucose utilization in remote
and collateral dependent myocardium were
highest in dysfunctional patients, respectively
42420 and 38+16 pmol.(min.100g)".
Identical values were found between remote and
collateralized regions in group 2 patients
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TABLE 3-7.
Remote and Collateral-Dependent Myocardium

Myocardial Blood Flow, Exogenous Glucose Uptake, Oxidative Metabolism, and Mean Wall Thickness in

MBF MGU FDG/NH; k Wall thickness (mm)
Group 1 (n=6 patients)
Remote segments (N=25) 78 +8" 33+12° 1.1+0.1 0.058 + 0.008 * 13.3+0.8
Collateralized segments (n=18) 75+ 16 33+12° 12£02 0.054+0.010 " 13.1£0.6
Group 2 (n=9 patients)
Remote segments (n=35) 92 +23 42 +20 1.3+0.6 0.068 = 0.020 13.4+£0.5
Collateralized segments (n=30) 68+17 " 38167 19+1.6" 0.049 +0.015 ¢ 121+1.11%

FDG/NH;, I8F_fluorodeoxyglucose to !3N-ammonia relative uptake; k (min!), slope of !!C-acetate clearance; MBF [ml.(min.100g) ],

myocardial blood flow; rMGU [pumol.(min.100g)™!], regional myocardial glucose uptake.

*p<0.05, Tp<0.01, ¥p<0.001 vs. remote segments of group 2.

(33+£12 umol.(min.100g)"). The ratio of
metabolic rate for glucose utilization to
myocardial blood flow, reflecting the extraction
of glucose by the myocardium, was also higher
in dysfunctional collateral dependent compared
to normally contracting collateral dependent
segments  (0.60+0.27 versus 0.42+0.16
umol/ml, p < 0.004). The relative *N-ammonia
uptake in collateralized segments averaged
83+ 10% (range 60-98% of maximum) in
group 1 and 65 £ 17% (range 21 - 93%) in group
2 (p <0.001). The "*F-FDG uptake in collateral
dependent segments relative to the flow profile
was significantly higher in patients with
compared to patients without wall motion
abnormalities ("mismatch" ratio 1.9 + 1.6 versus
1.2+0.2, p<0.05). A typical example of these
findings is illustrated on Plate 3-2.

In patients with normal resting wall motion, the
monoexponential slope of ''C-acetate clearance,
kmono, was comparable between remote and
collateralized segments. At variance, in patients
with resting wall motion abnormalities, ''C-
acetate clearance was faster in remote compared
to collateral dependent segments (0.068 = 0.020
versus 0.049 +0.015 min™', p <0.001). Acetate
kinetics did not differ, however, significantly
among collateral dependent segments of patients
with and without regional wall motion
abnormalities. The venous plasma glucose, fatty
acids, lactate and insulin plasma concentrations
at the time of the tomographic study are listed in
Table 3-8.

Collateral-dependent myocardial flow reserve.

The absolute myocardial blood flow during
dipyridamole infusion was determined in a
subgroup of 11 patients with total occlusion of
the left anterior descending coronary artery and
normal circumflex coronary artery. Infusion of
dipyridamole induced anginal pain and
significant ST-segment depression (>0.1 mV in
lateral leads) in all patients. In 3 patients with
normal baseline anterior wall motion, transmural
myocardial blood flow in collateral dependent
segments increased from 78+5 at rest to
238 + 54 ml.(min.100g)! during hyperemia. At
variance, in 8§ patients with dysfunctional
collateral dependent myocardium, the flow
increase was severely blunted from 88+ 17 at
rest to 112+44 ml.(min.100g)! during
hyperemia. The maximal flow was not different

GROUP 1 GROUP 2

REMOTE COLL-DEP REMOTE COLL-DEP

Hyperhemic to Baseline Flow

Figure 3-5. The ratio of hyperemic/baseline
absolute flow is shown as an index of "collateral
flow reserve,” which is significantly reduced in
collateral dependent segments of group 2 patients.
*p < 0.001. Adapted from Ref. 211.
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r=-0.85

Figure 3-6. Relationship between

anterior wall motion score,

baseline anterior wall myocardial

blood flow (left) and anterior

"flow reserve" (right). Correlation
coefficients were obtained with the

Spearman  rank  correlation.
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in remote segments between group 1 (274 + 44
ml.(min.lOOg)'l) and group 2 (279=+125
ml.(min.100g) ") patients. The "collateral flow
reserve", defined as the ratio of hyperemic over
basal flow, is shown in Figure 3-5. A significant
inverse relation (r =-0.85, p <0.001) was found
between the baseline anterior wall motion score
and the ratio of hyperemic over basal flow in
collateral dependent segments (Figure 3-6).
There was, however, no relationship between
the baseline wall motion score and the resting
myocardial blood flow (r=-0.19) in these
segments (Figure 3-6).

Functional follow-up. Coronary angiography
and contrast left ventriculography 5 to 8 months
following coronary revascularization were
available in 12 patients from group 2. Among
these, 8 patients underwent percutaneous
transluminal coronary angioplasty of the
occluded vessel and 4 had coronary artery
bypass surgery. Adequate revascularization of
the dysfunctional segments was achieved in 11
patients. In the remaining, reocclusion of the left
anterior descending coronary artery had
occurred following an initially successful
angioplasty. Nevertheless, the regional wall
motion score improved in all patients, including

2

Flow Reserve

3 Adapted from Ref. 211

the one with reocclusion of the left anterior
descending coronary artery (from 3.8 +£1.3 to
0.8+0.9, p<0.005). Global ejection fraction
improved (from 55+ 7 to 65+ 8%, p <0.001)
and the end-systolic volume decreased (from
47+10 to 34+11 ml/m? p<0.005) in all
patients.

Structural abnormalities in collateral dependent
myocardium. Macroscopic scars were not
detected during surgery in the anterior wall.
With the exception of one patient (patient A in
Table 3-9), little fibrosis was found in the biopsy
specimens. Nonetheless, the cardiomyocytes of
patients with anterior wall dysfunction showed
characteristic morphological changes. Compared
with cardiomyocytes in remote '"normal"
myocardium (Plate 3-3), about half the
myocardial cells from dysfunctional segments
showed various degrees of structural changes.
One striking feature of these altered
cardiomyocytes was the loss of contractile
material. In some cells, this was limited to the
vicinity of the nucleus, whereas in others it was
very extended, leaving only few or no
sarcomeres at the cell periphery (Plate 3-4).
Myofibrillar loss was not accompanied by major
cell volume changes, as the space previously

TABLE 3-8. Plasma Substrates Levels
Glucose Insulin Fatty acids Lactate
(mM) (uU/ml) (uM) (mM)
All 62+22 36+ 14 739 £ 108 0.95+0.24
Group 1 52+1.2 37+ 14 775 £ 478 1.18 £ 0.21
Group 2 72+24 35+ 14 713 £250 0.83+£0.19 *

*p<0.05 group 1 vs. group 2.
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TABLE 3-9. Relation Among Anterior Wall Motion, Flow, Glucose Metabolism and Quantitative Morphological Data
% Fibrosis % AC

Patient AWMS MBF rMGU FDG/NH3 SE ™ SE ™
A* 4 96 37 1.45 50 - 90 -
B 3 57 30 1.03 1 1 40 35
C 3 110 40 1.34 11 8 67 59
D 3 72 42 1.50 5 4 27 19
E 1 74 38 1.33 10 6 39 30
F 1 78 12 1.69 2 2 15 15
G 1 89 26 1.00 3 3 5 4

AWMS, anterior wall motion score; MBF [ml.(min.100g)™'], myocardial blood flow; rMGU [umol.(min.100g)!], regional myocardial
glucose uptake; FDG/NH3, ratio of '8F-deoxyglucose to !3N-ammonia relative uptake; SE, subendocardial sample; TM, transmural data;

%AC, percent abnormal cells.
* Subepicardial sample not available in this patient.

occupied by the myofilaments was filled with an
amorphous, strongly PAS-positive material,
typical of glycogen (Plate 3-5). In the electron
microscope, the general organization pattern of
the remaining peripherally located sarcomeres
was well preserved. Mitochondria were small
and scattered throughout the myolytic
cytoplasm. Nuclei were tortuous, and showed
uniformly dispersed heterochromatin.
Sarcoplasmic reticulum was virtually absent, as
were T-tubules. There were no signs of
degeneration, such as cytoplasmic vacuolization,
edema, mitochondrial swelling, membrane
disruption, lipid droplets, suggestive of acute
ischemic damage or cellular atrophy. The group
data are shown in Table 3-9. The patients are
ranked according to decreasing severity of
anterior wall motion abnormalities.

Discussion

In this study, we attempted to elucidate the
mechanisms by which ischemia may result in
chronic but reversible regional dysfunction. We
selected a human model in which myocardial
perfusion depended entirely on collateral blood
supply and in which regional dysfunction met
the clinical criteria for chronic hibernation, as
defined by Rahimtoola.'®" The findings of this
study can be summarized as follows:

- dysfunctional collateral-dependent myocar-
dium shows reduced myocardial blood flow

and acetate clearance while exogenous
glucose uptake is maintained, as compared to
remote, normally perfused, myocardium in
the same patient;

- there is no significant difference between
normally contracting and dysfunctional
collateral-dependent segments with respect to
baseline  blood flow and  oxygen
consumption;

- immature and/or insufficiently developed
collaterals do not provide adequate flow
reserve in the subgroup of patients with
chronic regional dysfunction;

- marked morphological alterations, including
a substantial loss of myofibrillar content,
represent the structural correlate of the
chronic dysfunction and of the metabolic
changes.

Despite a marked reduction in external work,
dysfunctional collateral dependent myocardium
remains metabolically active as demonstrated by
the nearly normal baseline flow and oxygen
consumption and by the increased '“F-FDG
uptake relative to flow. Thus, the data in this
model do not support the hypothesis that chronic
dysfunction results from a chronic reduction in
resting flow. The contention that flow is
decreased in "hibernating" states has been based
on clinical studies of the relative distribution of



flow tracers such as *“'Thallium or
%2Rubidium.””’ The interpretation of these
scintigrams usually assumes that the segments
with maximum tracer uptake have normal flow.
However, perfusion scintigraphy only provides
estimates of relative differences in tracer
distribution. A seemingly decreased perfusion to
a dysfunctional segment, as seen on Figure 3-4,
may well result from an absolute increase in
flow to the remote hyperfunctioning tissue, as
shown in the present study by the quantitative
measurements of transmural blood flow with
PN-ammonia.

While a significant reduction in resting flow can
be ruled out, some metabolic changes are
nevertheless apparent in the patients from group
2. The glucose uptake is significantly increased
in the remote areas, consistent with an increase
in regional workload,” although slight
differences in substrate supply might have
contributed as well. In the dysfunctional
collateral dependent areas, the absolute glucose
uptake is preserved and the absolute glucose
extraction is significantly increased, a pattern
referred to as flow-metabolism "mismatch."'”
This pattern has been shown to identify
reversible tissue injury after transient ischemic
insults. Following adequate revascularization,
improvement of regional wall motion is
expected to occur in 78-92% of such areas,
which indicates persistent tissue viability.'****

The flow reserve of collateral dependent
myocardium was evaluated using dipyridamole
as the hyperemic agent.”> A wide range of
hyperemic transmural flow values, from a 4-fold
increase to a 20% decrease in basal flow, was
found. This is consistent with animal studies
showing heterogeneity of the collateral vascular
system early after total coronary occlusion
induced by placement of an ameroid constrictor
on a proximal coronary artery.'"'"*'” Whether
the blunted collateral reserve in patients with
regional dysfunction represents immaturity or
insufficiency of the collateral system cannot be
assessed from the present clinical data, since the
exact time of the coronary occlusion, the delay
between the occlusion and the study as well as
the individual rate of collateral growth are
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unknown. The lack of correlation between the
angiographic collateral score and the absolute
tissue perfusion values is not surprising and
probably relates to the limited resolution of
angiography. Another explanation could be the
presence of functional extracoronary collaterals
in these patients.”” While all patients had
angina pectoris, the anginal symptoms were
significantly more severe in patients with
chronic dysfunction and reduced collateral flow
reserve. Severe ischemia is likely to occur
repeatedly in those patients during daily life
caused by increased demand, reductions in
blood pressure, spontaneous increases in
microvascular constrictor tone,"”™® or by a
combination of any of these mechanisms. In
patients with a significant increase in collateral
dependent flow, angina and objective signs of
ischemia during dipyridamole infusion still
occurred. Similar findings were reported in a
recent clinical study in which collateral flow
reserve was assessed in patients with total
occlusion of the left anterior descending
coronary artery by use of thermodilution of the
great cardiac vein.”' In this study, collateral flow
increased significantly in all patients during
infusion of dipyridamole and collateral flow
reserve was within normal limits. As shown by
Schaper'”*'” and others'' in animal studies,
underperfusion in that case is usually limited to
the subendocardium, because pharmacological
vasodilation or moderate exercise can induce a
transmural coronary steal.

The present findings challenge the currently
accepted understanding of the pathophysiology
of chronic dysfunction of noninfarcted
myocardium. Several studies have documented
the beneficial effects of  coronary
revascularization on survival and cardiac
function in patients with coronary artery disease
and left ventricular dysfunction."*"">' These
observations have led to the speculation that
chronically hypoperfused myocardium, referred
to as "hibernating," could maintain viability by
simply reducing its metabolic demand to match
the decreased supply, for as long as myocardial
perfusion was inadequate.'*'®" The chronic
impairment of contractile function in this setting
was considered to represent a protective
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mechanism, minimizing the energy requirements
and preventing the appearance of irreversible
tissue damage. This concept requires
achievement of a new steady-state between
reduced supply and decreased demand and
implies the existence of chronic low-flow
myocardial ischemia.'®® Recent studies in open-
chest anesthetized pigs undergoing 1 to 5 hours
partial coronary occlusion have partially come
in support to this hypothesis.>*>"**1°*1¢7 Several
investigators have indeed reported on the
successful development of sustained low-flow
perfusion-contraction matching in the pig heart
(also called short-term hibernation).>¢%!3%130-1¢7
Ischemia was produced by incomplete coronary
occlusion leading to a 20 -70% reduction of
transmural myocardial blood flow. Although
this resulted in a prompt and sustained decrease
of segmental wall thickening, no myocardial
necrosis ensued. Despite continuing low-flow
and dysfunction, intriguing phenomena were
observed, including the spontaneous resolution
of the metabolic markers of ischemia and the
regeneration of phosphocreatine back to nearly
normal levels.'"?”'*"  This condition was
remarkably unstable, however, as
superimposition of a chronotropic or inotropic
stress invariably resulted in increased lactate
production, decreased phosphocreatine and
eventually myocardial necrosis.'**

While these findings thus suggest that a
precarious steady-state between reduced oxygen
supply and decreased oxygen demand can be
achieved and maintained for some time under
particular experimental conditions, no data are
presently available to indicate that such a
perfusion-contraction matching can persist for
weeks or months in chronic animal preparations,
let alone in the intact individual. On the
contrary, most investigators who have
succeeded so far in reproducing chronic (>1
week) but reversible regional left ventricular
ischemic dysfunction in the experimental lab
have always ended up with models of perfusion-
contraction mismatch. Canty and Klocke
examined the temporal response of regional
function after ameroid implantation in conscious
dogs.*" In their model, regional contraction was
found to decrease progressively during the

course of ameroid occlusion. Yet, measurements
of regional endocardial blood flow suggested a
dissociation between flow and function at the
time of ameroid occlusion. Bolukoglu et al.
achieved sustained reduction in segmental
shortening without necrosis in swine undergoing
a 50% reduction of the left anterior descending
coronary artery flow velocity for 7 days.”> In
their experiments too, the decrease in segmental
function was progressive over time and was not
associated with reduced subendocardial blood
flow by day 7. More recently, Shen et al.
examined the time course of regional
dysfunction after ameroid implantation in
chronically instrumented pigs.'®® Here again, the
resulting progressive segmental dysfunction was
not associated with permanently reduced
subendocardial blood flow but rather appeared
to result from repeated transient episodes of
acute ischemia followed by stunning. While the
above studies do not entirely dismiss the
possibility that chronic perfusion-contraction
matching can be achieved in intact animals, they
suggest that, rather than resulting from a state
of decreased flow, chronic dysfunction most
often results from to episodes of severe
ischemia, the functional recovery being
incomplete because of renewed ischemic and
stunning episodes.'** In this study, dysfunctional
collateral dependent segments showed nearly
normal baseline blood flow and oxygen
consumption but severely limited flow reserve,
which strongly supports such a scenario.

