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INTRODUCTION
Heart disease constitutes one of the major health problems of the modern
western society and is responsible for substantial morbidity and mortality, often at a relatively young age. In the Netherlands, in the early
seventies, mortality from cardiovascular disease accounted for more than
4 out of 10 deaths. Although there is some evidence, particularly in the
case of atherosclerotic and hypertensive disease, that preventive measures
and alterations of diet and life-style may lessen this high prevalence,
cardiologists and many other clinicians will continue to be faced with the
problems of diagnosis and management of patients with cardiac disease.
Most of these patients, at one time or another, suffer from impaired
cardiac or ventricular — especially left ventricular — performance as a
result of abnormal load, of depression or loss of myocardium, or a
combination of these factors.
Gross characterization of the pathophysiological background of disease
can often be achieved by taking a thorough history, by a good physical
examination and with simple laboratory investigations alone. For proper
delineation of the relative importance of the possible etiologic determinants and, ultimately, for the choice of appropriate treatment, be it
surgical or medical, it may, however, be necessary to collect quantitative
data of ventricular performance, rather than crude clinical parameters of
overall function of the heart.
Cardiac catheterization and cineangiography are widely used for this
purpose and, in fact, were instrumental in the enormous growth of
knowledge of cardiac disease in the last decades. These techniques,
although yielding superior structural detail in addition to measurements
of pressure and volumes and their interrelation, carry a measurable risk
of major and sometimes fatal complications and are not very suitable for
repeated application to study the course of disease, especially in early
stages, nor for monitoring the effects of therapeutic interventions. On top
of this the radiation burden is considerable.
Thus, new diagnostic tools were sought and recent years witnessed the
development of alternative methods for the assessment of cardiac
function and structure.
Echocardiography, M-mode or cross-sectional, is one of the possible
modern approaches that has attracted great interest and has been shown
to be of particular value in the diagnosis of valvular disease and
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pericaidial effusions. This method is totally non-invasive and offers no
known hazards to the patient.
Nuclear medicine has provided yet another, essentially non-invasive, way
to study various aspects of the heart and its function. When
BLUMGART and WEISS (1927) first injected radioactive radon
to measure the circulation time, introducing nuclear techniques to
medical diagnosis, they also laid the foundation for the development of
nuclear cardiology. Since those early experiments nuclear medicine has
seen major advances in instrumentation, the introduction of new radionuclides and the advent of computer technology. By virtue of this
progress, measurements of cardiac output, detection of shunts, assessment of myocardial perfusion and evaluation of regional and global
ventricular function were added to the armamentarium of the nuclear
physician.
The potential use in diagnosis, management and follow-up of cardiac
disease of one of these modalities — the determination of left ventricular
ejection fraction — will be the main subject of this thesis. When relevant,
some related procedures will be briefly dicussed.
There are two parts, the first (chapters 1 - 4) mainly serving as a
theoretical reference, the second (chapters 5 - 10) focussing on our own
clinical observations.
Chapter 1 deals with a discussion of the main determinants of performance of the muscular heart pump and stresses their combined
influence oh the indices that are commonly used to define "contractility".
Chapter 2, more specifically, describes the relations between the factors
that influence cardiac contractile performance and left ventricular ejection fraction. Is ejection fraction a reflection of contractility and what
are the relative merits with regard to other paramaters of cardiac
performance?
Chapter 3 reviews different radionuclide methods for the determination
of left ventricular ejection fraction with special reference to the gated
equilibrium bloodpool technique. The possibilities of this last method in
the assessment of wall motion and valvular regurgitation are considered
as well.
Chapter 4 gives a brief overview of myocardial perfusion scintigraphy
and echocardiography. The former presenting information on the viability of the ventricular muscle, the latter allowing both the study of cardiac
anatomy and the calculation of several indices of contraction, such as
ejection fraction.
The Appendix contains some data on the physical characteristics and
radiation dose estimates of the radionuclides and radiopharmaceuticals
used in the investigations of this thesis.
Chapter 5 is a description of our own methods.
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In Chapter 6 the normal range and variability of ejection fraction
determinations are defined and a comparison is made with results
obtained by cineangiography and echocardiography. Measurements of
ventricular volumes by ventriculographic and radionuclide methods are
included in this comparison.
Chapter 7 reports on the relations between left ventricular ejection
fraction and prognosis, ejection fraction and congestive left heart failure
and the impact of myocardial damage due to coronary artery disease.
The changes of ejection fraction observed after medical and surgical
treatment or during progression of disease are analysed. Special
attention is given to the importance of additional measurements
of parameters of ventricular loading, in particular during intervention
studies. The detection of abnormalities of wall motion and, especially, the
diagnosis of left ventricular aneurysms are also discussed in this chapter.
Chapter 8 is centered around the determination of ejection fraction in
the presence of valvular disease and describes the results of quantification
of mitral and aortic regurgitant lesions.
Chapter 9 tries to define the value of serial measurements of ejection
fraction and the possible role of echocardiography during treatment with
anthracycline antibiotics.
Chapter 10, finally, is dedicated to the bed-side application of a nonimaging detector, its validation and the observed changes of ejection
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fraction during the administration of drugs with cardiac or vascular
effects.
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PART I

CHAPTER 1
THE HEART AS A MUSCULAR PUMP; DETERMINANTS AND INDICES OF CONTRACTILE PERFORMANCE
1.1 Function andfailure of function
The function of the heart is to deliver sufficient oxygenated blood to meet
the metabolic demands of the tissues. These physiological requirements
vary over a large range, from the resting state to maximal exercise
(BRAUNWALD et al., 1967). Cardiac output, accordingly, is continuously adapted by a complex interaction of mutiple factors that govern the
basic event of heart function: ventricular contraction.
Heart failure can be defined as an inability of the cardiac pump to propel
blood at the the required rate (BRAUNWALD, 1980a). Such failure is
frequently, but not always, caused by a defect of ventricular contraction
due to a primary abnormality of the myocardial muscle, as in cardiomyopathies and myocarditis, or to secondary ischemic damage, as in
coronary artery disease. The clinical syndrome of cardiac pumping
failure may also result from structural and mechanical changes that
interfere with filling and emptying, as in valvular stenosis and constrictive
pericarditis. An excessive hemodynamic burden, as in the presence of
valvular incompetence or shunts, is another common cause of functional
failure of the ventricular pump, while the abnormal load itself may inflict
secondary damage to the heart muscle. Toxic influences, for example
from drugs, are also known to induce a depression of ventricular
performance.
In general, failure of the heart as a pump may arise as a consequence of
depression or loss of myocardia! contractile function, of abnormal load,
or of a combination of these factors. It is of major clinical importance to
distinguish between these possibilities, because clinical management and
prognosis depend to a large extent on the functional integrity of the
myocardium (SONNENBLICK and STROBECK, 1977).
The necessary parameters or indices of contractile performance, ideally,
should evaluate the function of the ventricular muscle, apart from
abnormalities of loading and independent of heart rate. Unfortunately, such indices all are, to a varying degree, subject to alterations by determinants of performance other than contractility alone
(SONNENBLICK and STROBECK, 1977). Thus, the inherent limitations to the use of one particular parameter — such as ejection fraction
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— should be appreciated, otherwise erroneous conclusions can easily be
drawn.
The possible influence of the other determinants can best be derived by
reviewing some aspects of the basic mechanisms of cardiac muscle
physiology and mechanics.
1.2 Determinants of muscular contractile performance
Our knowledge of the mechanisms of contraction is largely due to
extensive experimental work on isolated cardiac papillary muscle. The
resultant observations, along with the application of models of contraction that try to seperate the complexity of events into its component
parts (HILL, 1938), have provided a useful approach for the analysis of
heart function, showing that the basic mechanisms that influence the
contraction of isolated cardiac muscle also affect the performance of the
intact functioning heart.
Muscular contraction can be described by three variables and their
interrelations: 1. force of contraction or developed tension, 2. velocity of
shortening and 3. length of displacement or extent of shortening (BRUTSAERT and SONNENBLICK, 1973).
The force of contraction is modified as a function of initial muscle length
and the force or load which is necessary to stretch the resting muscle to
this initial length is generally refered to as preload (or resting tension).
The relation between preload and the length of the resting muscle is
called the length-resting tension relation. The characteristic graphic
representation of this relation, with a sharp rise of tension
with increasing initial fiber length, is a result of elastic forces
within the muscle that resist to stretching (fig. la). These forces are
COMPLIANCE
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.RESTING

MUSCLE LENGTH

-
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Figure 1
,
a. Relation between resting tension (preload) and muscle length.
b. Influence of altered compliance on the length-resting tension relation with resultant
change of tension at the same muscle length (A).