Finally, a definite answer was obtained from the
analysis of tissue samples. Since experimental
stunning is not associated with significant
alterations in myocardial ultrastructure,'” we
performed a detailed morphological analysis of
dysfunctional ~ collateral-dependent ~ human
myocardium obtained during surgery in a
limited number of patients. Profound
abnormalities were found, much similar to those
described earlier by Flameng et al.***® The most
striking features observed in chronically
hypokinetic segments were the loss in
myofibrillar content and the excessive
accumulation of glycogen. We believe that this
peculiar morphological pattern represents the
structural correlate of myocardial "hibernation".



Whether these phenotypic changes are induced
by ischemia per se or are the result of prolonged
contractile unloading is unresolved at the
present time.”'®"'*"% It is likely that these
phenotypic changes are reversible after
revascularization, as can be inferred from the
recovery of wall motion over time. However, for
obvious reasons, direct evidence of structural
reversibility in humans is lacking and will
probably await the development of relevant
animal models of chronic left ventricular
ischemic dysfunction.

The comparison of the morphological data with
the findings on metabolic imaging raises
intriguing questions about the biochemical fate
of exogenous glucose in "hibernating" cells.
Although it was originally suggested that the
increased glucose uptake resulted from

stimulation of anaerobic metabolism by chronic
179

ischemia, this explanation now appears
unlikely in view of the normal or nearly normal
levels of absolute myocardial
glezrof;uzslilon 2077207211 and oxygen consumption -

measured in these segments and in view
of the accumulation of glycogen, a quite unusual
finding in the setting of ongoing ischemia, rather
expected to result in the opposite.”'>*'® Glucose
uptake by dysfunctional but metabolically active
myocardium was shown to be relatively
independent of the hormonal milieu and dietary
conditions.*” One possible explanation for this
phenomenon could be a switch in the subtype of
glucose transporters expressed at the surface of
the cardiomyocytes. Although the insulin-
responsive glucose transporter GLUT-4 is
predominant in adult cardiac muscle,” it has
been recently shown that ischemia could trigger
the re-expression of the insulin-insensitive
unidirectional glucose transporter GLUT-1.%!
GLUT-1 is expressed at only relatively low
levels in adult cardiomyocytes, but is
predominant in embryonic and neonatal
cardiomyocytes.””  Although this remains
speculative, increased expression of GLUT-1
might just be one part of the many phenotypic
changes shown to occur in chronically
dysfunctional myocardium and be the molecular
basis for both the increase in glucose uptake and
the accumulation of glycogen. This view is
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supported by preliminary results showing a 2.5
fold relative increase in GLUT-1 compared to
GLUT-4 messenger RNA content (by
quantitative PCR) in dysfunctional segments of
patients with hibernating myocardium.'™®

There is indeed accumulating evidence that the
observed structural changes are the consequence
of a dedifferentiation process, as the altered cells
show many features of neonatal
cardiomyocytes,24 including -1- depletion of
contractile filaments, -2- presence of rough
sarcoplasmic reticulum, -3- accumulation of
glycogen, -4- occurrence of irregularly shaped
nuclei with peculiar distribution of chromatin, -
5- loss of organized sarcoplasmic reticulum, -6-
lack of T-tubules, and -7- vesiculization of the
sarcolemma. Not all the characteristics of altered
cardiomyocytes resemble those of embryonic
cells, however. For instance, the remaining
sarcomeres in the altered cells often retain their
orderly arrangement at the cell periphery, while
they are randomly distributed in embryonic
cells. Also, the amount of glycogen seen in
altered cardiomyocytes far exceeds that reported
in the embryo. The hypothesis of
dedifferentiation is further substantiated by the
demonstration by use of immunohistochemistry
that these cells re-express contractile proteins
that are specific to the fetal heart,”'*’ such as the
a-smooth muscle cell actin (Plate 3-6), while at
the same time, they exhibit the same
organization pattern of structural proteins like
titin as developing cardiomyocytes.” In addition,
cardiotin, a recently described high molecular
weight protein absent in fetal cells, seems also to
be absent in the altered cells. These observations
reinforce the thesis that altered cardiomyocytes
undergo partial dedifferentiation.

This study has several potential limitations,
which should be acknowledged. The study
population was carefully selected in order to
avoid inclusion of patients with previous
infarction in the collateral dependent areas. It
cannot be ruled out that small foci of
subendocardial necrosis were present in some
instances. Although histologic data are available
in a limited number of patients, the fact that
significant fibrosis was seen only in 1 out of 7



40

cases is reassuring. A weak relation was found
between the presence of wall motion
abnormalities and the severity of angina from
carefully taken history. It would have been of
interest to compare the total ischemic burden in
both patient groups, since painless episodes may
have contributed to the repeated stunning. It was
not possible, however, to obtain Holter tape
monitoring for quantitation of ST-T segment
abnormalities. Finally, although special care was
taken to obtain representative tissue samples
from the center of the ischemic area at the
appropriate level, we realize that a 15 mg biopsy
probably is 5,000 times smaller than the entire
anterior ischemic area. Obviously, such a small
sample size is imposed by safety considerations.

In summary, this study demonstrates that in
patients with noninfarcted collateral-dependent
myocardium, in whom chronic regional
dysfunction meets the clinical -criteria for
chronic hibernation (chronic dysfunction with
hypoperfusion by relative perfusion imaging),
absolute myocardial blood flow and oxygen
consumption in the dysfunctional collateral
dependent segments are nearly normal at rest,
collateral flow reserve is markedly blunted and
major structural changes are present on
morphological analysis. In these patients,
impaired function likely results from repetitive
episodes of ischemia with a persistent stunning
effect, which, at variance with experimental
stunning, eventually results in structural
alterations. We propose that these alterations
represent the flow, metabolic, and morphologic
correlates of chronic myocardial "hibernation."

35 Time Course of Recovery from
Myocardial Hibernation after
Coronary Revascularization

Among the many unresolved issues regarding
myocardial hibernation, the time-course of
recovery of contractile function after
revascularization has received little attention.
Given the severity of the structural changes seen
in the hibernating myocardium,*****'" one
should expect that the recovery of function after

revascularization would be delayed, and that the

time course of recovery would be influenced by
the severity of the underlying structural
abnormalities. Surprisingly, few clinical studies
have addressed this issue and their results have
been  varied.* %2 Accordingly, we
designed the following study to evaluate more
comprehensively the time-course of functional
improvement after successful revascularization
and its potential determinants.

Methods

We studied 21 patients (18 men, mean age 55 +9
years, range 39 - 68 years) with ischemic heart
disease  undergoing  successful  coronary
revascularization by either bypass surgery (n=15)
or angioplasty (n=6). These patients were
selected among a larger group of patients
undergoing revascularization (n=40) based on
the following criteria: -1- presence of severe
regional dysfunction in the anatomical
distribution of a significantly narrowed or
occluded epicardial artery; -2- absence of peri-
operative  or  peri-procedural  myocardial
infarction; -3- complete and successful
revascularization of the dysfunctional segments;
-4- significant improvement of both regional
(improvement of wall motion score by at least
one full grade in 2 adjacent a- or dyskinetic
myocardial segments) and global (decreased end-
systolic volume) left ventricular function at the
6th month follow-up examination. Eighteen
patients had sustained at least one previous
myocardial infarction, the most recent 28 days
before inclusion into the study.

At coronary arteriography, performed in every
patient before revascularization, 15 patients had
complete occlusion of >1 major epicardial
coronary segments, among whom 7 had
occlusion of the left anterior descending
coronary artery, 4 of the proximal circumflex
artery and 11 of the right coronary artery. The
remaining 6 patients had severe proximal
stenoses on > 1 major epicardial segment. Six
patients had single vessel disease, 5 patients had
two vessel disease, and 10 patients had three
vessel disease. One patient also had left main
stenosis.



2D-echocardiograms were obtained at rest,
before revascularization, and again 10 days, 2
months and 6 months after revascularization.
Images from the parasternal long- and short-axis
and apical four- and two-chamber views were
digitized in a quad screen, cineloop format and
stored on 512 byte/sector rewritable optical
disks. Images were interpreted qualitatively in
accordance with previous guidelines by
experienced observers who had no knowledge of
the angiographic and clinical data. Regional
function was interpreted in 16 myocardial
segments (basal, midventricular and apical levels
of the septum, lateral, anterior and inferior walls;
and basal and midventricular levels of the
anteroseptal and posterior walls) and defined as
normal (1), hypokinetic (2), or akinetic (3) as
described above. A global wall motion score was
calculated for the baseline and all follow-up two-
dimensional echocardiographic  studies. A
dysfunctional regional wall motion score was
also obtained by summing the scores of all
dysfunctional segments and dividing the sum by
the number of dysfunctional segments. Left
ventricular volumes at both end-diastole and end-
systole and ejection fraction were computed from
the apical 4- and 2- chamber views by use of a
standard Simpson's method in each patient.

Positron emission tomography. Assessment of
regional myocardial perfusion and metabolism
by PET was performed in every patient at the
time of the initial hospital stay. Data were
acquired and analyzed as described in the
introduction.

Results

The preoperative clinical and angiographic
characteristics of the study population are
summarized in Table 3-10. With PET, reversibly
dysfunctional segments showed normal levels of
resting myocardial blood flow (85+34
ml.(min.100g)", 114+36% of remote) and
maintained glucose uptake 28 £ 14
umol.(min.100g) ", 72 +24% of remote). In 9
patients undergoing bypass surgery, a transmural
biopsy was obtained from the center of the
dysfunctional area. In all 9 patients, analysis of
this biopsy sample demonstrated changes similar
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TABLE 3-10. Clinical and angiographic data before

revascularization.

No. of patients 21

Age (years) 55+10

Sex 18M, 3F

Anginal class

CHAT+TI 15/21

CHA I+ 1V 6/21

Functional class

NYHATI+1I 19/21

NYHA III + IV 2/21

Diseased vessels
LAD 4/21
RCA 2/21
LAD + Cx 1/21
LAD +RCA 3/21
RCA + Cx 1/21
LAD + Cx+RCA 10/21

CHA, Canadian Heart Association; NYHA, New York Heart
Association; LAD, left anterior descending artery; Cx,
circumflex artery; RCA, right coronary artery

to those previously observed in patients with
dysfunctional, albeit noninfarcted, collateral-
dependent myocardium. In general, there was
little fibrosis (28 = 14%) and a large proportion
of cardiomyocytes (44 + 18%) showed structural
signs of dedifferentiation

The time-course of recovery of regional
contractile function is shown in Table 3-11 and
Figure 3-7. The kinetics of functional
improvement varied substantially from patient to
patient. ~ Some  demonstrated  significant
improvements quite rapidly after
revascularization, usually within the first week,
while others showed a more progressive return of
regional function. Monoexponential least square
fitting routines were used to quantitate the time-
course of functional recovery in individual
patients. The time constant of the decrease in
regional wall motion score averaged 39 =+ 32
days, ranging from 9 to 120 days. The recovery
of the left ventricular volumes and ejection
fraction followed a similar time-course.

Factors associated with delayed improvement of
function after revascularization. To define
further the variables associated with the rate of
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TABLE 3-11. Time course of hemodynamic and functional changes in 21 patients with hibernating myocardium

Baseline 1 week 2 months 6 months
Heart rate bpm 75+13 84+ 16 74+ 15 75+ 14
Mean blood pressure mm Hg 102+ 14 92 +8 102 +£10 101 £12
Rate-pressure product bpm x mmHg 10,031 + 2,745 9,987 + 2,143 9,973 + 2,621 9,908 + 2,706
LV EDV ml 173 £ 67 160 £ 71 172 £51 155 + 39"
LV ESV ml 121 + 49 103 + 59* 97 + 44 81+36™
LV EF % 35+9 39+ 10" 46 +10™ 49 +10™
WMS 2.6+0.2 24+0.1" 2.0+03" 1.7 £0.3"

LV, left ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; WMS, wall motion score.

* p<0.05, ** p<0.01 versus Baseline by ANOVA.

functional recovery after coronary
revascularization, all  prerevascularization
clinical, angiographic, scintigraphic (PET flow
and metabolism) and structural data available
were proposed for inclusion into a multiple
regression model. With univariate analysis,
only the proportion of altered cardiomyocytes
(r=0.95) and the relative surface of the biopsy
covered by these cardiomyocytes (r=0.89) were
found to correlate with the kinetics of recovery.
Stepwise linear discriminant analysis selected
the proportion of altered cardiomyocytes as the
sole independent correlates of the time course of
recovery (Figure 3-8).

Discussion

As shown in the preceding study, the most
striking finding in tissue biopsies taken from
hibernating myocardial segments is the presence
of significant morphological abnormalities,
which include dedifferentiation of the myocytes
with loss of contractile material. Given the
severity of these structural changes,”****!'" one
would expect the return of function to these
segments to be delayed despite adequate

revascularization.

Surprisingly, few clinical studies have addressed
this issue and results of those that have been
performed and measured regional function early
after revascularization have been
controversial.*!?%!1#2% T 3 series of patients
studied by transesophageal echocardiography
within 15 minutes of discontinuation of
cardiopulmonary bypass, Topol et al. reported

that 57% of severely dysfunctional segments
showed immediate improvement in wall
thickening; no further improvement was
observed 8 days later.”! In contrast, in patients
undergoing coronary angioplasty, Nienaber et al.
found no significant improvement in regional
wall motion 3 days after revascularization,
although by 67 days, wall motion had
significantly improved.'** Another study found
recovery from hibernation to be biphasic, with
partial improvement within 15 minutes and
further recovery after 13 weeks.® More
recently, La Canna et al. reported immediate
intraoperative improvement of wall motion in 33
carefully selected patients.'**
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Figure 3-7. Dot plot showing the time-course of

recovery of regional wall motion after
revascularization. The return of regional function
was slowly progressive with a time constant of 39
days.* p<0.05; *** p<0.001 vs. baseline. Adapted
from Ref. 2109.