often expressed in terms of compliance and distensibility (BRAUNWALD et al., 1980). An increase or decrease of compliance induces a
change of tension at any given fiber length (fig. lb).
The relation between developed force of contraction (or active tension)
and initial muscle length is given by the length-active tension curve (fig.
2a). Force rises or declines, when initial length is either increased or
decreased. By definition, the length-active tension relation, at lengths
below a certain maximum, is termed the ascending limb of the curve. The
early animal experiments showed a decrease of tension development with
a further increase of initial fiber length. This led to the concept of a
descending limb of the functional curve. Later studies have shown that
the maximum of the length-active tension curve corresponds to maximal
fiber length. Attempts to stretch the myocardial muscle beyond this maximum, indeed, are accompanied by some decrease of active tension development, but also with a rise of resting tension to very high levels. It is this
high resting tension — and not an additional increase of fiber length —
that results in reduced myocardial wall shortening, apparently generating
a descending limb of the length-active tension curve (BRAUNWALD et
al., I980).
Nevertheless, it is this length-active tension relation, which, in turn, is
dependent on ultra-structural properties of the sarcomeres, that forms the
basis of Starling's Law of the Heart (1918). This law describes the
capacity of the intact ventricle to vary its force of contraction on a beatto-beat basis as a function of its initial volume (end-diastolic fiber
length).
When shortening is prohibited, development of force, i.e. the increment
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Figure 2
a. Relation between actively developed tension during (isometric) contraction and initial
muscle length.
b. Increase of tension development (A-*B) with increasing m uscle length.
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of tension of an isometric contraction, is possible within the limits set by
both length-tension relations (fig. 2b). In order to shorten, tension
development must be such that the force or load resisting to contraction
can be surmounted, after which this load can be lifted or displaced
(BRUTSAERT and SONNENBLICK, 1973).
The load, opposing to muscular shortening, is termed afterload. It is of
decisive importance in determining the effectiveness of contraction, for
preload first sets the limits to tension development and afterload. then,
determines the amount of force expended before shortening with a
certain velocity and to a certain extent ensues with the force remaining
(isotonic afterloaded contraction).
Contraction can also be characterized by the inverse relation between
velocity of shortening and load, known as the force-velocity relation.
When the load is too great, there is no shortening and the muscle
develops maximal isometric force, dependent on initial muscle lenght.
When, conversely, the load is smallest, the velocity and extent of
shortening are greatest, independent of initial length and without a
change of tension development (BRAUNWALD et al., I967).
Thus, from any given initial length, the extent of shortening varies
inversely with afterload, whereas at any aftcrload the extent of shortening
is determined by initial length.
The third modifying variable of muscular performance, contractility or
inotropic state, is uniquely represented by the momentaneous threedimensional relation of force, velocity and length (BRUTSAERT and
SONNENBLICK, 1973; BRAUNWALD et al., 1980). A change of
contractility induces an alteration of force development, regardless of
preload and afterload. Maximal force, however, is still reached at the
same initial lenght (fig. 3a). While the force-velocity and the length-active
tension relation are markedly changed, the length-resting tension relation is not altered (SONNENBLICK and STROBECK, 1977).
1.3 Determinants of performance of the intact ventricle
The three determinants of performance of isolated cardiac muscle —
preload, afterload and contractility — also affect the performance of the
intact ventricle. When applied to the functioning heart, preload can be
defined as the diastolic filling pressure distending the relaxed ventricular
wall to its end-diastolic fiberlength (volume). Mechanical cardiac performance, whether expressed by the pressure generated, by the volume
output or by cardiac work, i.e. pressure times volume, through the
Frank-Starling relation, is a direct function of this p/eload.
For each level of inotropic state a different function curve can be found.
These curves are closely related to the length-active tension curves of
isolated papillary muscle (BRAUNWALD and ROSS, 1979). They show
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Figure 3
a. Increase (B->C) or decrease (B-»A) of tension development at the same muscle
length due to increased or decreased contractility.
b. Ventricular function curves of the intact heart, related to the length-tension curves
of the isolated heart muscle and illustrating the influence of preload and contractility
on cardiac performance.
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(fig. 3b) that the failing heart with depressed contractility delivers a
smaller than normal stroke volume from a normal or even elevated enddiastolic volume.
On top of this, for the same increase of end-diastoïic volume, percent
increase of output is less in the failing heart due to the decreased slope of
the ascending limb of the function curve. In contrast, increased contractility augments stroke volume from the same end-diastolic volume
(SARNOFF, 1955).
The quantity of blood ejected at any given inotropic state depends on
the extent of ventricular fiber shortening and. thus, is ultimately determined by afterload, independent of filling pressure (SONNENBLICK
and DOWNING» 1963). Afterload, though defined as ventricular wall tension during ejection, is often estimated from measurements of mean sortie
or arteriai pressure, thought to be a reasonably good representation of aortic
impedance—the external force normally opposing to contraction. This way
of describing afterload, in terms of pressure instead of in terms of wall tension, circumvenes the problems posed by the operation of Laplace's Law.
The application of this relation would require a consideration of changesof
wall tension and wall thickness during (auxotonic) contraction. Pressure
during ejection, however, remains essentially constant, in spite of these
changes. Reductions of afterload increase the extent of shortening of the ventricle and, thus stroke volume. In accordance,
ventricular end-systolic volume is determined by and varies directiy with
afterload.
These relations can be graphically expressed in the same way as shown in

r

fig. 3b for contractility, indicating that afterload affects performance just
like changes of contractility, independent of end-diastolic volume.
When elevation of afterload is abrupt, an increase of output has been
described as a result of an increased contractility (VON ANREP , 1912).
A more gradual rise of afterload is counteracted, in the normal heart, by
the resultant rise of preload with restoration of the original stroke
volume. Progressive elevations of end-diastolic volume, according to
Laplace, must result in a rise of wall tension to generate the same
pressure. Notwithstanding this rice of true afterload, shortening of a
larger ventricle can be less to maintain the same stroke volume.
The depressed ventricle is already operating at the limits of this compensatory mechanism and an additional elevation of afterload markedly
reduces stroke volume, while further dilatation does not substantially
elevate ejected volume (ROSS and BRAUNWALD, 1964a; ROSS, 1976).
Compensation for an elevated afterload is also possible through an
increase of mass, i.e. muscular hypertrophy. This causes a reduction of
wall tension per unit cross-sectional area, normalizing afterload for that
particular muscle (SASAYAMA et al., 1976).
The third modulator of stroke volume, contractility, reflects the intrinsic
properties of the myocardial muscle fibers. Apart from a loss of
contractile mass, a wide variety of factors has been shown to alter the
level of the ventricular performance curve. Among them, neurogenic
impulses and many drugs. Contractility is also influenced by
the timing of activation (HOFFMAN et al., 1956), a premature
contraction being less forceful than the ensuing (post-extrasystolic potentiation). An increase of the frequency of contraction, i.e.
heart rate, is another factor that induces augmented contractile force.
This effect is more prominent in the heart with depressed function than in
the normal heart (KAHN et al.,1976).
1.4 Assessment of contractile performance; indices of contractility
Performance of the heart as a pump has classically been expressed in
hemodynamic terms of pressures, volumes and flow, representing the
force, length and velocity changes of the underlying myocardium.
Measurement of cardiac output, the product of stroke volume and heart
rate, has long been the key test of the heart's performance. Performance
of the cardiac muscle, as we saw, is dependent on at least two other
important determinants, apart from contractility. As a result, cardiac
output alone is of limited value in the characterization of contractility,
since it may be normal in the presence of abnormal, but compensated,
muscular performance.
The accuracy of the assessment of contractile performance can be
increased by additional measurement of preload. End-diastolic pressure
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Figure 4
Schematic representation of the pressure-volume loop of a single ventricular contraction.
Stroke volume is depicted by the distance of points C and D (for further details see text).

I

is often used for this purpose. When output is depressed and filling
pressure increased, myocardia! contractility is probably impaired. However, since compliance may also be changed, as it often is in muscular
hypertrophy, during ischemia or with increases of heart rate (BRAUNWALD et al., 1976), end diastolic volume is superior to end-diastolic
pressure in the assessment of ventricular preload, particularly at normal
or only slightly elevated levels of end-diastolic pressure (BRAUNWALD
and ROSS, 1963). Sensitivity of a combined measurement of output and
preload can be enhanced by studying the effects of some kind of intervention, for example muscular exercise.
In addition to these isolated measurements, cardiac catheterization
allows determination throughout contraction of the continuous relation
of pressures and volumes. Analysis of pressure-volume loops, acquired in
this way, has provided a convenient frame-work to understand the
responses of individual contractions to changes of preload, afterload and
contractility, analogous to the length-tension relations discussed earlier
(BRAUNWALD, 1980b).
Fig. 4 shows the schematic representation of the pressure-volume relation
of a single cardiac cycle. During ventricular filling in diastole pressure
rises along the passive pressure-volume (length-tension) relation till enddiastolic volume is reached (A—B). Then isovolumic contraction begins
with a rise of pressure till the opening of the aortic valve (B-*C), followed
by ventricular ejection with a decrease of volume to the end-systolic
volume (C—D). This end-systolic point lies on the lenght-active tension
curve, that represents the pressure capacity of the ventricle for isometric
contractions at different end-diastolic volumes and for a given contractile
state (WEBER et al., 1976; PARMLEY and TALBOT, 1979). During
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isovolumic relaxation pressure falls again till the next cycle is initiated
(D-A).
It can be seen in this diagram that the pressure capacity of the ventricle
(B—E) is used to surmount afterload (B—C) and then to eject the stroke
volume (SV), represented by the distance of points C and D. Furthermore, the area contained within the loop is an index of external
ventricular work, the product of pressure generated and volume ejected,
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Figure 5
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Figure 6
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Figure 5
Changes of stroke volume induced by increased (B-*B') or decreased (B->B") preload;
afterload and contractility remaining unchanged.
Figure 6.
Effects on stroke volume with increased (BC-»BC") or decreased (BC-»BC) afterload;
preload and contractility being unchanged.
Figure 7
Influence on stroke volume of a rise (CD-K:D') or fall (CIXID") of contractility;
preload and afterload being unchanged.

r

I
12
that is closely related to myocardial oxygen consumption (KATZ and
FEINBERG, 1958).
The effects of changes of preload, afterload and contractility for various
situations or disease states can be presented in this manner (DODGE,
1974) and some of these changes are depicted in figs. 5-7.
More elaborate ways of describing cardiac contraction on the basis of
data obtained at catheterization include measurements of pressure change
versus time, wall thickness and extent and velocity of fiber shortening.
These parameters are, however, technically a lot more difficult to
collect and their derivation, almost uniformly, requires major approximations and assumptions.
Yet, both approaches have provided practical useful indices of contractility, often divided into pre-ejection (isovoluniic) and ejection-phase
indices. Practically non of them is totally free of influences of preload or
afterload or both (SONNENBLICK and STROBECK, 1977). Which of
them is to be* used in assessing the level of inotropic state, depends on
whether or not an acute change — e.g. by a pharmacological agent or by
a physiological stress — is the subject of study.
Isovolumic indices, such as velocity of unloaded shortening (Vmax)
or p .ak dP/dt, are highly responsive to acute directional changes of
contractility, while being less sensitive to concurrent changes of
loading (KRAYENBUHL et al., 1973; BRAUNWALD, 1980b). They
are, however, of limited value for the separation of a normal from a
depressed myocardium (PETERSON et al., 1974).
Determination of the basal level of contractility is more suited to
compare one individual with another or the same individual at different
points in time (ROSS and PETERSON, 1973).
Ejection-phase indices, like mean velocity of fiber-shortening and ejection fraction, are best employed to define this basal contractility,
despite their sensitivity to loading conditions, especially afterload (PETERSON et al., 1974).
The consideration of the heart as a muscle, in summary, has added the
concepts of varying length-tension and force-velocity interactions for the
study of cardiac contractility to the traditional description of ventricular
performance by way of the relation between end-diastolic volumes or
pressures and stroke volume or stroke work, i.e. the classical ventricular
function curve.
The indices of contractility derived from these concepts have, as yet, not
lead to the emergence of an indisputably valid parameter of inoiropic
state. There remain controversies as to the validity of the assumptions
needed for their calculation as well as regarding their independence of the
effects of end-diastolic fiber length and myocardial wall forces.
Adequate comparative analysis of the various measures of contractility,
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moreover, is greatly biased by the inevitable reliance on arbitrary
conclusions on normal or abnormal myocardial function, often based on
the normality or abnormality of hemodynamic performance. The newer
parameters, thus, are weighed in an undesired manner against the older
ones they seek to replace.
The ejection-phase indices may be more reliable for the assessment of
basal contractility, as they — ironically — are less dependent on the
assumptions of a particular muscle model. In the mean time, they very
much approach Starling's original preload-performance relation by
combining stroke volume or shortening with a measure of end-diastolic
fiber
length.

f

CHAPTER 2
EJECTION FRACTION; VALUE AND LIMITATIONS IN THE CLINICAL ASSESSMENT OF CARDIAC CONTRACTILE PERFORMANCE
2,1 Definition of ejection fraction and rationale of its use
Ejection fraction (EF) is defined as the ratio of stroke volume (SV), i.e.
the difference of end-diastolic volume (EDV) and end-systolic volume
(ESV), to the end-diastolic volume: EF = — ^ P
This formula is applicable both to the left and the right ventricle of the
heart. As our investigations are aimed mainly at the study of left
ventricular performance, we will, from here on, use the term "ejection
fraction" to refer to the ejection fraction of the left heart chamber, unless
specifically stated otherwise.
In normal subjects ejection fraction, as determined by angiocardiography,
averages 0.67 ± 0.08 (SD). Under normal circumstances — and
as a matter of fact in compensated disease states — stroke volume, thus,
equals two thirds of the end-diastolic volume (KENNEDY et al., 1966;
DODGE and BAXLEY, 1969).
According to the concepts of muscular performance, ejection fraction
relates the extent of systolic fiber shortening to initial fiber length and, as
such, is considered to be an indicator of contractile state (COHN et al.,
1974a). These authors found ejection fraction to provide a more accurate
appraisal of ventricular pump function than cardiac index and left
ventricular end-diastolic pressure. Comparable empirical evidence
has been presented by BRAUNWALD et al. (1967), who proved
ejection fraction to be a more sensitive index of cardiac performance than either stroke volume or cardiac output, and by
KREULEN et al. (1975), showing ejection fraction to be more reliable
than measurements of end-diastolic pressure, rate of pressure change and
other pressure-derived parameters.
The limitations to the use of ejection fraction in determining the
contractile state of the myorcardial muscle are due to its sensitivity to
acute changes of loading. When, however, more chronic loads are imposed,
compensatory mechanisms largely offset these influences, making ejection
fraction of great value as a parameter of basal contractility (ROSS and
PETERSON, 1973). Underthese circumstances the ejection fraction defines
the ability of the cardiac muscle to maintain stroke output relative to end-
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diastolic volume (DODGE and BAXLEY, 1969) and is thought to be the
most useful single hemodynamic parameter for the assessment of ventricular function (COHN et al., 1974a).
Since ejection fraction is closely related to the extent of myocardial fiber
shortening (DODGE et al., 1962), the various influences of loading and
compensation can be deduced from the pressure-volume loops discussed
in the previous chapter.
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2.2. Ejection fraction and preload
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There is considerable disagreement in the literature with regard to the
influence of acute changes of preload on ejection fraction. T h e
Law of the Heart states there to be a n increase of stroke volume with
increasing end-diastolic volume. According t o this law, ejection fraction
is often thought to remain essentially constant a n d considered t o be a
characterization of the effectiveness of the Starling mechanism ( M A N G A N O et al., 1980). As long as ejection fraction is n o r m a l , t h e r e is a
matched stroke volume, whether end-diastolic volume is normal o r n o t .
However, the relation of stroke volume a n d end-diastolic volume, though
being linear, does n o t g o through the origin of the curve. As a
consequence, the alterations of the extent of myocardial fiber shortening
and, thus, stroke volume, induced by changing preload (at constant
afterload), are not proportional to this change of end-diastolic volume.
The resultant variation of ejection fraction, predictable from the heart's
functional curves (SONNENBLICK and STROBECK, 1977) and more
pronounced at low end-diastolic volumes, where the functional curve is
steepest (fig. 8), was confirmed by ROSS and B R A U N W A L D (1964b),
when they impeded venous return to the heart in cardiac patients.
T A Y L O R et al. (1966), using dogs, also showed ejection fraction to vary
with changed cardiac filling. In contrast, RANKIN et al. (1975) and
M A H L E R et al. (1975), again in humans and dogs, respectively, found
ejection fraction and several other ejection-phase indices to be unaffected
by acute volume loading. All these authors explicitly state that there were
no significant changes of afterload during their interventions, which
might have influenced the results.
Increases of volume d o , however, influence wall tension and, as a
consequence, afterload through the Laplace relation. Furthermore, ventricular dilatation may also change diastolic elastic properties (compliance). Together with reflex mechanisms these factors may blunt
assumed changes in the intact human being (RANKIN et al., 1975).
As can also be seen in fig. 8, progressive increases of volume tend to
induce a decrease of ejection fraction, in particular of the depressed
ventricle. It has been suggested that, under these conditions, an imbalance between afterload and level of inotropic state develops, a
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DEPRESSED