The present study provides important new
information on the time-course of recovery from
myocardial hibernation. First, it shows that, on
average, the recovery of function after
revascularization is a rather slow and
progressive phenomenon, with a time constant
of about 40 days. Thus, in most patients, full
recovery of function should not be expected
before 4 to 6 months after revascularization. Our
data also show that the rate of recovery varies
substantially from patient to patient, some
patients showing a very slow and delayed return
of regional function, while others demonstrate
an almost complete recovery by one week after
revascularization. It is probable that, in these
latter patients, significant changes would already
have been noted in the operating room, had we
performed an intraoperative assessment of
function, as did Topol et al.**! Perhaps the most
important finding of this study is the observation
that the rate of recovery of contractile function
after revascularization is intimately related to
the severity of the preexisting structural changes
in the hibernating cardiomyocytes. This clearly
suggests that these structural abnormalities are
not simply the result of a mere coincidence but,
to some extent, directly contribute to the
contractile dysfunction of the hibernating
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Figure 3-8.  Scatterplots of correlation between

the proportion of myolytic cardiomyocytes and the
recovery half-time. Adapted from Ref. 219.

myocardium.

Although the present findings suggest that, like
regional dysfunction, the structural changes are
also reversible after revascularization, for
obvious ethical reasons, we did not obtain direct
evidence that it was indeed the case. This will
probably await the development of relevant
animal models of chronic left ventricular
ischemic dysfunction.



Chapter 4

4.1 Introduction

Over the past 50 years, ischemic heart diseases
have been a widespread cause of morbidity and
the leading cause of mortality in the
economically developed countries of the western
world. Although the relative importance of
coronary deaths has declined gradually during
the last decade, "heart attacks™ still account for
approximately 25% of all deaths in the USA and
in Europe. Mortality rates are higher in patients
with severely depressed left ventricular function
than in any other groups of patients, ranging
from 15 to 60% per year.”* Several studies have
shown that surgical revascularization may
improve survival and symptoms of heart failure
in some of these patients."*** The potential
benefits of coronary revascularization should be
balanced, however, with the higher surgical
mortality of patients with left ventricular
dysfunction, which ranges from 5 to 37%.

Presumably, the beneficial effects of
revascularization result from improving blood
supply to dysfunctional but viable regions with
subsequent improvement in regional and global
left ventricular function.*? This scenario is
supported by the results of several studies in
patients with severe left ventricular dysfunction,
showing that only patients with dysfunctional
but "viable™ myocardium invariably benefit
from coronary revascularization,>>9120:197:232
Although these studies were retrospective and
non-randomized, their results nevertheless
suggest that, in addition to the evaluation of
coronary anatomy, cardiac function and
myocardial perfusion, the selection of patients
with severe left ventricular dysfunction for
coronary revascularization should also comprise
a precise assessment of the presence of ischemi-
cally compromised but viable myocardium.

Various approaches have been proposed to
predict the reversibility of left ventricular
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Implications for the Clinical Identification of Myocardial Viability

dysfunction after coronary revascularization.
Because  regional  contractile  ischemic
dysfunction reflects underlying alterations of
myocardial perfusion and metabolism, flow and
metabolic imaging with PET has focused much
attention. As discussed in Chapter 3, PET is well
suited for the delineation of the flow and
metabolic patterns associated with the various
causes of regional ischemic dysfunction. In
theory thus, PET should permit an easy
distinction between irreversible myocardial
infarction and the reversible conditions of
myocardial stunning and hibernation.
Unfortunately, in daily clinical practice, patients
seldom present with either purely stunned,
hibernating or infarcted myocardium, but most
often show an admixture of infarcted, potentially
recoverable and normal myocardium, all
coexisting within the same vascular territory.'®

In this context, the identification of the potential
for recovery after revascularization with PET
may be far more complex than initially
anticipated. In this chapter, I will review our
approach to the evaluation of myocardial
viability in unselected patients with coronary
artery disease and left ventricular dysfunction
and focus successively on:

1- the structural, flow and metabolic factors
associated with the return of left ventricular
contraction after revascularization in patients
with chronic anterior wall dysfunction;®

2- the development of a multivariate approach to
the identification of reversible dysfunction in
patients with various degrees of left
ventricular dysfunction;”"*"” and

3- the role of assessing residual inotropic
reserve in the identification of reversible
dysfunction after revascularization.”4?!8

The angiographic, echocardiographic and PET
methodology is common to all studies and
similar to that described in Chapter 3.
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4.2. Flow, Metabolic and Structural
Correlates of Reversible Left
Ventricular Dysfunction after

Revascularization

Because of the complex nature of the factors
involved in the pathogenesis of chronic left
ventricular ischemic dysfunction, a precise
inventory of the factors associated with both the
presence and extent of reversible injury is a
necessary prerequisite to the development of a
clinically relevant approach to the preoperative
identification  of  reversible  dysfunction.
Accordingly, in this first study, we examined the
structural, flow and metabolic factors associated
with the return of left ventricular contraction
after revascularization in patients with chronic
anterior wall dysfunction. As in previous
studies, we took advantage of the surgical
procedure to obtain biopsies from the
dysfunctional area, and correlated the flow,
metabolic and morphometric findings with the
presence and extent of functional recovery after
revascularization.

Methods

We studied 24 nondiabetic patients (19 men,
mean age 57 + 13 years, range 27 - 72 years)
with anterior wall dysfunction related to
significant disease (> 75% diameter stenosis) on
the left anterior descending coronary artery.
Twelve patients had experienced a previous
anterior myocardial infarction, the most recent
33 days before the study. All patients underwent
successful coronary artery bypass surgery at an
average of 54 days after the PET study, the left
internal mammary artery being used to graft the
left anterior descending coronary artery. The
decision to revascularize was based on clinical
criteria and not on the results of the PET study.

Selective coronary angiography and contrast
cineventriculography were performed in every
patient at an average of 34 days before the PET
study. Complete occlusion of the proximal left
anterior descending artery was found in 15
patients, and severe proximal stenosis in the
remaining 9. There were 5 patients with single
left anterior descending coronary artery disease,

9 patients with 2-vessel disease and 10 patients
with 3-vessel disease. No patient showed
significant left main stenosis.

Contrast cineventriculography (n=8) or two-
dimensional echocardiography (n=16) were
obtained at baseline and again 4.6 + 2.7 months
after surgery to assess the recovery of contractile
function after revascularization. With both
techniques, left ventricular volumes at end-
diastole (r wave of the electrocardiogram) and
end-systole (minimal volume) were calculated
by use of the Simpson's method. With
ventriculography, regional wall motion was
assessed in 5 segments (antero-basal, antero-
lateral, apical, inferior and postero-basal) by 2
experienced observers. Each segment was
defined as: 0-normal, 1-hypokinetic, 2-
akinetic, 3 - dyskinetic. A wall motion score for
the segments perfused by the left anterior
descending coronary artery was calculated by
summing up the scores of the antero-basal,
antero-lateral and apical segments. With 2D-
echocardiography, regional wall motion was
assessed in 16 segments and defined as: O -
normal, 1 -hypokinetic, 2 -akinetic, 3-
dyskinetic. A wall motion score for the
segments perfused by the left anterior
descending coronary artery was also calculated
by summing up the scores of the mid anterior,
antero-apical and latero-apical segments.

According to the changes in regional wall
motion and global left ventricular function,
patients were considered to have myocardium
which improved function after revascularization
if end-systolic volume decreased #%%* and
regional wall motion score improved by at least
one full grade from baseline to the follow-up
study.

Similarly, patients were considered to have
persistently dysfunctional myocardium if end-
systolic volume increased or if regional wall
motion failed to improve at follow-up.

Results

Clinical and angiographic characteristics.
Table 4-1 summarizes the individual clinical and
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TABLE 4-1. Individual Clinical and Angiographic Characteristics before and after Revascularization
Agelsex  Previous % coronary stenosis AWMS EDV ESV EF
Patients (years) MI LAD LC RCA pre  post pre post pre post pre post

Patients with
improved function

#1 47/M No 90% - - 2 1 232 182 87 55 63 70
#2 63/M No 100% 75% - 3 0 195 192 69 52 65 73
#3 69/M No 100% - - 2 1 260 204 107 97 59 53
#4 31/M Yes 100% - 100% 3 1 187 220 85 81 56 61
#5 70/M No 100% 75% - 4 2 213 138 93 38 56 73
#6 27/F No 100% - - 2 0 150 148 68 55 55 63
#7 69/M No 90% 90%  100% 3 0 189 186 131 108 31 42
#8 68/M No 100% 75% 75% 3 0 119 121 57 49 53 59
#9 46/M No 90% 90%  100% 5 3 200 182 135 107 33 41
#10 58/F No 90% - 100% 5 4 154 100 100 55 35 45
#11 41/M Yes 100% 75%  100% 5 4 295 340 262 246 11 28
#12 51/M Yes 90% 100%  100% 5 1 211 206 151 110 28 47
#13 66/M Yes 100% - 100% 6 4 161 112 99 51 39 54
#14 67/F Yes 100% 90%  100% 6 3 123 137 97 76 21 45
#15 68/M No 100% - 100% 4 3 267 221 208 162 22 27
#16 63/M No 90% 90%  100% 6 4 157 143 105 83 33 42
Patients with

persistent dysfunction

#17 67/F Yes 90% - 75% 5 5 201 260 121 152 40 41
#18 39/M Yes 100% - - 7 8 296 379 211 320 29 16
#19 48/M Yes 100% 90% - 5 5 205 209 96 159 53 24
#20 57/F Yes 100% 90%  100% 5 5 173 198 112 173 35 13
#21 71/M No 90% - - 6 6 240 252 175 204 27 19
#22 72IM Yes 100% 90% 75% 6 6 178 224 122 175 31 22
#23 54/M Yes 90% 100%  100% 6 6 201 190 143 143 39 25
#24 57/M Yes 90% 75%  100% 5 5 305 315 208 235 32 25

MI, myocardial infarction; LAD, left anterior descending coronary artery; LC, circumflex artery; RCA, right coronary artery; AWMS,
anterior wall motion score; EDV(ml), end-diastolic volume; ESV(ml), end-systolic volume; EF(%), ejection fraction; pre, before
revascularization; post, after revascularization.

angiographic characteristics of the study showed improved function following surgery
population.  Pre-revascularization  ejection while 8 patients showed persistent dysfunction
fraction averaged 39 + 15% and mean anterior despite revascularization. Table 4-2 shows the
wall motion score was 4.5%15. Ejection changes in global and regional left ventricular
fraction was lower in patients with (34 + 12%) function in these 2 groups of patients. Before
than in those without (45 + 16%, p<0.01) revascularization, ejection fraction was not
previous Q-wave infarction. Similarly, anterior significantly different among the 2 groups
wall motion score was worse (5.3%1.0) in (43 £ 18% compared with 35 + 9%, p=ns). After
patients with than in those without (3.8 £ 1.5, revascularization, patients with improved
p<0.05) previous Q-wave infarction. function increased ejection fraction and

decreased left ventricular end-systolic volume
As judged from the changes in regional wall (to 51 +£14% and to 90 =52 ml, respectively,
motion and global left ventricular function p<0.001 compared with preoperative values),

before and after revascularization, 16 patients whereas patients with persistent dysfunction
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TABLE 4-2.

Left Ventricular Volumes, Ejection Fraction and Regional Wall

Motion Score before and after Revascularization.

Improved Non-improved
(n=16) (n=8)
End-diastolic volume (ml) before 195 +51 225+51
after 177 +58 253 £ 65
End-systolic volume (ml) before 115+54 149 £ 52
after 90 £ 52 195 + 59
Ejection fraction (%) before 43+18 359
after 51+14 23+9
AWMS before 40+15 56+0.7
after 19+16 55+0.9

There was no statistically significant difference in baseline left ventricular function
between the 2 groups, except in anterior wall motion score (p<0.01). No statistical analysis
was applied to the differences in left ventricular function after revascularization, which are

built in by study design.

further  deteriorated ejection fraction (to
23 + 9%, p<0.01 compared with preoperative
value) and increased end-systolic volume (to
195+59 ml, p<0.01 compared with
preoperative value).

Structural abnormalities in viable and nonviable
myocardium. The individual morphological
changes observed in biopsy specimens of
patients with and without post-operative
functional improvement are shown in Table 4-3.

At the time of bypass surgery, gross
— p=0.002——
100 A °
N2
§ 80 -
2
T 60 - .
©
> [ ] ]
= 40 A S ,
wn
G 0
= 20 - ’
N
0 - ([
Improved Non-improved

Figure 4-1. Dot plot showing individual
percentages of the biopsy covered by fibrosis in
patients with and without post-operative functional
improvement. Note that patients who improved
function post-operatively had significantly less tissue
fibrosis than patients with persistent post-operative
dysfunction. Adapted from Ref. 50.

macroscopic evidence of scar was seen in only
one patient with persistent dysfunction and a
previous Q-wave myocardial infarction. With
light microscopy, patients with previous Q-wave
infarction had a significantly larger surface of
the biopsy occupied by fibrotic tissue (41 £ 21%
compared with 24 £ 12%, p<0.05) than those
without. Consequently, the relative surface
actually covered by cardiomyocytes was
significantly lower in patients with previous
infarction. Typical examples of sections stained
with toluidine-blue and PAS are illustrated in
Plate 4-1. As shown in Figure 4-1, tissue
samples from myocardium in which function
improved following revascularization showed
significantly less transmural (24 = 13 compared
with 49 + 20%, p=0.002) and less
subendocardial (20 +13 [n=9] compared with
53 + 27% [n=5], p=0.008) fibrosis than tissue
samples  from  persistently  dysfunctional
myocardium. A cut off value of 35% transmural
fibrosis (from discriminant analysis) best
differentiated patients with from those without
post-operative functional improvement. By use
of this cut off value, the severity of tissue
fibrosis allowed to correctly identify 12/16
(75%) patients with and 7/8 (88%) without post-
operative functional improvement. As illustrated
in Figure 4-2, the percent of both transmural and
subendocardial fibrosis correlated with both
postoperative anterior wall motion score
(r=0.74, p<0.001 and r=0.76, p<0.01,
respectively) and the changes in anterior wall
motion after revascularization (r=0.66, p<0.001
and r=0.62, p<0.05, respectively).
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TABLE 4-3. Individual Flow, Metabolic and Structural Characteristics before Revascularization

rMGU/ % AC % fibrosis
Patients MBE rel NH3 rMGU rel FDG MBF FDG/NH3 SE ™ SE ™
Patients with
improved function
#1 98 83 38 120 1.45 0.39 51 38 16 17
#2 78 81 31 87 1.08 0.40 21 22 26 26
#3 98 82 41 111 1.35 0.42 34 30 12 12
#4 73 73 42 76 1.04 0.58 47 18 10 41
#5 100 78 37 113 1.45 0.37 NA 55 NA 38
#6 75 61 24 73 1.19 0.32 NA 35 NA 17
#7 97 80 82 90 1.13 0.85 82 71 0 2
#8 104 80 75 98 1.22 0.72 31 36 28 20
#9 54 64 96 67 1.05 1.78 15 23 43 25
#10 67 47 64 84 1.79 0.96 NA 14 NA 48
#11 60 70 44 97 1.38 0.73 46 37 20 15
#12 100 78 35 90 1.15 0.35 NA 50 NA 15
#13 59 58 46 58 1.00 0.78 NA 30 NA 46
#14 118 75 57 60 0.80 0.48 28 30 29 25
#15 85 92 60 83 0.90 0.71 NA 34 NA 20
#16 135 80 22 96 1.20 0.16 NA 32 NA 23
Patients with
persistent dysfunction
#17 46 49 28 106 2.17 0.61 40 34 43 33
#18 43 47 4 50 1.06 0.06 3 2 95 95
#19 86 69 31 52 0.76 0.36 NA 22 NA 45
#20 66 41 28 42 1.03 0.42 7 4 62 57
#21 61 64 37 76 1.19 0.61 16 12 37 35
#22 50 76 26 98 1.29 0.52 53 45 28 38
#23 52 54 46 38 0.70 0.88 NA 29 NA 47
#24 63 60 40 66 1.10 0.63 NA 21 NA 40

MBF[ml.(min.100g)], myocardial blood flow; rel NH3(%), relative ammonia uptake; rMGU[umol.(min.100g)], regional myocardial
glucose uptake; rel FDG(%), relative FDG uptake; FDG/NH3, mismatch ratio; % AC, surface of the biopsy occupied by abnormal
cardiomyocytes; SE, subendocardium; TM, transmural; % fibrosis, surface of the biopsy occupied by fibrosis; NA, not available. Units

of rIMGU/MBF are pmol/ml.