EF

VOLUME —
O 50 0.60 0.65 O 64 0.60

0.35

VOLUME —
0.47 0.48 0.40 O 30

Figure 8
Effects of changing initial volume (preload) on the ratio of stroke volume and this
initial volume (=ejcction fraction, HI') in the normal (a) and depressed (b) ventricle.
Numerical data in this and the following figures 9-11 were obtained by drawing and
calculation on graphical paper.

mismatch leading to a decline of stroke volume (ROSS, 1976). Recently,
MANGANO et al. (1980) found a decrease of ejection fraction, together
with a substantial increase of wall tension, with progressive
volume loading in patients with depressed ventricular function.
Despite the incomplete clarification of afterload contribution to acute
changes of preload, it seems justified to conclude that a decrease of
ejection fraction with increasing preload is highly suggestive of the
presence of a depressed contractile state. A rise of ejection fraction is not
very helpful in the definition of contractility.
More chronic elevations of preload, as in aortic or mitral valve insufficiency, are compensated for by means of dilatation and hypertrophy
(eccentric hypertrophy). The ratio of stroke volume to end-diastolic
volume is kept normal until late in the course of disease by this increase
of muscle mass. The contribution of the Frank-Starling mechanism is
probably small, as progressive dilatation is not accompanied by a further
increase of sarcomere length (BRAUNWALD and ROSS, 1979). Notwithstanding the effects of large increases of volume, afterload is also
kept constant by the growing muscle mass. A third factor that may
contribute to normal ejection relative to volume is the altered diastolic
pressure-volume relation with normal end-diastolic pressures at very high
end-diastolic volumes (DODGE, 1974).
In view of these considerations, it can be stated that compensation for a
chronic volume overload is characterized by a normal ejection fraction,
while a depression of ejection fraction signifies additional impairment of
ventricular contractility (VOKONAS et al., 1973).
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2.3. Ejection fraction and afterload
Afterload is considered to be the prime determinant of ventricular
performance (SONNENBLICK and DOWNING, 1963). The extent of
myocardial fiber shortening, at any level of initial fiber length, varies
inversely with (acute) changes of afterload. When afterload is increased, a
greater part of the heart's pressure capacity is expended in surmounting
the forces opposing ventricular emptying, at the expense of ejecting
capacity. With a decrease of impedance ejection increases. The influence
of changes of afterload, again, are greatest in the depressed ventricle (fig.
9).
In the normal heart compensation for acute elevations of afterload, as
with the infusion of angiotensin or during isometric exercise, is achieved
by increasing contractility as a result of homeometric autoregulation,
first described by VON ANREP (1912) and by an increase of stroke
volume through the Starling mechanism. Ejection fraction first
tends to fall, after a short time may be normal or even
higher than before. The individual variations in this response
probably depend on variations of preload adjustment relative to the
elevation of afterload (ROSS and BRAUNWALD, 1964a; KOVOVITZ
et al., 1971).
In the failing heart, as we saw, increased afterload profoundly affects
performance and the secondary rise of end-diastolic volume, with the
resultant further elevation of afterload, may depress ejection fraction even
more.
A sudden decrease of impedance to ventricular ejection, as in acute mitral
valve incompetence, produces a rise of ejection fraction. SCHULER et al.

NORMAL

DEPRESSED

VOLUME E F 0.80 — 0.40

VOLUME —
E F 0. SO —0.16

Figure 9
Influence of a rise of afterload on ejection fraction of the normal (a) and depressed (b)
ventricle; preload unchanged.
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(1979) also showed ejection fraction to return to pre-existent values after
implantation of a valvular prosthesis.
An important implication of the influence of afterload reduction is the
salutary effect of vasodilator therapy in cardiac failure (MASON, 1978).
Most vasodilators, apart from improving ventricular emptying, cause
venodilation as well, thus reducing preload. When preload is relatively
low, the net result may be no change or even a decrease of stroke volume
(CHATTERJEE and PARMLEY, 1977). Ejection fraction, however,
rises and reflects the improved output relative to the newly
existing end-diastolic volume (fig. 10). It is also of importance
to observe that the relative changes are greatest, when the heart operates
on a flattened functional curve.
NORMAL

DEPRESSED

IT'-

VOLUME-

VOLUME —
E F 0 54-0.52

E F 0.26 — 0.32

NORMAL

IS

DEPRESSED

—si /
VOLUME E F 0.56 — 0 66

VOLUME E F 0.22 — 0.49

Figure 10
Combined reduction of preload and afterload from initial lower (a and b) and higher (c
and d) preload. Note the reduction of stroke volume in the normal ventricle at low
preload (EF virtually unchanged) and the substantial increase of both ejection fraction
and stroke volume in the depressed ventricle at initial high preload.
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Longstanding increase of afterload, such as in hypertensive patients
and in the presence of aortic stenosis, is met with the development of
concentric ventricular hypertrophy. In this manner systolic stress of the
ventricular wall is maintained within normal limits. Compliance is less
with the increase of wall thickness and this may result in a considerable
further elevation of wall tension and afterload when end-diastolic volume
rises (dilatation), e.g. when the heart is unable to sustain the continuing
pressure overload. This leads to a rapid decrease of ejection fraction.
In compensated hypertrophy myocardial function and ejection fraction
are normal (BRAUNWALD, 1980b). DODGE (1977) and BORER et al.
(1978a) have even described supra-normal ejection fractions in patients
with uncomplicated aortic stenosis.
Regardless of these important compensatory mechanisms, most of these
patients, when stressed, show a rapid decline of performance. This has
been shown to happen without a depression of intrinsic myocardial
contractility or the development of ischemia. According to GUNTHER
and GROSSMAN (1979) this is the result of inadequate hypertrophy
relative to the (additional) stress imposed. After corrective surgery
muscular mass is inappropriate with regard to impedance and
ventricular performance improves, even when originally ncrmal,
until hypertrophy and stiffness revert to normal (CROKE et al.,
1977).
The combination of aortic stenosis and regurgitation is particularly
harmful to cardiac performance. While in isolated insufficiency of the
aortic valve compensation is provided for by an increase of end-diastolic
volume, the resultant large stroke volume, now, has to be ejected against
an abnormally elevated afterload. This leads to a decline of
ejection fraction, relatively early in the course of disease. After
surgery ventricular performance returns to normal less frequently
than in patients with aortic stenosis alone (KENNEDY et al.,
1977).
Aortic stenosis also intensifies the severity of an existing mitral regurgitation, as the ventricle seeks to empty in the direction of lowest
resistance (BRAUNWALD, 1980c).
In conclusion, ejection fraction is readily changed by acute alterations of
afterload without changes of underlying myocardial contractility. When,
however, more chronic changes of afterload are at stake, compensatory
mechanisms should keep ejection fraction within normal limits. With
faltering compensation ejection fraction deteriorates, providing a sensitive means of longitudinal study.

j

2. 4 Ejection fraction and contractility
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Although many issues, relevant to the interaction of ejection fraction and
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NORMAL

DEPRESSED

VOLUME —
E F 0.60 — 0.51 — 0.51

VOLUME —
bF

0.51 — 0.37 — 0.39

Figure 11
Increase of preload to compensate for decreased contractility. Stroke volume is maintained (C'D"=CD), but ejection fraction decreases. Percentage loss is less when contractility is initially normal (a) and increase of preload (B->B') to restore stroke volume has
to be greater, when contractility is already depressed (b).

contractile state, have already been mentioned in the previous paragraphs, there remain some points to be discussed.
Changes of contractility can be either quantitative or qualitative. Temporary or permanent loss of myocardial mass, as occurs as a result of
generalized disease or degeneration, ischemic injury and various cardiomyopathies being the most common causes, leads to a quantitative
decline of contractility. Qualitative changes, without apparent structural
alteration, are induced by — as yet not completely elucidated — intrinsic
variations in the fundamental biochemical machinery of each sarcomere.
A variety of toxic, metabolic, infectious and therapeutic agents are
known or suspected to influence the intensity of the active state of the
myocardium in this manner (BRAUNWALD and ROSS, 1979).
The same mechanisms also mediate the response to variations in
sympathetic nerve activity, the effects of rate and rhythm and the
damaging influence of chronic excessive loads (BRAUNWALD, 1980a).
Whatever the cause or mechanism, the net result of a change of
contractility is an alteration of the heart's pressure capacity, a shift of the
functional curve at any volume. Ejection fraction varies along with the
concomitant reduction or increase of the extent of myocardial fiber
shortening (fig. 11).
In the normal heart cardiac performance can be modified over a large
range by the adaptative interaction of preload and afterload, while
primary recurrence to a change of contractility is of minor importance.
An increase of contractility, such as by means of a glycoside, is even
counteracted by the other physiological determinants of performance
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(SONNENBLICK et al., 1966; BRAUNWALD, 1971). The failing heart,
when compensatory mechanisms, such as dilatation and hypertrophy, fall
short of maintaining an adequate and appropriate stroke volume, is
progressively dependent on contractile reserve. Attempts to increase
stroke volume by an inotropic intervention may not be as effective as
hoped for, because contractility of, even the stimulated ventricle, remains
subnormal. Moreover, there is no way left to deal with a further decline
of contractile capacity or with an additional load.
Ejection fraction, in all these situations, faithfully reflects the normality
or abnormality of stroke volume relative to end-diastolic volume. When,
on the other hand, the effects of treatment are monitored, it is of great
importance to assess if accompanying significant variations of loading —
if not the main goal of that particular therapeutic intervention — might
have had the same directional influence on the observed change of
ejection fraction.