Compared with cardiomyocytes in remote
"normal” myocardium, about half the
myocardial cells from dysfunctional segments
showed various degrees of dedifferentiation.
Although structurally altered cardiomyocytes
were present in both groups of patients, their
relative amount and distribution differed
significantly among the 2 groups. In
myocardium  whose  function  improved
following surgery, altered cardiomyocytes
occupied 35 + 14% of the surface of the biopsy
(Figure 4-3) and were mainly located in the
subendocardium. By contrast, in persistently
dysfunctional myocardium, altered

cardiomyocytes occupied only 21 + 15% of the
surface of the biopsy (p=0.04 compared with
myocardium which improved post-operatively).
The changes in wall motion score following
revascularization were inversely correlated with
the amount of altered cardiomyocytes (r=-0.48,
p<0.05).

Myocardial blood flow and metabolism in
relation to post-operative functional outcome.
Before revascularization, myocardium which
improved functionally following
revascularization had significantly higher *N-
ammonia uptake (74+11 versus 58 * 12%,
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Figure 4-2.  Top. Scatterplot showing the
relationship between postoperative anterior wall
motion score and the relative surface of the biopsy
occupied by fibrosis. Bottom. Scatterplot showing
the relationship between the changes in wall motion
after revascularization and the relative surface of
the biopsy occupied by fibrosis. Correlation
coefficients were obtained with the Spearman rank
correlation. Adapted from Ref. 50.

p=0.003), absolute myocardial blood flow
(88+23 versus 61+12 ml.(min.100g)",
p=0.005), relative FDG uptake (88 = 18 versus
66 £ 26%, p=0.03) and absolute myocardial
glucose uptake (50+21 wversus 30+13
pmol.(min.100g) ™, p=0.02) than myocardium
with persistent post-operative dysfunction. By
contrast, the relative FDG/ammonia ratio
(1.20 £ 0.24 compared with 1.16 + 0.45, p=ns),
and both absolute (0.62 £ 0.38 compared with
0.51 £ 0.24 pmol/ml, p=ns) and normalized (%
of remote) (136 £ 50 compared with 119 + 35%,
p=ns) glucose extraction was not significantly
different among the 2 groups.

Both absolute myocardial blood flow (102 + 14
vs. 98 + 22 ml.(min.100g)™, p=ns) and glucose
uptake (48 +24 compared with 42+18
pmol.(min.100g)™, p=ns) were similar among
remote regions of patients with and without
post-operative functional improvement. Also,
there was no significant difference in heart rate
(71+11 compared with 70+ 15 beats.min™,
p=ns) or rate-pressure product (9,454 + 1,496
compared with 8,133+ 1,889
mm Hg.beats.min™, p=ns) between the 2 groups
at the time of the PET study.

As shown in Figure 4-4, a significant correlation
was observed between the surface of the biopsy
occupied by fibrosis and relative ammonia
uptake (r=-0.73, p<0.001). The correlation was
even stronger when subendocardial instead of
transmural data were used (r=-0.82, p<0.001).
Significant, though weaker, correlations were
found between the surface of the biopsy
occupied by fibrosis and both absolute and
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Figure 4-3. Dot plot showing individual
percentages of the biopsy covered by
cardiomyocytes with excess glycogen in patients
with  and without post-operative functional
improvement. Note that patients who improved
function post-operatively had significantly more
cardiomyocytes with excess glycogen than patients
with persistent post-operative dysfunction. Adapted
from Ref. 50.



normalized myocardial blood flow (r=-0.43,
p<0.05 and -0.52, p<0.01, respectively). A
correlation was also found between the percent
surface of the biopsy occupied by abnormal
cardiomyocytes and relative FDG uptake
(r=0.63, p<0.01, Figure 4-4). The correlation
was similar with the use of subendocardial data
(r=0.64, p<0.01). A significant correlation was
also found with absolute (r=0.49, p<0.05) but
not with normalized levels of regional glucose
uptake.

Multivariate analysis. To define further the
variables associated with the return of regional
ventricular function after coronary
revascularization, all flow, metabolic and
morphometric data available were proposed for
inclusion into a multiple regression model. With
univariate analysis, the improvement in wall
motion score after revascularization was
significantly associated with the severity of
tissue fibrosis (r=0.64, p<0.001), absolute
myocardial blood flow (r=-0.55, p=0.005), the
relative surface of the biopsy occupied by
altered cardiomyocytes (r=-0.55, p=0.005),
baseline left ventricular end-diastolic volume
(r=0.51, p=0.01) and absolute myocardial
glucose uptake (r=-0.42, p<0.05). Stepwise
multiple regression analysis selected the severity
of tissue fibrosis, baseline left ventricular end-
diastolic volume and absolute myocardial blood
flow as independent correlates of the
improvement of regional left ventricular
function after revascularization. Of these 3
parameters, the severity of tissue fibrosis was
the most significant.

Discussion

The results of this study indicate that functional
improvement following revascularization is
strongly associated with both the extent and the
severity of tissue fibrosis, with the relative
amount of  metabolically active and
morphologically viable, albeit often structurally
remodeled, cardiomyocytes and with a normal
or nearly normal resting myocardial perfusion.

The salient findings in this study relate to the
structural differences in myocardium with and
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without functional improvement following
revascularization. Myocardium which improved
function following surgery showed significantly
less transmural (24 + 13 versus 49 + 20%) and
subendocardial (20 + 13 versus 53 + 27%) tissue
fibrosis but contained significantly more
metabolically active cardiomyocytes than
myocardium with persistent post-operative
dysfunction. This includes a larger proportion of
altered cells (35 + 14% versus 21 + 15%). The
threshold amount of tissue fibrosis that best
differentiated myocardium with from that
without post-operative functional improvement
was 35%. This means that at least 65% of the
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Figure 4-4.  Top. Scatterplot showing the
relationship between relative anterior wall ammonia
uptake and the relative surface of the biopsy
occupied by fibrosis. Bottom. Scatterplot showing
the relationship between relative anterior wall FDG
uptake and the relative surface of biopsy occupied
by abnormal cardiomyocytes.  Correlation
coefficients were obtained with the Spearman rank
correlation. Adapted from Ref. 50.
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thickness of the dysfunctional wall needs to be
occupied by potentially salvageable
cardiomyocytes to portend functional recovery
after revascularization. This value is similar to
the threshold of relative **N-ammonia uptake
(66%) that best differentiated "improved” from
"non-improved" myocardium in our study, and
to the minimal value of perfusable tissue index
(70%) associated with viability.>>?*! These data
thus suggest that the amount of tissue fibrosis is
the structural basis underlying the ability to
predict functional recovery by the measurement
of residual tissue perfusion.

A second and equally important finding in this
study relates to the levels of resting myocardial
perfusion found in reversibly versus persistently
dysfunctional myocardial segments. Resting
myocardial blood flow was better preserved, and
actually non significantly different from that in
remote normal segments (8823 versus
102 + 14 ml.(min.100g)™), in reversibly as
opposed to persistently dysfunction segments.
On an individual patient basis, all but 2 patients
(87%) with reversible dysfunction after
revascularization had normal levels (i.e., within
the range of normal volunteers) of absolute
myocardial blood flow to the dysfunctional area.
These figures are quite similar to those
previously reported by other investigators by use

of either relative or quantitative PET
imaging.44'13°’20°'211
Finally, this study confirms that myocardial

glucose uptake is increased in reversibly as
opposed  to ersistently  dysfunctional
myocardium.33"1%200 |5 aqddition, the data
show the uptake of glucose by the dysfunctional
segments is intimately related to both the
presence and amount of structurally altered
cardiomyocytes.

This study has limitations, which should not be
ignored. First, the interpretation of the
relationship between the morphological changes
seen in the microscope and the metabolic
abnormalities observed with PET requires
caution, mainly because of the small size of the
biopsy samples. Indeed, for small samples, like
the ones obtained in this study, to be

representative of the underlying pathology, the
morphological changes must be evenly
distributed in the area of interest, which may not
be the case in patients with previous myocardial
infarction. As shown on Figure 4-2, however,
the 2 groups of patients were reasonably well
separated on the basis of tissue fibrosis, which
suggests that despite potential sampling errors
the 2 groups were quite homogenous. Second,
subendocardial data were unavailable in 10
patients whose biopsy specimens were not
separated immediately into an endocardial and
an epicardial portion at the time of sampling.
Since ischemic damage is always more severe in
the subendocardium compared with the
subepicardium, failure to obtain specific
subendocardial samples in all patients may have
influenced the results of the relationships
between  morphological ~and  functional
parameters. However, although consideration of
subendocardial instead of transmural data in the
subgroup of patients in whom they were
available vyielded slightly better correlation
coefficients, these improvements were marginal
and should not alter our conclusions. Finally, the
fact that pre-operative studies occurred days to
weeks before surgery raises the possibility that
intervening events could have influenced the
outcome in individual patients. Nonetheless, this
possibility is unlikely since all patients were in
stable condition and did not experience
symptomatic deterioration during the interval
preceding surgery.

In summary, we have described the structural,
flow and metabolic correlates of the reversibility
of left ventricular ischemic dysfunction in a
group of patients with chronic coronary artery
disease undergoing revascularization. In these
patients, the recovery of contraction is
associated with both the extent and the severity
of tissue fibrosis, with the residual relative
amount of metabolically active cardiomyocytes
and with normal or nearly normal levels of
resting myocardial perfusion.



4.3. Prediction of Reversible Left
Ventricular Dysfunction after
Revascularization by PET in
Unselected Patients with Coronary
Artery Disease

As shown in the preceding study, the flow and
metabolic correlates of reversible myocardial
ischemic dysfunction are quite multiple and
complex, making it difficult to determine which
of the variables has the best accuracy if the
others are not considered simultaneously in a
multivariate analysis. So far, results of such an
integrated approach to the preoperative
identification of reversible dysfunction have not
been reported. Accordingly, we studied 2
different groups of patients with anterior wall
dysfunction undergoing coronary
revascularization. In the first group of patients,
all preoperative PET flow and metabolic data
generated were proposed for inclusion into a
multivariate discriminant model to determine the
best predictors of the return of function after
revascularization. The accuracy of the
discriminant function was tested in a separate
group of patients with anterior wall dysfunction.

Methods

Initial study group. We studied 25 nondiabetic
patients (20 men, mean age 57 + 12 years, range
30 -72 years) with chronic left anterior wall
dysfunction and well defined coronary anatomy,
whose individual clinical characteristics are
summarized in Table 4-4. By reviewing all
diagnostic coronary angiograms performed at 2
clinical sites, we selected prospectively patients
having isolated severe anterior wall dysfunction
due to proximal left anterior descending
coronary artery disease. Fourteen patients had
sustained at least one previous myocardial
infarction, the most recent occurring 11 days
before the tomographic study. Subsequent to the
PET study, all patients underwent complete
coronary revascularization. The decision to
revascularize was based on clinical criteria and
not on the results of the PET study. Bypass
surgery was performed in 7 patients, with the use
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of the internal mammary artery to graft the left
anterior descending coronary artery, and
coronary angioplasty was performed in the
remaining 18 patients. The adequacy of
revascularization was based on the results of the
follow-up  angiographic  study, performed
prospectively in every patient 6 to 9 months after
revascularization.

Selective coronary arteriography and left
ventriculography were performed at an average
of 17 days before the PET study (range 1 - 40
days) and again 6 to 9 months after
revascularization.  Significant disease was
defined as a greater than 70% luminal diameter
stenosis in any major coronary branch. Sixteen
patients showed complete occlusion of the
proximal left anterior descending coronary
artery. The remaining 9 patients had severe
proximal left anterior descending coronary
artery stenosis (75 to 90 % percent luminal
diameter stenosis). Fifteen patients had single
left anterior descending coronary artery disease,
9 patients had two vessel disease, among whom
6 had a right coronary and 3 a left circumflex
coronary artery disease. One patient had 3-
vessel disease. None of the patients had left
main stenosis. LV volumes and ejection fraction
and regional wall motion score were calculated
as above.