;'

2.5 Ejection fraction and wall motion
Normal ventricular contraction consists of a uniform, almost concentric,
inward motion of the entire wall during systole, i.e. myocardial synergy.
Many diseases of the myocardium, including severe ischemic cardiomyopathy associated with atherosclerosis of mutiple coronary vessels,
cause the kind of generalized dysfunction of the left ventricle discussed in
the previous section (BURCH ct al., 1970). A more localized
disturbance of the coordinated and sequential contractile behaviour,
an asynergy of contraction, may have the same profound influence on overall ventricular performance, even when the remaining myocardial muscle has normal contractile properties. Such
focal abnormalities of wall motion have been described in coronary
artery disease during periods of ischemia and after myocardial infarction
(HERMAN et al., 1967). The magnitude of the effect is more dependent
on the extent of such asynergic zones than on their localization (MILLER
et al., 1976). Apart from inducing a functionally non-contracting myocardial segment, ischemia and scarring also lead to a reduction of
diastolic distensibility (BRAUNWALD, 1980b). With mild disturbances
of regional myocardial contraction, the first change that can
be discovered, due to this altered compliance, is an elevation
of end-diastolic pressure with unchanged volume. When asynergy involves larger parts of the ventricular wall, in excess of 15-20% of
the surface, cardiac dilatation is inevitable (HERMAN et al., 1967;
ALPERT and BRAUNWALD, 1980). As stroke volume can no longer be
maintained by the use of the Frank-Starling mechanism of the uninvolved myocardium, ejection fraction rapidly decreases. In the presence
of depressed contractile function of the remaining myocardium these
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changes occur earlier and tend to be more severe.
In some cases — 10 to 15% of patients with a myocardial infarction
(ABRAMS et al., 1963) — sustained diastolic stretching of the noncontracting segment leads to anatomical disruption of the constituting
tissues, often a combination of fibrous scar, necrotic and still viable
myocardial fibers. This causes a special type of asynergy, known as
dyskinesia or paradoxical movement. When circumscribed, this regional
systolic expansion is called an aneurysm (COHN and BRAUNWALD,
1980). The aneurysmal outward movement "steals" some of the left
ventricular stroke volume during each systole. The magnitude of stroke
volume loss is determined by the compliance of the aneurysmal wall, in
turn dependent on its composition,containing more or less dense fibrous
tissue (SWAN et al., 1972; COHN and BRAUNWALD, 1980).
In a hemodynamic sense there are resemblances with mitral regurgitation, as part of the stroke volume is "ejected" into a low-impedance
area prior to aortic valve opening. In contrast with this valvular lesion,
when uncomplicated having a normal ejection fraction at least, the heart
with an aneurysm generally exhibits an abnormal ejection fraction value
due to the compromised contractile capacity. Compensatory dilatation
may for some time allow the maintenance of forward stroke volume.
When the remaining myocardium is also abnormal or gets damaged by
the chronic progressive dilatation, stroke volume and ejection fraction
decline as the ventricle moves to the right along its already depressed functional curve. With the simultaneous occurrence of an aneurysmal wall motion abnormality and an insufficient mitral apparatus, a situation not uncommon to ischemic heart disease, the combined need for compensatory
increase of volume will aggravate the severity of the valvular incompetence, creating a self-perpetuating vicious circle.
The extent of ejection fraction reduction in coronary artery disease is
closely related to mortality in the first few months after a myocardial
infarction and with morbidity, i.e. faillure of ventricular function, in
survivors (KOSTUK et al., 1973; SCHELBERT et al., 1976). When
coronary artery bypass surgery or, in fact, cardiac surgery in general, is
considered, the most important risk factor is the pre-operative state of the
left ventricle (COHN et al., 1974a).
Reversal, be it during rest or exercise, of a reduced ejection fraction and
abnormal regional wall motion, after pharmacological vasodilatation, e.g. with nitrates, indicating the presence of still viable myocardium, provides an additional means of pre-operative evaluation
(SALEL et al., 1976; COHN et al., 1976; BORER et al., 1978b).
With respect to surgical outcome, different subgroups of patients might
be identified, which either profit from their operation not only with
symptomatic improvement, but also with a real amelioration of ven-
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tricular function, or have a reduced risk, despite severe dysfunction.
It must, however, be realized that nitrates, in addition to their effects on
regional myocardial perfusion, have important systemic vasodilating
effects, thus, inducing changes of preload and afterload as well (MASON,
1978).
It will be clear, in summary, that in the presence of asynergy of the
ventricular wall, ejection fraction not only reflects the loss of functional
myocardium, but also the effectiveness of compensation for the partial
sequestration of stroke volume with the ensuing reduction of ejected
volume. As a parameter of the extent of myocardial damage it is
intimately linked to prognosis, while changes of ejection fraction during
diagnostic and therapeutic interventions may indicate reversibility and
aid in the choice of appropriate treatment.
2. 6 Ejection fraction and exercise
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Various measures of left ventricular function, including ejection fraction,
may be normal when obtained at rest, even in the presence of significant
cardiac disease (EPSTEIN et al., 1967). Exercise testing, supine or
upright, dynamic or isometric, has acquired a wide field of application
for the detection of these hidden abnormalities, especially after the
introduction of standardized protocols, such as proposed by BRUCE et
al. (1969). All tests, by imposing an additional load, try to elicit changes
indicative of failing function.
In coronary artery disease these changes are often mediated through a
mismatch of oxygen consumption and coronary flow, leading to ischemia
and abnormal wall motion and its consequences. In other forms of heart
disease adaptation of stroke volume in accordance with the changes of
loading exceeds the functional reserve capacity of the ventricular muscle.
Dynamic exercise is thought to be superior to isometric stress (SHEFFIELD, 1980). In spite of this fact, handgrip isometric tests are often
used, due to the ease of performance and the limited patient motion
associated with their execution, an important advantage in studies with
in-dwelling vascular catheters and during echocardiography and nuclear
medicine procedures. Results with both types of exercise are generally in
accordance with each other, but it seems possible that patient selection
iplays a role. When functional reserve is limited, even a modest increase of
load may be adequate to provoke an abnormal response (SHEFFIELD,
1980).
In normal individuals, although along different paths and related to the
degree of exeicise and the posture in which it is carried out, ejection
fraction tends to increase during the stress of exercise (ROSS et al., 1966;
SHARMA et al., 1976). In contrast, ejection fraction has been shown to
decrease during various kinds of exercise, as well in patients with
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coronary artery disease (SHARMA et al., 1976; BODENHEIMER et al.,
1978a; BERGER et ai., 1979a; FRISCHKNECHT et al., 1979) as in
patients with other cardiac diseases (BORER et al., 1978c; SHEFFIELD,
1980).
During interpretation of results care should be taken not to translate
changes of ejection fraction directly into terms of varying contractility or
even functional abnormality, because adaptations of loading are essential
in mediating different kinds of response.
Furthermore, ejection fraction response to exercise is probably influenced by ageing, being less and even "abnormal" in older subjects
(PORT et al., 1980).
Nevertheless, exercise testing and recording of the changes of ejection
fraction offer possibilities in the assessment of functional cardiac reserve
— not necessarily contractile reserve per se — in the presence of hidden abnormalities. Stress testing can also be used to evaluate the influence on this
reserve of medical and surgical treatment (BORER etal., 1978b; NEWMAN
et al., 1978).
At the end of this chapter we may conclude that ejection fraction
measurements add an important dimension to the characterization of
ventricular performance. While stroke volume and, even more so, cardiac
output may change due to alterations of any determinant of performance
other than contractility, ejection fraction, even if not directly measuring
contractile capacity under all circumstances, at least reflects the ability of
the cardiac muscle itself to generate a certain ventricular output relative
to a certain initial volume.
A substantial part of the information on ejection fraction changes after
interventions, contained in this chapter and requiring repeated measurements, has only become available in larger groups of patients with the
introduction of non-invasive methods of determination, in particular
radionuclide studies.

CHAPTER 3
RADIONUCLJDE STUDIES OF THE HEART; METHODOLOGICAL
CONSIDERATIONS
3.1 Introduction
Radionuclide studies of the heart can be used to measure several
important indicators of cardiac function thsi might, otherwise, be obtained only with the more conventional invasive procedures. Although
not entirely non-invasive themselves, since a peripheral venous injection
is required, they do offer important advantages over cardiac catherization. In contrast to this mode of investigation, they have been shown to
be safe and repeatable with a much lower radiation exposure to the patient.
They do not induce measurable hemodynamic alterations and can be
performed in out-patients as well. On the other hand, anatomical detail is
much less than the sharp resolution offered by most cineangiograms.
A variety of nuclear medicine methods has been described for the
external monitoring of a gamma-ray emitting nuclide within the heart,
either involving a gamma scintillation camera or a scintillation probe,
either to evaluate myocardial perfusion and viability or to measure
ventricular contractile behaviour, be it by first-pass or by gated equilibrium methods.
As assessment of ventricular performance by gated equilibrium ventriculography was our own prime interest, discussion will concentrate
on this method. Nevertheless, when pertinent, some aspects of other
techniques will be mentioned for comparative purposes and as a means to
analyse the perspective in which the results should be placed.
3.2 Ventricular performance; first-pass method
The methods that aim to measure indices of cardiac performance can be
devided into two broad categories: first-pass and gated equilibrium
methods. The first-pass method is based on the recording of the intitial
transit of a radiotracer through the heart. The characteristics of this
passage of a bolus of radioactivity were first described by PRINZMETAL et al. (1949) and further applied by DONATO et al. (1962).
Quantitative analysis of their studies was dependent on application of the
indicator-dilution principle to the time-activity curves obtained over the
pre-cordial area. The scintillation probes and other detectors used in those
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days, however, had poor spatial and temporal resolution, largely limiting
their usefulness.
Much better spatial resolution was, eventually, achieved with the
development of the Anger scintillation camera, allowing the visual
indentification of consecutive individual cardiac compartments from a
series of rapid-sequence images (MASON et al., 1969; KRISSet al. 1971).
Higher count-rate capabilities of newer generations of gamma cameras,
especially the multi-crystai camera, enhanced the temporal separation of
events even more. Apart from the earlier measurements of chamber-tochamber transit-times and cardiac output, computer analysis of the highfrequency time-activity curves, now available from well delineated regions of interest, has provided a reproducible means for the calculation of
right and left ventricular ejection fraction (BERGER et al., 1979b;
HECHT et al., 1978; TOBINICK et al., 1978) and ejection rate (MARSHALL et al., 1977) in various cardiac disease states.
A typical left ventricular time-activity curve is shown in fig. 12. The
characteristic fluctuations in counting rate are representative of the
changes during successive cardiac cycles.
Each peak correspondends to left ventricular counts at end-diastole
(ED), each valley to end-systole (ES). Fig. 13 shows a computer print-out
of a comparable curve and the possibility to construct an average
composite cycle from these data.
After subtraction of non-cardiac background, ejection fraction can be
calculated from these parameters using the formula:
counts at ED — counts at ES
EF =
'counts at ED
Results are well in accordance with ejection fraction values found at
cardiac catheterization (FOLLAND et al., 1977; MARSHALL et al.,
1977; JENGO et al., 1978).
Regional wall motion can also be evaluated by subjective analysis of a
movie-fashion display of composite images that can be constructed by the
computer from the time-activity data. In fact, an important point in
favour of this method is the accessibility of all conventional angiographic
wall segments of the left ventricle, without interference of the overlying
right heart chambre (BODENHEIMER et al., 1978b). In turn, the firstpass technique has been proven, due to its excellent temporal separation,
to be the best method for the non-invasive study of regional right
ventricular wall motion and calculation of right ventricular ejection
fraction (STEELE, 1976; BERGER et al., 1978). As in the case of ejection
fraction, wall motion analysis correlates well with angiographic results
(JENGO et al., 1978).
Automated data storage and handling also greatly facilitated detection
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ES
AVERAGE COMPOSITE CYCLE

Figure 13
Figure 12
High-resolution, analog registration of the first passage of a bolus of radioactivity through
the left ventncle. Activity or counts of each peak represent end-diastole (ED) and of
each valley end-systole (ES).
Figure 13
Time-activity curve reconstructed from computer digitized first-pass count data. Further
computer handling allows construction of an average composite cycle from a small
number of successive beats.