Patients with a left ventricular ejection fraction
<35%. The flow and metabolic data obtained in
the initial study group were used to generate an
equation  for  prediction of  reversible
postoperative dysfunction. The accuracy of this
function was tested in a separate group of 26
patients with an ejection fraction <35% (24 men,
mean age 62 + 8 years, range 40 to 74 years).
Twenty-three patients had sustained a previous
anterior Q-wave myocardial infarction, the most
recent occurring 45 days before inclusion into
the study. 7 patients had type Il diabetes
mellitus, among whom 6 were treated with oral
sulfonamides and 1 with insulin (70 Ul SC
daily).
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TABLE 4-4. Individual Clinical and Angiographic Characteristics before and after Revascularization

Agelsex  Previous % coronary stenosis AWMS EDV ESV EF
Patients (years) MI LAD LC RCA pre  post pre post pre post pre post
Patients with
improved function
#1 63/F No 100 - - 4 3 97 72 45 26 54 64
#2 63/F Yes 100 - - 5 1 NA NA NA NA 53 69
#3 72IM No 100 - 70 5 3 104 96 50 39 52 59
#4 51/F No 100 - - 4 1 NA NA NA NA 59 75
#5 64/M Yes 100 - - 5 3 120 112 60 46 50 59
#6 46/M No 100 - - 4 2 101 114 42 41 58 64
#7 63/F Yes 100 - - 5 3 123 156 81 66 34 58
#8 62/M No 100 70 - 3 0 113 111 40 30 65 73
#9 46/F No 100 - - 3 1 134 105 50 32 63 70
#10 68/M No 85 - - 3 2 150 118 62 56 59 53
#11 62/M No 100 - - 5 2 NA NA NA NA 38 63
#12 51/M No 100 - - 4 0 NA NA NA NA 60 75
#13 69/M No 100 75 - 4 2 123 80 54 22 56 73
#14 62/M Yes 90 60 - 7 5 100 100 71 50 29 50
#15 42/IM No 100 - - 4 1 70 56 38 16 46 71
#16 30/M Yes 100 - 100 3 1 108 127 47 49 56 61
#17 49/M Yes 100 75 100 5 4 142 107 102 69 28 36
Mean+SD 51 2+1 114421 103+25 57+18 40+17 51+12 63+18
Patients with
persistent dysfunction
#18 66/M Yes 90 - 75 6 6 101 130 60 83 41 36
#19 65/M Yes 90 - 100 5 5 120 169 71 97 41 43
#20 38/M Yes 90 - - 5 7 119 146 63 66 47 55
#21 65/M Yes 90 - 60 4 3 97 119 37 49 62 59
#22 67/M Yes 90 60 - 5 4 116 150 70 88 40 41
#23 39/M Yes 100 - - 9 10 171 219 122 185 29 16
#24 65/M Yes 90 - - 5 7 118 87 51 57 57 34
#25 62/M Yes 90 - - 4 4 120 114 60 46 50 60
Mean+SD 6+2 613 120422 142+40 67+25 84+45 46111 4315

MI, myocardial infarction; LAD, left anterior descending coronary artery; LC, circumflex artery; RCA, right coronary artery; AWMS,
anterior wall motion score; EDV(ml), end-diastolic volume; ESV(ml), end-systolic volume; EF(%), ejection fraction; pre, before

revascularization; post, after revascularization.

Selective coronary arteriography was also
performed in every patient. Ten patients showed
complete occlusion of the proximal left anterior
ascending coronary artery. The remaining 16
patients had severe proximal stenosis of the
same vessel. One patient had isolated left
anterior descending coronary artery disease, 6
patients had 2-vessel disease, among whom 4
had a right coronary artery disease and 2 a left

circumflex coronary artery disease; 19 patients
had 3-vessel disease.

In both study groups, patients were considered to
have myocardium which improved functionally
after revascularization if end-systolic volume
decreased %% and regional wall motion score
improved by at least one full grade from baseline
to the follow-up study. Similarly, patients were
considered to have persistently dysfunctional
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TABLE 4-5. Individual Flow and Metabolic Characteristics before Revascularization

MBF rel NH3 rMGU rel FDG FDG-to-ammonia  rMGU/MBF
Patients [ml.(min.100g)}] (%) [umol.(min.100g) ] (%) ratio (umol.ml'h
Patients with
improved function
#1 99 91 19 135 1.49 0.19
#2 67 57 41 138 2.46 0.61
#3 75 80 63 98 1.17 0.84
#4 45 34 26 182 6.07 0.58
#5 49 69 30 61 0.90 0.61
#6 102 80 47 86 1.10 0.46
#7 93 58 14 101 1.53 0.15
#8 57 88 32 91 1.03 0.56
#9 72 67 41 101 1.50 0.57
#10 110 81 41 109 1.34 0.37
#11 90 89 30 82 0.91 0.33
#12 62 69 57 100 1.47 0.92
#13 96 82 37 119 1.45 0.39
#14 73 50 22 107 2.26 0.30
#15 89 85 51 96 1.13 0.57
#16 87 75 41 91 1.20 0.47
#17 49 57 23 96 1.75 0.47
Mean+SD 77+20 71+16 3614 105427 1.69+1.21 0.49+0.20
Patients with
persistent dysfunction
#18 37 39 32 42 111 0.86
#19 50 71 27 77 1.08 0.54
#20 45 71 15 81 1.16 0.33
#21 56 61 23 149 2.45 0.41
#22 56 52 28 112 2.17 0.50
#23 48 46 3 137 3.01 0.06
#24 68 55 37 33 0.60 0.39
#25 47 50 25 98 1.92 0.53
Mean+SD 51+9 56+11 24+11 91+41 1.69+0.83 0.45+0.23

MBF, myocardial blood flow; rel NH3, relative ammonia uptake; rMGU, regional myocardial glucose uptake; rel FDG, relative FDG

uptake.

myocardium if end-systolic volume increased or
if regional wall motion failed to improve at
follow-up.

Statistical analysis. Values are expressed as
mean + one standard deviation. An exact Fisher
test was used to assess differences in categorical
variables. A Mann-Whitney rank-sum test was
used to assess differences in continuous
variables between patients with and without
evidence of myocardial viability. All tests were

two-tailed and a probability value greater than
0.05 was considered indicative of a statistically
nonsignificant difference. The 9 previously
defined PET variables were submitted to a
stepwise linear discriminant analysis with a
forward selection procedure. Variables were
entered until no F-to-enter statistics were
significant at the 5% level and until the mean
squared error reached a minimum. The power of
the discriminant function was assessed by the
canonical correlation. Based on the results of the
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TABLE 4-6.

Myocardial blood flow and regional glucose uptake in 25 patients classified according to

changes in regional wall motion score and end-systolic volume before and after revascularization.

Improved Non-improved
(n=17) (n=8)

Myocardial blood flow [ml.(min.100g)-1] remote 97 +£18 87 +18

anterior T7 +£20 *** 51+£9*** ¢t
Myocardial glucose uptake [umol.(min.100g)-1] remote 36+18 37+28

anterior 36+ 14 24+11%
Glucose extraction (umol.ml-1) remote 0.39+0.22 0.42+0.31

anterior 0.49 + 0.20 ** 0.45+0.23
FDG/ammonia anterior 169+1.21 1.69+0.83
Rate-pressure product (bpm x mm Hg) 9,944 + 1,976 7,516 +890 T

* p<0.05, ** p<0.01, *** p<0.001 versus remote from the same group
T p<0.05, F p<0.01 versus anterior from the improved group

discriminant analysis, an equation was built that
provided maximal separation between patients
with and without viable myocardium. A
jackknife-validation procedure was performed to
reduce the bias in the evaluation of the number
of patients correctly classified into each group.
The predictive accuracy of the discriminant
function was determined by the Cohen's kappa
coefficient.

Results in the initial study group

Clinical and angiographic characteristics.
Bypass surgery was performed in 7 patients,
with the use of the internal mammary artery to
graft the LAD, and coronary angioplasty was
performed in the remaining 18 patients. None of
the patients suffered from perioperative or post-
angioplasty myocardial infarction. As judged
from the results of the follow-up angiographic
study, performed prospectively in every patient 6
to 9 months after revascularization, complete
revascularization was achieved in all patients
undergoing bypass surgery and in 8 of 18
patients undergoing angioplasty. In the
remaining 10 patients, a restenosis had occurred
at the site of the initially successful angioplasty.
In 8 of these patients, the restenosis was
moderate (50-75% luminal diameter stenosis),
while in 2 other patients, reocclusion or severe
restenosis (75-95% luminal diameter stenosis) of

the left anterior descending coronary artery had
occurred. Regional wall motion score and global
left ventricular function improved in 8 patients
despite restenosis, including the 2 patients with
reocclusion or severe restenosis.

According to the changes in resting anterior wall
motion and end-systolic volume before and after
revascularization, the patients were categorized
into two groups: group 1 (improved) 17 patients
(15 men, mean age 56 = 12 years, range 30 -
72) with improved anterior wall motion score
(-2.47 £ 0.94 grade) and end-systolic volume (-
15+ 11 ml/m?); group 2 (non-improved) 8
patients (7 men, mean age 58 £ 12 years, range
38 - 67) with an increase in end-systolic volume
(+17+22 ml/m?) and variable changes in
anterior wall motion score (3 patients with no
changes, 2 patients with improvement by only 1
grade and 3 patients with deterioration). Before
revascularization, anterior wall motion score,
left ventricular volumes, left ventricular ejection
fraction and coronary anatomy were similar
among the 2 patient groups (p=ns, Table 4-4).
There was, however, a significantly greater
proportion of patients with previous myocardial
infarction in the group with persistent
postoperative dysfunction (100 versus 35%,
p<0.01). As shown in Figure 4-5, an inverse
correlation was observed between the changes in
global ejection fraction and the improvement in
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Figure 4-5.  Scatterplot showing the relation

between the changes in regional wall motion
score and the changes in global left ventricular
ejection fraction following revascularization.
Correlation coefficients were obtained with the
Spearman rank correlation. Adapted from Ref.
77.

regional wall motion score after
revascularization (r=-0.73, p<0.001).

Estimates of myocardial
metabolism  before revascularization. The
individual  tomographic  measurements  of
myocardial perfusion and metabolism before
revascularization are shown in Table 4-5. Mean
values for these measurements in remote normal
and ischemic regions in groups of patients with
and without reversible dysfunction are presented
in Table 4-6. Before revascularization, reversibly
dysfunctional myocardium exhibited
significantly higher absolute myocardial blood
flow (77 +20 versus 51+9 ml.(min.100g)™,
p=0.004, Figure 4-6) than myocardium with
persistent postoperative dysfunction. Absolute
regional myocardial glucose uptake (36 + 14
versus 24+11 pmol.(min.100g)?, p=0.04,
Figure 4-7) was also slightly higher in reversibly
compared with  persistently  dysfunctional
myocardium.

perfusion and

To explore possible reasons for interpatient
variability in blood flow in normal remote
myocardium, absolute levels of perfusion were
compared with rate-pressure product as an index
of myocardial oxygen demand. A linear relation
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Figure 4-6. Dot plot showing individual
absolute myocardial blood flow (MBF) in patients
with  and without post-operative functional
improvement. Adapted from Ref. 77.

was observed between rate-pressure product and
myocardial blood flow (r=0.56, p<0.01). In
contrast, blood flow (r=0.35, p=ns) was
unrelated to  rate-pressure  product in
dysfunctional segments.

As shown in Figure 4-8, the FDG over ammonia
ratio did not differ among patients with and
without reversible dysfunction. A  flow-
metabolism mismatch pattern was present in 11
of 17 patients with reversible dysfunction
(sensitivity 65%) and 4 of 8 patients with
persistent postoperative dysfunction (specificity
50%). The overall accuracy was 60%. It should
be pointed out, however, that 8 of 17 (47%)
patients with reversible dysfunction and no
patient with persistent postoperative dysfunction
had normal perfusion at rest, defined as >80% of
maximal perfusion (p=0.05). If only patients
with relative hypoperfusion in anterior regions
(<80% of maximal perfusion) are considered, 8
patients with reversible (sensitivity 89%) and 4
patients with persistent dysfunction (specificity
50%) showed a flow-metabolism mismatch
pattern in the anterior region. Overall accuracy
was 77%.
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Figure 4-7. Dot plot showing individual
absolute regional myocardial glucose uptake
(rMGU) in patients with and without post-operative
functional improvement. Note that patients who
improved functionally had significantly higher levels
of absolute regional myocardial glucose uptake than
those who did not. Adapted from Ref. 77.

Analysis of factors associated with improved
global and regional left ventricular function
after coronary revascularization. To define
further the variables associated with the return of
global and regional ventricular function after
coronary revascularization, all pre-
revascularization PET flow and metabolic data
available were proposed for inclusion into a
multivariate discriminant model. Among the 9
PET variables analyzed, both absolute and
normalized (% of absolute remote values) levels
of resting myocardial perfusion, absolute
regional myocardial glucose uptake and
normalized glucose extraction were related to the
presence of reversible dysfunction (Table 4-7).

Among the PET variables, stepwise linear
discriminant analysis selected absolute resting
myocardial blood flow and normalized glucose
extraction as independent predictors of the
reversibility of left wventricular ischemic
dysfunction (Table 4-7). Of these 2 factors,
myocardial perfusion was the most significant
(p=0.004). According to myocardial blood flow
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Figure 4-8. Dot plot showing individual FDG

over ammonia activity ratio (mismatch ratio) in
patients with and without post-operative
functional improvement. Note that there was no
difference in the matching between flow and
metabolism among the two groups of patients.
Adapted from Ref. 77.

alone and by use of a cut off value of 64
ml.(min.100g)™ (from discriminant analysis), 12
of 17 patients with reversible dysfunction
(sensitivity 70%) and 7 of 8 patients with
persistent postoperative dysfunction (specificity
88%) were correctly categorized by PET.
Overall accuracy of absolute myocardial blood
flow measurements was 76%.

As shown on Figure 4-9, the discriminant
function improved the ability to identify patients
in whom ventricular function is likely to recover
following revascularization. Consideration of
normalized glucose extraction in addition to
absolute myocardial blood flow allowed correct
classification in 14 of 17 patients with
(sensitivity 82%) and 7 of 8 patients without
reversible dysfunction (specificity 88%). Overall
accuracy improved to 84%. To refine further our
ability to classify an individual patient into
groups with and without reversible dysfunction,
the 95% confidence interval on the discriminant
line was determined. Accordingly, 16 of 25
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after Coronary Revascularization.
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Stepwise Linear Discriminant Analysis of the Factors Associated with Improvement in Global and Regiont

Step F-to-enter p value
PET Variables in Univariate Analysis
Absolute myocardial blood flow 12.21 <0.01
Normalized myocardial blood flow 11.09 <0.01
Relative 13N-ammonia uptake 6.20 <0.05
Normalized absolute glucose extraction 5.97 <0.05
Absolute regional glucose uptake 5.19 <0.05
Normalized absolute glucose uptake 4.39 <0.05
PET Variables in Discriminant Analysis
Absolute myocardial blood flow 1 12.21 <0.01
Normalized absolute glucose extraction 2 6.36 <0.05

Normalized, % of remote absolute values.

patients (64%) were correctly classified, 2 of 25
were incorrectly classified and 7 of 25 were
unclassified (28%). Thus, in patients outside the
95% confidence bands, correct classification
was achieved with 89% accuracy.

Results in patients with <35% ejection fraction

Clinical and angiographic characteristics. The
baseline clinical and angiographic characteristics
of the study population are summarized in Table
4-8. Subsequent to the echocardiographic and
PET studies, but independent of their results, all
patients  underwent  successful  coronary
revascularization. The interval from these studies
to coronary revascularization averaged 61 days
(range 6- 118 days). Bypass surgery was
performed in 25 patients, with the use of the left
internal mammary artery to graft the left anterior
descending coronary artery, and coronary
angioplasty was performed in the remaining
patient.

Effects of coronary revascularization on
segmental and global left ventricular function.
Follow-up echocardiograms were obtained
50+£1.9 months after the revascularization
procedure. Anterior wall motion improved after
revascularization in 13 patients (from 7.8 +1.1
to 6.1 £ 1.6) and did nor change in the other 13
patients (from 8.2 £ 0.8 to 8.4 £ 0.7). All but one
patients with improved anterior wall motion after

revascularization also improved global left
ventricular function (defined as a >5% increase
in left ventricular ejection fraction). In these
patients, ejection fraction increased from 27 £ 6
to 40 + 6% (p<0.001). By contrast, no significant
changes were noted in patients with persistent
regional dysfunction (from 27 £5 to 25 * 5%,
p=ns). Left ventricular volumes at both end-
diastole (from 217 + 57 to 202 + 68 ml) and end-
systole (from 159+49 to 124+53 ml)
decreased in patients with improved wall

f=0.10*MBF + 0.0274*NGIEx - 9.57
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Figure 4-9.  Scatterplot of the relation between
normalized glucose extraction and myocardial blood
flow and superimposition of the discriminant
function and its 95% confidence limits. Patients with
and without post-operative functional improvement
are reflected by @ and o respectively.
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TABLE 4-8. Clinical and angiographic data before and
after revascularization.
Improved Non-improved

No. of patients 13 13
Age (years) 62+9 64+ 6
Sex 11 M, 2F 13M
Anginal class

CHA 1+ 1 10/13 11/13

CHA Il + IV 3/13 2/13
Functional class

NYHA T + 11 10/13 9/13

NYHA Il + IV 3/13 4/13
Diseased vessels
LAD 0/13 1/13
LAD + Cx 1/13 1/13
LAD + RCA 2/13 2/13
LAD + Cx + RCA 10/13 9/13

CHA, Canadian Heart Association; NYHA, New York Heart
Association; LAD, left anterior descending artery; Cx,
circumflex artery; RCA, right coronary artery.

motion, but were unchanged in those with
persistent dysfunction.

Estimates of myocardial perfusion and
metabolism before revascularization. Before
revascularization,  reversibly  dysfunctional
myocardium exhibited significantly higher
absolute myocardial blood flow (96 + 27 versus
63+26 ml.(min.100g)l, p<0.005) than
persistently  dysfunctional myocardium. In
segments with reversible dysfunction, values of
absolute myocardial blood flow were not
significantly different from those measured in
the remote normal segments of the same patients
(85 +18 ml.(min.100g)1) or in anterior and
lateral segments of 6 normal volunteers (88 + 22
ml.(min.100g)1). None of the dysfunctional
segments that improved after revascularization
had baseline levels of absolute myocardial blood
flow below the lowest value of the normal
volunteers, i.e. 60 ml.(min.100g)-1.

As shown in Table 4-9, estimates of regional
myocardial glucose uptake in remote segments
reached values similar to those found in the
normal volunteers (50 + 18 wversus 53 +11
pumol.(min.100g)1). In dysfunctional anterior
segments, regional myocardial glucose uptake
was slightly, albeit non significantly, higher in
reversibly ~ compared  with persistently
dysfunctional segments (45 + 17 versus 31 £ 19
pmol.(min.100g)1, p=0.07). There was a
significant difference in normalized myocardial
glucose uptake (expressed as % of remote)
between the 2 types of segments (anterior/remote
ratio 0.89 +0.22 versus 0.62 £ 0.23, p<0.003).
Yet, normalized glucose extraction was similar
among the 2 groups. A 'viable' pattern (normal
flow and FDG or a flow-metabolism mismatch
pattern) was present in 11/13 dysfunctional
regions that improved functionally after
revascularization, but absent in 5/13 regions that
remained dysfunctional despite revascularization.

Diagnostic accuracy of the discriminant
function. To evaluate whether the discriminant
function would allow correct identification of
which patients with a low ejection fraction will
benefit from coronary revascularization, its
diagnostic accuracy was tested in the subgroup
of patients with an ejection fraction <35%.
According to myocardial blood flow alone and
by use of the cut off value of 64 ml.(min.100g)!
obtained in the preceding study, 12 of 13
patients with reversible dysfunction (sensitivity
91%) and 8 of 13 patients with persistent
postoperative dysfunction (specificity 62%) were
correctly categorized by PET. Overall accuracy
of  absolute  myocardial  blood  flow
measurements was 77%. Consideration of
normalized glucose extraction in addition to
absolute myocardial blood flow allowed correct
classification in 12 of 13 patients with
(sensitivity 91%) and 9 of 13 patients without
reversible dysfunction (specificity 70%). Overall
accuracy improved to 80%.
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Myocardial blood flow and regional glucose uptake in 26 patients with an ejection fraction

<35% classified according to the changes in regional wall motion score before and after revascularization.

Improved Non-improved
(n=13) (n=13)
Myocardial blood flow [ml.(min.100g)™}] remote 85+ 18 78 +18
anterior 96+ 27 63126 ¥
Myocardial glucose uptake [umol.(min.100g)1] remote 51+18 49+18
anterior 45+ 17 31+19
Glucose extraction (umol.mlY) remote 0.63+0.25 0.42 +0.31
anterior 0.51+0.26 " 0.51+0.25"

FhKk

* p<0.05, ™ p<0.01,

Discussion

The present study indicates that, in patients with
left anterior descending coronary artery disease
and sustained anterior wall dysfunction,
postoperative improvement in both regional and
global left wventricular function was best
predicted by a discriminant function that
combines preoperative measurements of absolute
levels of myocardial blood flow and normalized
myocardial glucose extraction in the area of
dysfunction. The discriminant function identified
the presence of viable myocardium with a
sensitivity of 82%, a specificity of 88% and an
overall accuracy of 84%.

Myocardial glucose metabolism to predict the
presence of viable myocardium. Because glucose
is the main substrate under ischemic conditions,
PET with *8F-fluorodeoxyglucose has been
proposed to delineate the presence of residual
metabolic  activity  within  dysfunctional
myocardial segments of patients with coronary
artery disease. Results of studies using PET with
FDG showed that the persistence of residual
glucose utilization in hypoperfused segments
(the relative  flow-metabolism  mismatch)
identified those likely to resume satisfactory
contractile function following
revascularization.’®®?® Using this approach,
myocardial viability could be detected with
sensitivity in the range of 75 to 85% and
specificity of 78 to 929.1%2% At first glance, the
results of the present study (sensitivity of 65%
and specificity of 50%) might thus appear in
contradiction with those of these earlier reports.

p<0.001 versus remote from the same group
T p<0.05, ¥ p<0.01 versus anterior from the improved group

They are, however, in agreement with those of
previous studies indicating that, in patients
studied both early and later after myocardial
infarction, PET with FDG may overestimate
both the amount and extent of viable
myocardium. In a study aimed at examining the
natural history of the return of function after
acute myocardial infarction, Schwaiger et al.
observed that the functional outcome of infarcted
segments with a flow-metabolism mismatch
pattern was quite variable.'®® Similarly, Piérard
et al. demonstrated that the presence of a flow-
metabolism mismatch pattern in recently
infarcted segments was of limited value to
predict the recovery of contractile function after
successful revascularization.®® Gropler et al.
reached very similar conclusions.” It must be
emphasized that these 3 studies dealt mainly
with patients studied early (usually within 1
week) after infarction. Their findings might
therefore not be applicable to those in the current
study, which was more targeted towards patients
with  chronic  coronary artery  disease.
Nonetheless, our findings are also in agreement
with data recently reported by vom Dahl et al. in
patients with chronic left ventricular ischemic
dysfunction,?®  thus  suggesting  that
overestimation of the capacity for recovery with
PET and FDG is not limited to the immediate
postinfarction period and may extend into the
first weeks after the initial event. In the present
study, 20 of 25 (80%) patients with chronic
ischemic regional dysfunction had either normal
perfusion at rest or a flow-metabolism mismatch
pattern in the anterior wall. Thus, only 4 patients
(instead of 8) would have been considered to
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have nonviable myocardium, had we used the
concept of flow-metabolism mismatch as the
reference standard to delineate myocardial
viability. Although it is possible that the
suboptimal results of FDG imaging in some
earlier reports reflected inadequate
revascularization, poor myocardial protection,
coronary artery graft closure or restenosis, we
feel they are more likely the manifestation of the
exquisite sensitivity of FDG imaging which
could allow to detect even small, perhaps
subepicardial, portions of myocardium not
materially contributing to contraction when
revascularized.

Myocardial blood flow to predict the presence of
viable myocardium. Previous studies assessing
relative perfusion with 201Thallium have
indicated that tracer uptake was maintained to
levels close to normal in dysfunctional but
metabolically active myocardium.
23,55,°6133.1371.146.159 gty dies with PET and 150-
water demonstrated that at least 70% of the wall
thickness had to be normally perfused before
revascularization for normal function to resume
following revascularization.®*?*! Few studies,
however, evaluated the accuracy of absolute
myocardial blood flow measurements for
predicting the reversibility of dysfunction in
patients undergoing coronary revascularization.
Gewirtz et al.”* recently showed that the
presence of viable myocardium was very
unlikely if basal myocardial blood flow was less
than 25 ml.(min.100g)™ . In the present study,
none of the patients with persistent postoperative
dysfunction exhibited such a large flow deficit.
Our data indicate, however, that assessment of
myocardial blood flow in absolute terms is also
valuable in segments with blood flow >25
ml.(min.100g)™. Indeed, among all absolute and
relative PET variables investigated in our study,
absolute myocardial blood flow was the single
most powerful predictor of the return of left
ventricular function after revascularization.
Twelve of the 17 patients with viable
myocardium and only 1 of the 8 patients with
nonviable myocardium had flow values within
the 95% confidence limits of normality for our
laboratory. Thus, the predictive value of a
normal flow value for identification of viable

myocardium in our population was >93%.
Additional information is thus required only in
patients with reduced absolute blood flow
values. In these patients assessment of regional
glucose extraction appears to be the most useful.

Study limitations. This study also has some
limitations. As with previous studies from our
laboratory, data were acquired with a single slice
PET camera. Although static images from
several other levels of the left ventricle were
usually obtained, only one tomographic level
was used for dynamic imaging. It is therefore
assumed that this tomographic level was
representative of the entire anterior ischemic
area. Only patients having stable coronary artery
disease and left ventricular dysfunction were
enrolled in this study. Although 14 patients had
sustained at least one previous myocardial
infarction, the most recent occurring 11 days
before the PET study, none was studied during
the acute phase of infarction (less than 3 days).
Therefore, the conclusions of the present study
can only be applied to patients with chronic
coronary artery disease and presumably not to
patients with recent (<3 days) infarction.
Finally, because of the necessarily aerobic nature
of cardiac contraction, some authors have
proposed to assess myocardial oxidative
metabolism with PET and ''C-acetate as an
alternative to FDG. Studies in both experimental
animals”® and in humans’®®" have recently
shown that maintenance of oxidative metabolism
in dysfunctional myocardium portended its
functional recovery after revascularization. In
the present study, we did not systematically
assess  oxidative metabolism. Definite
conclusions regarding the relative power of flow
measurements compared with measurements of
oxidative metabolism in differentiating "viable"
from "nonviable" myocardium can therefore not
be drawn from our data. Nonetheless, because
myocardial blood flow and oxygen consumption
are closely coupled in both viable and nonviable
myocardium,*®®#° it is likely that both
measurements will have a similar accuracy in the
identification of myocardial viability.

In summary, this study identified absolute
myocardial blood flow and normalized glucose



extraction as the most powerful predictors of the
return of contractile function after coronary
revascularization in patients with ischemic
anterior wall dysfunction, many of whom had a
previous infarction. In this population,
assessment of flow and metabolism in absolute
terms appears to be superior to relative flow-
metabolism mismatch for identification of viable
myocardium.

4.4. Residual Inotropic Reserve to Identify
Reversible Left Ventricular
Dysfunction after Revascularization

Although it is clear from the preceding studies
that flow and metabolic imaging with PET
allows precise and accurate identification of
dysfunctional but viable myocardium, PET is an
expensive technology which, until now, has not
been widely available. Alternative ways to
identify reversible left wventricular ischemic
dysfunction should therefore be actively sought.

In experimental models of myocardial stunning,
dysfunctional but viable and non-ischemic
myocardium retains the ability to improve
function temporarily upon stimulation with
catecholamines or calcium.” 36010313 Racent
observations in humans indicate that, in the
early post-infarction period, dysfunctional but
viable myocardium also responds to infusion of
catecholamines by increasing  function.
12156157190 This has led some investigators to
propose and use successfully dobutamine, a
synthetic catecholamine, in combination with
two-dimensional echocardiography, to delineate
the presence of viable myocardium in patients
recovering from acute myocardial infarction.

While existing data suggest that augmentation of
regional function in response to dobutamine
may identify viable myocardium after
myocardial infarction, few data are available to
support the efficacy of the dobutamine test to
predict the return of contractile function after
revascularization in patients with chronic left
ventricular  ischemic  dysfunction.*#4214
Accordingly, the present study was designed to
evaluate whether dobutamine echocardiography
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could provide clinicians with  valuable
information as to the potential for reversibility
of chronic left ventricular ischemic dysfunction.

Methods

We studied 64 patients (56 men, mean age 59 + 9
years; range 35 - 72 years) with ischemic heart
disease and well-defined coronary anatomy. By
reviewing all diagnostic coronary angiograms
performed at our institution between October
1991 and September 1993, we selected
prospectively patients with severe regional
dysfunction in the anatomical distribution of a
significantly narrowed or occluded epicardial
artery. Fifty-six patients had sustained at least
one previous myocardial infarction, the most
recent occurring 33 days before inclusion into
the study. Subsequent to the echocardiographic
and scintigraphic studies, all patients underwent
coronary revascularization by bypass surgery or
angioplasty. The decision to revascularize was
always based on clinical considerations and not
on the results of the viability studies. Of the 64
patients initially considered for inclusion into the
study, 7 were excluded from final analysis
because of death (n=2) or perioperative
myocardial infarction (n=5, see below).

Selective coronary arteriography and contrast
left ventriculography were performed in every
patient before the echocardiographic study. Fifty-
one patients had complete occlusion of one or
more major epicardial coronary segments, among
whom 25 had occlusion of the left anterior
descending coronary artery, 7 of the proximal
circumflex artery and 32 of the right coronary
artery. The remaining thirteen patients had
severe proximal stenoses on at least one major
epicardial segment. Eleven patients had single
vessel disease, 22 patients had two vessel
disease, and 31 patients had three vessel disease.
Three patients also had left main stenosis.

Dobutamine stress.’*> All patients underwent
dobutamine  echocardiography  during the
hospital admission for cardiac catheterization.
All patients were allowed to take their prescribed
medications with an exception for [3-blockers,
which were withdrawn for at least 24 hours
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before the investigation. Before the test was
started, a clinical history was recorded, a rest
ECG and echocardiogram were obtained and a
venous line was secured. Dobutamine was then
infused in 3-min dose increments from 5 to
40 pg.(kg.min)™* under continuous ECG and
echocardiographic  monitoring. For  safety
reasons, in the first 20 patients of the study, peak
dose was limited to 20 pg.(kg.min)™. Later on, as
the safety profile of the test in patients with poor
left ventricular ejection fraction became better
appreciated, doses up to 40 pg/kg/min were
commonly used. The test was concluded after
achievement of the peak dose or earlier if the
patient developed severe ischemia (either angina
or impairment of left ventricular function) or
experienced intolerable side-effects including
hypertension (systolic blood pressure >250 mm
Hg), or hypotension (fall in systolic blood
pressure >50 mm Hg compared with peak
pressure or systolic blood pressure <100 mm
Hg), ventricular arrhythmias (>3 consecutive
premature ventricular contractions or constant
bigeminy)  or  sustained  supraventricular
tachyarrhythmias. Clinical signs and the ECG
and echocardiographic images were recorded at
the beginning of the study and every 3 min
thereafter until completion of the stress.

Follow-up  study. Subsequent to the
echocardiographic and scintigraphic studies, but
independent of their results, all patients
underwent successful coronary revascularization.
The interval from the viability studies to
coronary revascularization averaged 48 days
(range 1-174 days). Coronary artery bypass
surgery (CABG) was performed in 44 patients,
with the use of the left internal mammary artery
to graft the left anterior descending coronary
artery, and percutaneous transluminal coronary
angioplasty (PTCA) was performed in the
remaining 20 patients. During the
revascularization procedure, an attempt was
made to revascularize all major branches with
>70 % luminal diameter stenosis, independent of
the presence or absence of residual viability by
either tests. Five patients undergoing bypass
surgery had evidence of peri-operative
myocardial infarction, defined as new onset Q-
wave on the electrocardiogram and/or a

postoperative increase in plasma enzymes
activity (creatine kinase activity > 1500 U/l with
> 100 U/l MB isoform activity, or in plasma
SGOT  activity > 90U/l).  Follow-up
echocardiograms were obtained 5.3 + 2.7 months
after surgery.

Data analysis.

2D-echocardiograms  were  obtained and
analyzed as described above. Images were
interpreted qualitatively in accordance with
previous guidelines by experienced observers
who had no knowledge of the angiographic and
clinical data. Regional function was interpreted
in 16 myocardial segments (basal, midventricular
and apical levels of the septum, lateral, anterior
and inferior walls; and basal and midventricular
levels of the anteroseptal and posterior walls)
and defined as normal (1), hypokinetic (2), or
akinetic (3).2*"* Normal wall motion was defined
as 25 mm of endocardial excursion and obvious
systolic wall thickening. Hypokinesis was
defined as <5 mm of endocardial excursion and
reduced wall thickening. Akinesis was defined as
near absence of endocardial excursion or
thickening. A global wall motion score was
calculated for all stages of the dobutamine stress
and for the follow-up two-dimensional
echocardiographic  study. Left ventricular
volumes and ejection fraction were obtained in
each patient before revascularization, at rest, 10
ug.(kg.min)™* and peak dose of dobutamine, and
again at the follow-up echo study. Left
ventricular volumes at both end-diastole and end-
systole were computed from the apical 4- and 2-
chamber views by use of a standard Simpson's
method.

Dobutamine echocardiography. A  normal
segmental response to dobutamine was defined
as a progressive enhancement in contractility
during stress. Ischemia was identified by a stress-
induced wall motion abnormality. Akinetic or
dyskinetic myocardium at baseline was
considered as responsive to dobutamine if, on a
segmental basis, wall motion improved by at
least 1 full grade or as non responsive if regional
wall motion did not improve with low-dose
dobutamine. The diagnostic performance of the



test was also investigated on an individual
patient basis. Individual patients were considered
to have dobutamine responsive dysfunctional
myocardium if wall motion score improved by at
least 1 full grade in 2 adjacent a- or dyskinetic
segments from the same vascular territory during
infusion of 5 - 10 pug.(kg.min)™ dobutamine.

Follow-up echocardiography. As judged from
the comparison of resting regional wall motion
before and after revascularization, dysfunctional
myocardium was considered as viable if, on a
segmental basis, wall motion improved by at
least one full grade after revascularization or as
nonviable if regional wall motion did not
improve after revascularization. Because indexes
of global left ventricular function, such as
ejection fraction and end-systolic volume are
important prognostic indicators in patients with
ischemic left ventricular dysfunction, myocardial
viability was also defined on an individual
patient basis. Patients were considered to have
viable myocardium if wall motion score
improved post-operatively by at least one full
grade in 2 adjacent akinetic or dyskinetic
myocardial segments and if end-systolic volume
decreased .

Statistical analysis. The sensitivity, specificity,
and accuracy of dobutamine echocardiography
was obtained in the usual fashion. The ability of
the tests to predict viability in the different
coronary vascular territories was assessed by
ascribing the interventricular septum, the
anteroseptal and anterior walls to the left anterior
descending coronary artery, the lateral wall to
the circumflex artery, and the inferior wall to the
right coronary artery. Because of the varying
vascular supply of the apex, this was allocated to
any other involved territory. If the apex alone
was involved, the left anterior descending
coronary artery was imputed. Likewise, the
posterior wall was ascribed to either the right or
the circumflex territory if either was involved. If
the posterior wall alone was involved, it was
ascribed to the circumflex artery.

Results
characteristics.

Clinical and angiographic
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TABLE 4-10. Clinical and angiographic data before
revascularization.

Improved Non-improved
No. of patients 33 24
Age (years) 58+9 59+9
Sex 30M,3F 19M,5F
Anginal class
CHAI+1 26/33 19/24
CHA Il + IV 7133 524
Functional class
NYHA I + 11 28/33 19/24
NYHA I + IV 5/33 524
Diseased vessels
LAD 4/33 3/24
Cx or RCA 4/33 0/24
LAD + Cx 4/33 2124
LAD + RCA 9/33 5124
Cx + RCA 2/33 0/24
LAD + Cx + RCA 10/33 14724

CHA, Canadian Heart Association; NYHA, New York Heart
Association; LAD, left anterior descending artery; Cx,
circumflex artery; RCA, right coronary artery.

Three patients died during the follow-up period,
one from bleeding complications immediately
after bypass surgery, one suddenly 3 weeks after
surgery and another one 5 months after surgery
from pulmonary infection. Follow-up studies
were unavailable in the first 2 patients. Five
other patients sustained a peri-operative
myocardial infarction and were therefore
excluded from further analysis. Adequate
follow-up studies were thus available in 57
patients (49 men, mean age 59 + 9 years, range
35 - 72 years).

According to the changes in resting wall motion
and end-systolic volume before and after
revascularization, the patients were categorized
into two groups: group 1 (viable) 33 patients (30
men, mean age 58 +9 vyears, range 40-71
years) with improved regional wall motion
score (-5.6 + 3.3 grade) and end-systolic volume
(-26 £ 22 ml); group 2 (nonviable) 24 patients
(19 men, mean age 59 £ 9 years, range 35- 72
years) with increased end-systolic volume
(+ 27 £ 20 ml) and variable changes in regional
wall motion score (4 patients with no changes, 6
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TABLE 4-11.
Revascularization.

Left Ventricular Volumes, Ejection Fraction and Regional Wall Motion Score before and after

Improved Non-improved
(n=33) (n=24)
End-diastolic volume (ml) before 177 51 227 51
after 162 £ 50 245 + 45
End-systolic volume (ml) before 114 +51 150 +52 ™
after 88 £ 45 177 £ 47
Ejection fraction (%) before 37+13 35+12
after 48 +13 29+12
AWMS before 30+6 34+6"
after 25+6 36+£5

Hkk

* p<0.05, ™ p<0.01,

WMS: global wall motion score.

patients with improvement by only 1 grade and
14 patients with  deterioration). Before
revascularization, clinical and angiographic data
were similar among the 2 groups of patients
(Table 4-10). Although left ventricular ejection
fraction was similar among patients with and
without viable myocardium, regional wall
motion score (30 + 6 versus 34 £ 6, p=0.03), and
left ventricular volumes at both end-diastole
(177 £51 versus 227 + 51 ml, p<0.001) and end-
systole (114 £51 versus 150 + 52 ml, p=0.01)
were significantly lower in patients with than in
those without viable myocardium. The changes
in left wventricular function resulting from

p<0.001 viable versus nonviable. No statistical analysis was applied to the differences in left ventricular
function after revascularization, which are inherent in the study design.

coronary revascularization are shown in Table 4-
11. There was an significant correlation between
the changes in regional wall motion score and
those in global ejection fraction and end-systolic
volume after revascularization.

Hemodynamics and segmental response to
dobutamine infusion. For safety reasons, in the
first 20 patients, peak dose was limited to 20
pg.(kg.min)-1. In the remaining 37 patients,
mean dose at peak stage or stress portion of the
protocol was 32 * 8 pg.(kg.min)* (range 10 -
40 pg.(kg.min)™). End-points for this stage were
achievement of maximal dose in 16, arrhythmias

TABLE 4-12. Hemodynamic and Segmental Response to Infusion of Dobutamine.
Low-dose Peak dose
Dobutamine Dobutamine
Baseline 10 ug.(kg.min)1 27+11 ug.(kg.min)1
Heart rate (bpm) Improved 75+12 84 +22 111+25
Non-improved 77+14 84 +19 103+ 23
Mean blood pressure (mmHg) Improved 107 + 14 110+ 13 104 + 18
Non-improved 104 + 13 106 + 14 101+ 16
Rate-pressure product (mm Hg.bpm) Improved 10,333 + 2,407 12,272 + 4,225 15,822 + 4,980
Non-improved 10,316 £ 2,296 12,067 = 3,315 13,926 + 3,733
End-diastolic volume (ml) Improved 177 +51 161 +52 156 + 51
Non-improved 227 £51™ 216 + 58" 213 +62™
End-systolic volume (ml) Improved 114 +51 82 +42 87 +45
Non-improved 150 + 52" 137 +58™ 137 +58™
Ejection fraction (%) Improved 37+13 51+11 47+ 15
Non-improved 35+12 39+15™ 38+14"
Wall motion score Improved 30+6 25+6 30+8
Non-improved 346" 33+6™ 346"

*kk

* p<0.05; ™ p<0.01;

p<0.001 improved versus non improved.



in 7, chest pain in 3, induction of wall motion
abnormalities in a remote area in 3, hypotension
in 6, hypertension in one, and dyspnea in one.
The mean peak dose was not different among
patients with (27 + 10 pg.(kg.min)™) and without
(26 + 11 pg.(kg.min)™) viable myocardium.

The effects of incremental doses of dobutamine
on hemodynamics and regional and global left
ventricular function in the 2 groups of patients
are shown in Table 4-12. Infusion of low-dose
dobutamine (10 ug.(kg.min)™) resulted in minor
changes in heart rate and mean blood pressure.
Rate-pressure product increased by an average of
15%. With further dose increments, heart rate,
blood pressure and rate-pressure product
continued to increase. At peak dose, rate-
pressure  product averaged 15,093 mm
Hg.(beats.min)™ (146% of baseline). There was
no difference in the evolution of these
parameters among the 2 groups of patients.

With low-dose dobutamine, regional wall motion
score improved in both groups, albeit
significantly more in patients with viable
myocardium (by 5.4+4.3 compared with
0.9+3.3 in patients without, p<0.001).
Improvement in regional wall motion in patients
with nonviable myocardium almost exclusively
involved previously hypokinetic segments, while
it involved both akinetic or dyskinetic and
hypokinetic segments in patients with viable
myocardium. With higher doses, no further
improvement in wall motion was observed.
Thirty patients even showed deterioration of wall
motion at higher doses. In 18 patients, functional
deterioration occurred in remote, initially
normally contracting, segments (ischemia at
distance). In 21 patients, it occurred in
previously dysfunctional segments that were
improved at low-dose dobutamine. A biphasic
contractile pattern (improvement followed by
deterioration) was only observed in patients with
viable myocardium. As shown in Figure 4-10, a
significant correlation was found between the
changes in regional wall motion score with low-
dose dobutamine and those after
revascularization.

dobutamine

Diagnostic accuracy of
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354/912
A- or dyskinetic segments

N

115 improved 239 not improved

N N

93 22 205 34
Dobu(+) Dobu(-) Dobu(-) Dobu(+)
Sensitivity 81% Specificity 86%

Figure 4-11. Flow diagram displaying the
changes in regional wall motion after coronary
revascularization in akinetic segments and their
response to infusion of a low-dose of dobutamine.

echo in delineating myocardial viability. As
shown in Figure 4-11, of the 912 segments
analyzed, 354 showed akinesis or dyskinesis
preoperatively and 191 showed hypokinesis. Of
the 354 initially akinetic or dyskinetic segments,
115 recovered satisfactory contractile function
following revascularization and were therefore
considered as viable. Ninety-three of the 115
viable segments, or 81%, responded to
preoperative dobutamine infusion by increasing
function. Of the 239 dysfunctional segments that
remained abnormal after revascularization, 205
(or 86%) failed to improve function during the
preoperative dobutamine stress. Figure 4-12
shows the response of hypokinetic segments. Of
the 191 initially hypokinetic segments, 68
recovered satisfactory contractile function
following revascularization. Fifty-six of these
segments, or 82%, responded to preoperative
dobutamine infusion by increasing function. Of
the 123 dysfunctional segments that remained
abnormal after revascularization, 68 (or 55%)
failed to improve function during the
preoperative dobutamine stress. The overall
diagnostic accuracy of the test did not improve
with further dose increases. On the contrary,
sensitivity decreased in a dose-dependent
manner as the number of segments deteriorating
increased. The test was equally effective in
delineating viable from nonviable myocardium
in the different vascular territories.
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191/912
Hypokinetic segments

N

68 improved 123 not improved
56 12 68 55
Dobu(+) Dobu(-) Dobu(-)  Dobu(+)
Sensitivity 82% Specificity 55%
Figure 4-12. Flow diagram displaying the

changes in regional wall motion after coronary
revascularization in hypokinetic segments and their
response to infusion of a low-dose of dobutamine.

Because indexes of global left ventricular
function, such as ejection fraction and end-

systolic volume are important prognostic
indicators in patients with ischemic left
ventricular ~ dysfunction, the  diagnostic

performance of the dobutamine test was also
investigated on an individual patient basis. As
mentioned above, individual patients were
considered to have dobutamine responsive
dysfunctional myocardium if wall motion score
improved by at least one full grade in 2 adjacent
akinetic or dyskinetic segments during infusion
of dobutamine. Dobutamine echocardiography
correctly identified 88% of the patients with and
75% of the patients without viable myocardium.
Overall accuracy was 82%. The preoperative
predictive value of a + dobutamine test for
postoperative recovery was 83%, while that of a
negative test for persistent dysfunction was 82%.

Discussion

The results of this study indicates that low-dose
dobutamine echocardiography is an accurate
method for the clinical prediction of the
reversibility of left ventricular dysfunction after
coronary revascularization.

Delineation of myocardial viability with low-
dose dobutamine echocardiography.
Conventional dobutamine echocardiographic

r=20.68

Changes in RWMS after RVS
(€)1

-15 -10 -5 0 5 10
Changes in RWMS with DOBU

Figure 4-10.  Scatterplot showing the relationship
between the changes in regional wall motion score
(RWMS) during low-dose dobutamine (DOBU) and
those observed after revascularization (RVS).

protocols has been recently proposed for
identification of residual myocardial viability
early (<2 weeks) after myocardial infarction.
Comparing the results of low-dose dobutamine
echocardiography with those of positron
emission tomography in 17 patients recovering
from acute myocardial infarction, Piérard et al.
found both techniques to be concordant in 79%
of the dysfunctional segments.156 In a selected
group of patients with incomplete infarction,
Barilla et al. observed that most dobutamine-
responsive regions improved after
revascularization.’* Nonrevascularized segments
also responded to dobutamine, but showed less
improvement at follow-up. In 51 patients treated
with thrombolytic therapy for acute myocardial
infarction, Smart et al. reported that
improvement in wall motion score index during
low-dose (4 pg.(kg.min)™") dobutamine had a
sensitivity of 86% for functional recovery at
follow-up, while the absence of an improvement
had a specificity of 90% for failure to improve at
follow-up.190 These authors also showed that
the sensitivity of the test was inversely related to
the dose of dobutamine infused, the number of
segments with persistent dysfunction increasing
in a dose-dependent manner. Previtali et al.
reported very similar results.>’

While existing data suggest that augmentation of
regional function in response to low-dose



dobutamine  infusion  accurately  reflects
myocardial viability early after infarction, fewer
data are available to support the efficacy of this
technique in patients with chronic left ventricular
ischemic dysfunction, the so-called "chronic
myocardial hibernation.” In contrast to the early
post-infarction period, where stunned
myocardium is probably predominant, chronic
myocardial hibernation likely involves both
postischemic dysfunction and ongoing reduction
of myocardial blood flow. It is known to be
associated with marked structural alterations of
the myocytes,***** including a loss of
myofilaments and contractile material, and with
no or a very limited residual coronary flow
reserve.”*! It would therefore not be surprising if
chronically  dysfunctional but hibernating
myocardium was less responsive to inotropic
stimulation than purely stunned myocardium.
Yet, there is increasing evidence that low-dose
dobutamine echocardiography permits accurate
prediction of the reversibility of dysfunction in
chronically hibernating myocardium as well. In
25 patients undergoing coronary
revascularization, Cigarroa et al. showed that a
>20% improvement of the systolic wall
thickening score during dobutamine had
sensitivity of 82% and a specificity of 86% for
recovery at follow-up.”® Similar results (87%
sensitivity and 82% specificity) were recently
reported by La Canna et al., in 33 selected
patients undergoing CABG.'?*

The present findings confirm and extend these 2
previous reports. Of the 115 initially akinetic or
dyskinetic segments resuming satisfactory
contractile function following revascularization,
93 (or 81%) responded to preoperative
dobutamine infusion by increasing function.
Similarly, of the 239 dysfunctional segments that
remained abnormal after revascularization, 205
(or 86%) failed to improve function during low-
dose dobutamine infusion. The specificity of the
test was less, however, in hypokinetic segments,
as only 68 (55%) of the 123 segments with
persistent  postoperative  dysfunction  were
correctly identified by the preoperative low-dose
dobutamine test. There are several potential
reasons for the poor specificity of the
dobutamine test in hypokinetic segments.
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Segmental hypokinesis may reflect the presence
of a subendocardial scar and be unaffected by
revascularization.  Nonetheless, if enough
noninfarcted myocardium remains in mid and
epicardial layers, such segments could still
manifest improvement with  dobutamine.
Tethering by adjacent akinetic segments could
also be an explanation. In this case, the
segmental response to revascularization will
largely depend on the recovery of the adjacent
segments, while that to dobutamine will also
reflect the changes in segmental contractility,
cavity size and afterload.

We also considered the accuracy of the test for
prediction of reversible dysfunction in individual
patients. Of the 57 patients finally included in
our study, 33 showed improvement in 2 akinetic
or dyskinetic adjacent segments or more and did
not deteriorate global left ventricular function
after revascularization. The remaining 24
patients had no or minimally viable tissue and
experienced further increases in both end-
diastolic and end-systolic volumes after
revascularization. Thus, an improvement in
regional wall motion by at least one full grade in
2 adjacent akinetic or dyskinetic segments during
low-dose  dobutamine infusion  correctly
identified 88% of the patients with and 75% of
the patients without viable myocardium. Overall
accuracy was 82%, regardless of the vascular
territories involved.

Study limitations. The present study has some
limitations. First, we did not obtain follow-up
angiograms in every patient to ascertain that
complete revascularization of the dysfunctional
segments had indeed been achieved. We cannot
therefore rule out the possibility that incomplete
revascularization, graft closure or restenosis
contributed to the lack of functional
improvement in patients with persistent
dysfunction. It is also possible that, in some
patients, the revascularization procedure was
harmful and precipitated functional
deterioration. This would imply, however, that
either the hibernating myocardium, the
remodeled remote myocardium or both are prone
to greater injury during sequences of ischemia-
reperfusion. Although we cannot dismiss this
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possibility, our previous observations on the
relationship between the extent of recovery and
the severity of the tissue fibrosis suggest that the
capacity for recovery after revascularization is
largely determined by factors unrelated to the
revascularization procedure. In addition, the
magnitude of changes in left ventricular volumes
seen in patients with persistent dysfunction is
compatible with the natural history of left
ventricular remodeling as delineated in several
large scale multicenter trials.

In summary, this study demonstrates that
dysfunctional but viable myocardium conserves
a significant degree of inotropic reserve and that
this property can be used clinically for the
delineation of reversible from irreversible
ischemic injury. Accordingly, dobutamine

echocardiography is a promising new method to
assess the potential for recovery of left
ventricular function after revascularization in
patients with coronary artery disease and left
ventricular dysfunction. However, its relative
place in the large armamentarium of techniques
currently available to address the issue of
viability in patients with LV ischemic
dysfunction needs to be better defined. Further
studies should therefore aim at directly
comparing, in the same patients, the relative
diagnostic accuracy of the currently available
methods (dobutamine echocardiography,
thallium SPECT and PET) and, ideally, should
come up with clinically sounded and
economically viable strategies that can be
applied to most patients in whom the issue of
viability needs to be addressed.




Chapter 5

Due to its inherent truly quantitative capabilities,
its noninvasive nature and its nondestructive
characteristics, PET has emerged as a unique
investigative tool for the assessment and
quantification of myocardial blood flow and
metabolism in man. The present thesis reviews
some of the insights gained with the use of PET
into the pathophysiology of regional left
ventricular ischemic dysfunction.

Chapters 1 and 2 dealt with definitions and
specific issues pertinent to the
pathophysiological background of our studies
and to the PET technology that was used to
assess myocardial blood flow and metabolism.

In Chapter 3, I have concentrated on the study of
the flow and metabolic correlates of myocardial
infarction, myocardial stunning and myocardial
hibernation in humans as well as on the
structural changes shown to occur in the
hibernating  myocardium. In  reperfused
myocardial infarction, studied at an average of
40 days after the acute event, flow and function
were found to be significantly reduced and
appropriately matched (chronic perfusion-
contraction matching). Regional myocardial
oxidative metabolism was also reduced, in
proportion to the reduction in myocardial blood
flow, while glucose metabolism was highly
variable. In subsequent studies, the severity of
flow reduction was found to be dependent on the
severity of tissue fibrosis, providing an
anatomical substrate for the noninvasive
evaluation of the transmural extension of the
fibrotic scar across the left ventricular wall. In
the stunned myocardium, our results confirmed
those  previously demonstrated in the
experimental lab, namely that regional perfusion
and oxygen consumption were largely restored
despite the continuing loss of regional
contraction. The most unexpected observations
were made in the hibernating myocardium. It
had been initially postulated that myocardial
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Summary and future directions

hibernation resulted from the spontaneous
adaptation of the ischemic myocardium to
chronic underperfusion, whereby the heart
downgrades its myocardial function to the extent
that flow and function are once again matched
and, as a consequence, no myocardial necrosis
ensues.  Surprisingly,  quantification  of
myocardial perfusion and metabolism in
absolute terms by the use of PET in patients
with chronic hibernation failed to demonstrate
any significant reduction of resting blood flow
to the dysfunctional segments. Reduced blood
flow values could only be measured in less than
25% of the patients with myocardial hibernation,
the remaining patients showing normal levels of
resting perfusion. Obviously, in these latter
patients, the dysfunction could not be explained
on the basis of a permanent, chronic reduction of
transmural perfusion. The observation that
regional dysfunction correlated closely with the
severity of impairment of the coronary
vasodilatory reserve raised the possibility that
frequent, repeated and incompletely resolutive
episodes of ischemia followed by stunning could
be the primary mechanisms. Accordingly,
myocardial hibernation would rather be the
result of repetitive ischemia and stunning than
the consequence of chronic and permanent
underperfusion. It is therefore an unstable
condition, which, in the absence of coronary
recanalization, could eventually lead to tissue
necrosis. Although such instability had not been
anticipated in  earlier  studies, recent
retrospective  studies have confirmed that
patients with hibernating myocardium indeed
had a poor outcome if given only medical
treatment. Although suggestive evidence thus
indicates that repetitive ischemia with a
persistent stunning effect probably sets the stage
to chronic hibernation, definite proof that more
frequent, more prolonged and more severe
episodes of ischemia do indeed occur in patients
with chronic dysfunction is still lacking. Future
research should therefore aim at evaluating the
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total ischemic burden in these patients, for
instance by use of quantitative Holter
monitoring. The study of myocardial structure
provided important clues as to the
pathophysiology of the hibernating myocardium.
Although stunning does not usually result in
significant ~ structural = changes, = marked
alterations were noted in about half the
cardiomyocytes in hibernating segments,
including the loss of myofibrillar content and the
accumulation of glycogen. Interestingly, these
structural changes were accompanied by
qualitative changes in the isoform expression of
various contractile and cytoskeleton proteins,
including the re-expression of the a-smooth-
muscle actin and of the GLUT-1 glucose
transporter, or changes in the organization
pattern of titin and cardiotin towards a fetal
phenotype. These observations, which are
reminiscent of cell dedifferentiation, will likely
stimulate the study of the molecular mechanisms
underlying hibernation, and promote the
development of relevant animal models for
hibernation. Finally, definite proof that the
structural changes directly contribute to the
pathophysiology of myocardial hibernation was
provided by studies on the time course of
recovery of contractile function following
revascularization, which showed that the rate of
functional return after revascularization was
intimately related to the severity of the
preexisting structural changes. The finding that
abnormal glucose uptake by previously
hibernating myocardium can persist for
prolonged periods of time after successful
coronary recanalization further supports this
contention. Unfortunately, for obvious ethical
reason, confirmation of structural reversibility
has not been possible, although it can be inferred
from the return of function over time.
Obviously, a better understanding of the genetic
mechanisms controlling the processes of
dedifferentiation and redifferentiation in the
setting of hibernation is needed to develop
appropriate pharmacological or genetic tools to
hasten the recovery of function in these patients.

In Chapter 4, we have attempted to apply the
concepts derived from our previous studies to
the clinical identification of which patient is

most likely to resume satisfactory contractile
function and thus benefit from coronary
revascularization. We first characterized the
flow, metabolic and structural factors associated
with the return of regional contraction after
revascularization, in patients with left ventricular
dysfunction and a previous myocardial
infarction. These studies largely confirmed our
previous observations, namely that functional
reversibility only occurs in segments with
preserved flow, further supporting the concept
that a permanent reduction of coronary blood
flow is not needed to explain the dysfunction.
These studies further indicated that the extent of
recovery of regional contraction after
revascularization was linked to both the extent
and severity of tissue fibrosis, and thus
irreversible injury. The ability to identify
reversible dysfunction before revascularization
by use of PET flow-metabolic imaging was then
evaluated in 2 cohorts of patients with varying
degrees of left ventricular ischemic dysfunction.
By use of a multivariate approach, an equation
which combined flow and normalized glucose
extraction was generated that allowed prediction
of functional recovery in 80-85% of the
patients, irrespective of the severity of the
underlying dysfunction. Finally, we examined
the potential role of assessing residual inotropic
reserve in dysfunctional segment to predict the
reversibility of LV ischemic dysfunction after
revascularization. We used the Bl-receptor
agonist dobutamine as the inotropic agent and
evaluated the diagnostic significance of an
enhancement of regional function at echocardio-
graphy during infusion of a low-dose of
dobutamine for the prediction of functional
recovery after revascularization. The results
showed that dobutamine-echocardiography
provides a potentially useful alternative to the
use of PET to delineate myocardial viability in
most patients with LV ischemic dysfunction.
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Plate 3-1 Upper panels: Schematic representation of patient P669's anatomic cross
section (left) and corresponding images obtained after administration of !3N-ammonia
(middle) and 18F-FDG (right) 20 days after reperfused acute anterior myocardial infarction.
Uptake of 13N-ammonia is decreased in anterior wall (area of infarction), whereas 18F-FDG
uptake is increased, relative to flow (flow-metabolism mismatch) in the same territory. Lower
panels: Serial cross-sectional images obtained after administration of 11C-acetate. Times
below images represent mid-acquisition times. Initial images (left) show tracer uptake by
myocardium, which is proportional to flow. Note the reduced uptake in hypoperfused anterior
segments. Later images (middle and right) allow an appreciation of the clearance of the tracer.
Note delayed !!C clearance from the anterior segments.



Plate 3-2 Representative  cross-sectional tomographic images (linear scale, no
background correction) are shown together with the end-diastolic and end-systolic contours
from left ventriculography (D). Panel A shows the baseline flow image obtained with 13N-
ammonia. There is a 20 to 25% relative decrease in tracer uptake in the anterior wall (around
12 o'clock). Maximal uptake is observed in the basal septum and corresponds to an absolute
flow value of 113 ml/min/100g, as opposed to an average value of 93 ml/min/100g in the
anterior wall. Panel B shows the uptake of exogenous glucose, as measured with 18F-FDG.
The glucose utilization rate is highest (35 pmol/min/100g) in the area with the relative
decrease in flow distribution (flow-metabolism "mismatch"). Panel C shows the flow images
obtained during infusion of dipyridamole. There is a marked increase in the size of the
anterior flow distribution defect. The absolute flow values were 223 ml/min/100g in the
septum versus 64 ml/min/100g in the anterior wall.



Plate 3-3 Transmission electron micrograph of a normal cardiomyocyte. Note the orderly
arranged sarcomeres, interspersed with clusters of normal appearing mitochondria.



Plate 3-4 Electron and light (upper right) micrographs of myocardial samples derived
from a cardiomyocyte affected by myolysis. The myolytic cytosol is filled with glycogen (gl)
and small mitochondria (arrow). Sarcomeres (arrowheads) remain only at the cell periphery.
Li: lipofuscin Magnification: x 3240.



Plate 3-5 Light microscopy of semi-thick sections of dysfunctional myocardial segment
stained with PAS and toluidine blue. The cytoplasm of the cells is devoid of sarcomeres and
filled with abundant amount of glycogen (red stain). Note the increment of the extracellular
space. Magnification is x 350.



Plate 3-6 Immunoperoxidase labeling of a-smooth muscle actin. Panel A. o-smooth
muscle actin in control myocardium: the normal adult myocardium is virtually devoid of any
staining denoting the absence of a-smooth muscle actin expression in these cells. Panel B. o.-
smooth muscle actin is seen in moderate amounts in many cells of hibernating myocardium
whereas it is strongly expressed in vascular smooth muscle cells (arrow). Panels C shows a
segment in which some cardiomyocytes are strongly positive for a-smooth muscle actin,
mainly at the cell periphery. Other cells with severe myolysis are negative for o-smooth
muscle actin (asterisks). Panel D shows a segment of hibernating myocardium in which the
majority of cardiomyocytes display high levels of a-smooth muscle actin (arrows).
Magnification panels A and B: x 215; panels C and D: x 430.



Plate 4-1 Light microscopy of a semi-thick section of dysfunctional myocardial segment
stained with PAS and toluidine blue. The majority of cells is filled with abundant amount of
glycogen (red stain). Note the increment of the extracellular space. Magnification is x 360.
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