and quantification of intra-cardiac shunts (ASKENAZI et al., 1976).
Determination of ventricular volumes, although advocated in the very
first publications (MULLINS et al., 1969; SULLIVAN et al., 1971),
surprisingly, received but little attention, afterwards. The potential calculation of pulmonary blood volumes and valvular regurgitant flows,
inherently available as well, have not been validated either.
Another great advantage of the first-pass method is the short acquisition time, a complete study taking less than 30 seconds. The
technique, therefore, is well suited for assessment of rapid changes of
cardiac performance, such as during exercise (BERGER et al., 1979a),
and for investigations in very ill patients. Other applications
include the study of short-time effects of various drug interventions (MARSHALL et al., 1978).
Drawbacks to the method are the dependence on a high-qualilty bolus\
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injection of radioactivity, the critical role of proper patient positioning,
the rather cumbersome data processing and the need for repeated
injections for repeated studies, with increasing radiation dose delivered to
the patient. Not in the last place, statistical considerations support the
preferential use, especially when wall motion is to be studied, of a
multi-crystal camera, a dedicated system limited in its other possibilities
for (cardiovascular) nuclear medicine (PIERSON et al., 1979).
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3.3 Ventricular performance; gated equilibrium method
3.3.1 Introduction
The gated equilibrium bloodpool method differs from the first-pass technique by virtue of the fact that recordings are made of a radioactive tracer
substance, usually a 99m-technetium (99mTc)-compound, which is homogeneously distributed within the vascular space throughoutthe wholeduration of the study. Superior resolution as opposed to the multi-crystal camera's smaller dead-time, i.e. higher count rate capability — of such
importance for the recording of the fast changes during first-transit
studies—has made the conventional Anger camera the instrument of choice
for gated equilibrium studies since their introduction by ZARET et al.
(1971).
Most studies are performed with a low-energy parallel-hole all-purpose
collimator. When shorter acquisition times are required, e.g. during
intervention studies, a high-sensitivity collimator may be used, sacrificing
spatial resolution for higher sensitivity. Apart from an appropriately
collimated scintillation camera, further requirements consist of a device
("gate") to activate the camera at specific portions of the cardiac cycle
and a means of data recording and analysis, such as a computer. Since
understanding of mode of acquisition and analysis of data is essential to
the interpretation of results obtained, these subjects and some others will
be more extensively reviewed.
Recently a non-imaging scintillation probe, using the same gated
equilibrium approach and based on the work of WAGNER et al. (1976),
was introduced. This probe system will receive a separate discussion
further on.
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3.3.2 Gating procedure
Fundamental to radionuclide ventriculography at equilibrium is the
availability of a physiological marker, usually the R-wave of the electrocardiogram, to synchronize the changes of activity versus time within the
cardiac bloodpool with specific portions of the cardiac cycle. This
"gating" signal is used to start and stop gamma camera data acquisition
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Figure 14
Schematic representation of electrocardiographic gating during equilibrium bloodpool
scintigraphy (two-frame method). Gamma camera acquisition is enabled during brief
end-diastolic and end-systolic time periods of many successive cardiac cycles (horizontal
bars). Counts from each of the corresponding intervals are added to construct average
cumulative images of end-diastole (ED) and end-systole (ES).
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Figure 15.
Schematic representation of the gating procedure during multiple gated acquisition
(MUGA). Counts are recorded during successive brief intervals after each R-wave signal
and then integrated to obtain a composite curve of the changes of activity from R-wave
to R-wave. Maximum counts of this curve correspond to end-diastole (ED) and minimum
counts to end-systole (ES).
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in order to assemble identically phased brief recording periods, either
continuously troughout successive cycles or for discrete periods, such as
end-systole and end-diastole. ZARET et al. (1971) showed that enddiastoie can be recorded during the 60 msec, interval preceding the peak
of the R-wave, end-systole during the last 40 msec, of the downslope of
the T-wave. This method is known as the two-frame method (fig. 14).
When more than two images are recorded (multiple gated acquisition or
MUG A), their number depends on R-R interval duration and the choice
of frame duration, lying mostly between 20 and 40 msec. (fig. 15).
Modern gating procedures often include not only automatic analysis of
the time from one R-wave to the next and computation of the "best"
systolic and diastolic time periods, but also up-grading of these times with
changing heart rate and even rejection of unwanted beats, be it with too
short or too long an interval (arrhythmia filtering). Since insufficient
counts are available during a single cardiac cycle, multiple cycles must be
recorded and summated to obtain statistical relevant results and a highresolution composite average image with a total number of counts in
excess of 300.000 (STRAUSS and PITT, 1977). The time to accumulate a
complete study, then, depends on heart rate and its possible irregularities,
the amount of radioactivity administered, detector sensitivity and number of views.
One of the problems with pre-selecting the intervals for gating, especially
when only two periods are used, is that mechanical systole may not occur
in relation to electrical systole, i.e. at the time selected. This may, for
example, occur in the presence of conduction abnormalities. With
continous recording throughout the cardiac cycle,with a sufficiently short
sampling interval, this problem can be avoided.
When heart rhythm is irregular, end-diastole may be difficult
to determine resulting in the degradation of the recorded data.
Rejection of premature beats can help to circumvene this difficulty.
Although such a sophistication in data recording seems important, it
appears of small benefit in clinical practice. The gated scan at equilibrium, by its very nature, can tolerate the recording of some aberrant
data (STRAUSS et al., 1979). Marked irregularities of rhythm do,
however, interfere with image value and reliability of quantification.
As the duration and timing of systole do not change linearly with
cardiac cycle length, the influence of arrhythmias on the systolic portion
of data acquisition is relatively small.
3.3.3 The radiopharmaceutical
The need to accumulate data for several minutes, when follow-up
examinations are intended during interventions, for several hours, requires that the radiopharmaceutical is not only homogeneously dis-
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tributed within the vascular compartment before the start of the study,
but remains so till the end. When this is accomplished, repeat studies or
different views can be obtained with a single injection and without the
need for a concentrated bolus (BODENHEIMER et al., 1980).
Many laboratories use technetium-99m-labeled human serum albumin
(99mTc-HSA) as such a bloodpool tracer, the 99mTc being eluted from a
99Mo-99mTc-generator system and added to an instant-labeling kit,
equally available commercially. Labeling is fast, within 10-15 minutes,
and efficiency routinely exceeds 90% (THRALL et al., 1978). Once
injected, there is slow leakage from the vascular space leading to
appreciable deterioration of target-to-background ratio and cardiac
border definition beyond 3 hours after administration (STRAUSS and
PITT, 1977; THRALL et al., 1978). Another drawback is the high uptake
of these preparations in the large albumin-pool of the liver adjacent to the
heart.
An alternative method for producing a satisfactory intravascular
tracer involves in vivo — as described by PAVEL et al. (1977) — or in
vitro — according to SMITH and RICHARDS (1976) — binding of
99mTc to the patient's own red blood cells (HEGGE et al., 1978). Both
labeling procedures require some experience and time — up to 30 minutes
— for every individual patient, whereas multiple studies can be performed
from one preparation of 99mTc-HSA. The in vitro method involves
external manipulation of the patient's blood as well. In vivo
red blood cell tagging eliminates this risk, but efficiency is lower
than the 95% that can be reached in vitro, may be as low as 65% (VYTH
et al., 1981). Target-to-background ratios are superior for prolonged
periods of time, in particular with the in vitro method. With further adaptations of methodology, in vitro labeling of red blood cells will probably prove
to be the procedure of choice to produce a stable intra-vascular agent, the
limiting factor of effectiveness being the physical half-life of 99mTc
(THRALL et al., 1978; ATKINS et al., 1980).
Labeled human serum albumin, however, offers a suitable trade-off for use
in daily routine (STRAUSS and PITT, 1977).
3.3.4 Patient positioning
The examination is mostly carried out with the patient in the supine
position, while the camera head is rotated to the desired angulation to
obtain a particular view of the heart. Proper positioning is visually
controled on the image display of the gamma camera and is easily
reproducible. Patient motion is minimal in this manner, a pre-requisite
with regard to the longer duration of the study compared to first-pass
measurements.
Stress interventions such as bycicle-exercise, even when performed
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supine, are likely to provoke unwanted motion which may influence the
accuracy of results. In clinical practice this seems to be not as much of a
problem as could be expected, since this kind of intervention is sfudied
widely, while more passive physiological changes during drug administration or volume alterations receive only minor attention (PIERSON et
al., 1979).
Generally, studies that aim to assess left ventricular wall motion art
performed in two positions, the 30° right anterior oblique (RAO) or
anterior view and the 40-50° left anterior oblique (LAO) view (STRAUSS
and PITT, 1977). The RAO view is used for comparison with contrast ventriculography, as it is the only view to observe the long axis of the left ventricle. It further allows inspection of anterior and apical wall segments. The
simultaneous presence of activity in all compartments of the heart and the
lungs, without temporal separation, precludes free visualization in this view
of all left ventricular borders, in particular of the basal and inferior parts,
for, as already mentioned, there is superimposition of the right ventricle
on the left. Assessment of wall motion and abnormalities of contraction,
therefore, is less sensitive than measurement from RAO first-pass studies.
Yet, in combination with a LAO view, although with its own limitations
of viewing angle, only three of the classical regional segments — septal,
infero-apical and (postero-)lateral — being seen on tangent, high accuracy in comparison to results of cardiac catheterization can be achieved
(OKADA et al., 1980).
Global ventricular function — ejection fraction and related indices —
is usually derived from LAO images, in which the left ventricle can be
separated best from the surrounding structures and the limitations of
viewing angle present no problem. Some authors advocate the application of a modified LAO view, i.e. with some caudal tilt of the camera
head, to minimize left atrial and left ventricular overlap (SLUTSKY et
al., 1980a). This caudal angulation increases the distance between detector
and ventricle and, thereby, decreases resolution. Specially designed
collimators can overcome this positioning-distance problem (PARKER
et al., 1977), but have found only limited application. Bi-plane collimators, currently under study and capable of producing two projections
simultaneously, may prove useful, as it seems possible to obtain all
available information at one time, without the need for different projections, one after the other (PIERSON et al., 1979).
Regional wall motion of the right ventricle, apart from marked
abnormalities, can not be well appreciated by gated equilibrium ventriculography, again because of ventricular overlap.
3.3.5 Data recording and analysis
The stream of nuclear data or counts representing the regional distri-
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bution of tracer in the gamma camera's field of view at end-systo!e and
end-diastole or in the continuous series of short time-intervals during the
whole cardiac cycle, is now, almost uniformly, stored in a digital
computer. Processing of these data is inherently accompanied by deadtime count losses ïn the camera and the camera-computer interface,
especially so, when first-pass studies — with their typical high counting
rates — are performed on a conventional Anger scintillation camera.
This loss of quantitative information, although often quite significant,
does not affect the static imaging procedures,such as a gated equilibrium
study,to a large extent (ADAMS et ai., 1978). Since, moreover, count rate
does not vary too much from end-systole to end-diastole, corrections are
not routinely performed.
From the memory of the computer a digitized image, consisting of 32x32,
64x64 or 128x128 matrix elements or pixels, is redisplayed on a videomonitor for analysis. This may be as single images or as a cinematographic
real-time display, creating the illusion of viewing a contracting heart and of
great help for the assessment of wall motion. The number
of matrix elements determines "digital resolution" or the accuracy
of structural detail. The larger the number of pixels, the better
the resolution. In turn, the size of computer memory determines the
number of matrices that can be collected. Most studies use a 64x64 format,
as it provides sufficient definition for satisfactory border delineation,
without using too much space in the computer memory.
Analysis of the earliest studies consisted of tracing the end-systolic and
end-diastolic contours of the left ventricular images, enlarged to life-size,
on transparant paper. The tracings,then,were superimposed and regional
contraction quantified by measurement of percentage change of ventricular
axes (ZARET et al., 1971). As we saw, wall motion analysis is now
greatly improved by viewing the movie-like displays made possible by the
computer. With certain algoritms segmental motion can even be quantifled automatically. MUGA methods provide a smoother cine-display of
the cardiac cycle allowing detection of more subtle motion abnormalities
(BORER et al., 1977). With cine-mode studies consisting of only two
images, however, overall accuracy of subjective determination of regional
wall motion has been shown to be equallv good (OK AD A et al., 1980).
Originally STRAUSS et al. (1971), similar to the procedure of contrast
ventriculography, also used the tracings of ventricular outline to determine end-sys'olic and end-diastolic volumes — with subsequent
calculation of ejection fraction — by the area-length method of D O D G E
et al. (1966). Like SULLIVAN et al. (1971), who employed the first-pass
method, they found excellent correlations with volumes determined by
left ventricular angiography. This method of calculation assumes every
left ventricle, good or bad, to conform to an ellipsoid of revolution. As
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this assumption may prove wrong, particularly in the presence of the regional asynergy often present in coronary artery disease, thus limiting accuracy,
volume determinations never knew a broad field of application. The
advent of count-based techniques for the determination of ejection
fraction, a method that provides data less influenced by geometrical
considerations (PARKER et al., 1972; SCHELBERT et al., 1975), may
have opened new says. Recently,SLUTSKY et al. (1979a) related counts
within the ventricular area to true volume by counting an aliquot of the
patient's blood withdrawn during MUGA. Their first results are promising,but need further investigation and validation. One of the aspects
to be studied is the influence of attenuation and self-absorption, in
particular of the enlarged ventricle.
From their start, count-based methods have primarily been used for the
calculation of left ventricular ejection fraction. The basis of
this application lies in the homogeneous distribution of tracer
in the heart making radioactive events or counts numerically equivalent,
but not equal, to volume and determination of ejection fraction independent of knowledge of true absolute volumes.
The number of counts within the left ventricle at end-systole or enddiastole can be determined by assigning, with aid of the computer,
ventricular areas of interest at these particular moments. Alternatively,
the changing count-rate during the entire cardiac cycle may be derived as
a plot of counts versus time for each chosen time interval integrated over
multiple cycles (GREEN et al., 1978). The resulting "volume-curve" is
strikingly similar to the volume curves that can be constructed from
sequential-frame volumes calculated by angiography (fig. 15) and to the
time-course of activity of the average cycle of first-pass radionuclide
studies.
Definition of regions of interest is executed by manual delineation of
the left ventricular contour on the video-screen of the computer with a
"light-pen" or with automated edge-detection programs, which minimize
observer bias — but can be biased themselves — and probably enhance
reproducibility (BUROW et al., 1977; SORENSEN et al., 1979). Regions
can be "fixed" — being large enough to encompass the left ventricle
during diastole and consequently during the rest of the cardiac cycle — or
variable, i.e. varying with ventricular dimensions during ventricular
contraction (SLUTSKY et al., 1980a).
A mojor problem of the count-based methods involves appropriate
correction for counts that do not originate from the left ventricle.
Numerous approaches to determine this background activity have been
utilized (ASHBURN et al., 1978), each with its own theoretical assumption and none completely satisfactory- (STRAUSS et al., 1979). Nevertheless, some form of background correction is ordinarily made to avoid
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underestimation of ejection fraction. One of the methods used most often
consists of assigning a horseshoe-shaped region of interest just adjacent
and lateral to the left ventricular border (BUROW et al., 1977; FOLLAND et al., 1977; SORENSEN et al., 1979; SCHELBERT et al., 1975).
Care should be taken to avoid inclusion of atrial or large vessel activity
in the background area of interest, for this may induce significant
changes during the cardiac cycle influencing the results of ejection
fraction calculation. Most authors use a mean value of background
counts to correct for small variations that can not be avoided (GREEN et
al., 1978; QUERESHI et al., 1978). Ejection fraction (EF) is then
calculated from counts at end-diastole (EDC) or maximum counts of the
"volume" curve and counts at end-systole (ESC) or minimum counts of
the "volume" curve,corrected for background (BG):
- BG) - (ESC - BG)
'_J:
(1)
EDC - BG
or, assuming that background is relatively constant throughout the
cardiac cycle:

l

>

;

•

v(EDC

EF=

-,

K
*<

EF=

EDC - ESC
EDC-BG

(2)

t

p

I
\-

?-:

'•'

From the above formulae it can be seen that stroke counts (SC) are
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Apart from ejection fraction, volume-equivalent curves contain information on other ejection-phase indices, likeemptyingrates(BACHARACH
et al., 1979; BIANCO et al., 1979), systolic time intervals (QUERESHI
et al., 1978) and ejection fraction during the first third of
systole (SLUTSKY et al., 1979b). Their additive value in the
evaluation of clinical problems, compared to measurements of ejection
fraction alone, has yet to be proven (BIANCO et al., 1979).
Accurate delineation of right ventricular areas of interest is much
more difficult, as this ventricle is usually a small crescent wrapped around
the left and right atrial overlap is substantial, even when these cardiac
compartments are not enlarged. Although first-pass measurements are
superior to obtain count data from the right ventricle, the advantages of
the gated equilibrium method for the evaluation of drug interventions in
patients with cardiac as well as with lung diseases and renewed interest in
the possible quantification of valvular regurgitation, first described by
RIGO et al. (1979), have generated new efforts to apply this method to the
assessment of right ventricular performance as well (MADDAHI et al.,
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1979). Notwithstanding the problems met in choosing representative
regions of interest, these authors found a good correlation of right
ventricular ejection fraction (RVEF) values by first-pass and by gated
equilibrium methods.
Stroke counts can also be determined in this manner. Knowing right
ventricular (RVSC) and left ventricular stroke counts (LVSC) at the same
time, both being equivalent to stroke volume, their ratio — that normally
should be unity — can be determined and used as a diagnostic index
(stroke count index or SCI) of left ventricular valvular regurgitation:
SCI =

LVSC/RVSC

(4)

Regurgitant fraction (RF), used by some to objectivity quantify valvular
incompetence, can be calculated from the formula:
LVSC - RVSC
RF=

(5)

RVSC
or, by simple arithmetics:
LVSC
,x
RF=
1
(6)
RVSC
Apart from the arithmetic manipulation of count data, the use of a
computer also allows comparable "calculations" to be made with whole
images. As these images are based on the same, volume-equivalent, count
data, the difference of the end-diastolic and end-systolic images is an
image of stroke volume. When this is divided by a background-corrected
diastolic image, a functional representation of ejection fraction is acquired,
which is really a map of regional ejection fraction throughout the left ventricle. Abnormalities of these images correlate to a high degree with wall motion disturbances on the contrast ventriculogram (MADDOX et al., 1978).
3.4 Ventricular performance; gated equilibrium probe studies
Earlier in this chapter we already mentioned the use of pre-cordial
detectors in the very first radionuclide studies of the heart. We also
indicated the lack of temporal separation of these probes in the registration of events during the first passage of activity through the central
circulation, limiting their use to determinations of cardiac output (DONATO et al., 1962) and the detection of left-to-right shunts (FOLSE and
BRAUNWALD, 1962). The greatly improved sensitivity and temporal
resolution of later generations of scintillation detectors opened new
interest and new fields of application, an evolution that seems to yield
promising tools for the non-invasive assessment of cardiac function.
STEELE et al. (1974) were among the first to calculate ejection fraction
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from the beat-to-beat fluctuations in the left ventricular phase of the
precordial time-activity curve. Up to that moment, probe techniques were
relatively insensitive to the accuracy of pre-cordial position. The necessity
to record not only a representative ventricular curve, but to obtain an
approximation of background as well, made positioning a critical part of
this new procedure. GROCH et a!. (1976), subsequently, solved this
problem by using a dual-probe system, collimated in such a manner as to
provide simultaneous registrations of left ventricular count-rate variations and of an annular background area surrounding this cardiac
chamber. Positioning by external marking of the mid-point of the left
ventricle was carried out with the aid of echocardiography. Ejection
fractions, calculated from the background corrected end-diastolic and
end-systolic count-rates, proved tocorrelateexcellentlywith those obtained
at angiography.
Just as with first-pass gamma camera procedures, serial measurements
of this kind require repeated injections of the radionuclide, although,
even with multiple administrations, the amount of radioactivity needed is
less than for a single camera study. As mentioned, this can be
avoided with the gated equilibrium method a n d , after early
work by H O F F M A N N a n d K L E I N E (1968), this mode of recording was adopted by W A G N E R et al. (1976) a n d B A C H A R A C H
et al. (1977). They also introduced the use of a dedicated micro-processor
to analyse the output of the probe system, i.e. the time-activity data, in
relation to an electrocardiographic R-wave gating signal.
Positioning, after equilibration of the tracer in the bloodpool, can be
performed,without any additional equipment,with the aid of the microprocessor, that displays the time-activity fluctuations in real-time on a
cathode-ray tube. Maximum periodicity in count-rate corresponds to the
optimal position over the left ventricle, background is represented by the
first
position below the ventricle without periodicity.
WEXLER et al. (1980) showed localization of ventricular and background positions to be reproducible and in accordance with echocardiography and X-ray examination. Yet, occasional difficulties in
proper positioning with these "blind" systems are reported (BACHARACH et al., 1977).
After the determination of background, ejection fraction can be
numerically extracted on a beat-to-beat basis from the time-activity
variations displayed. This mode of acquisition seems promising for the
study of effective cardiac performance during natural or induced disturbances of rhythm (CAMARGO et al., 1980; BERGER et al., 1981).
Information can also be accumulated for discrete, short time intervals
during successive cardiac cycles and integrated to obtain an average
representative time-activity curve, just as with MUG A camera studies.
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Acquisition times, however, are substantially shorter due to the high
sensitivity of the detector and a representative and statistically reliab'e
curve can be constructed from 30 seconds of data.
Apart from ejection fraction, ejection and filling rates and systolic time
intervals can also be derived from these curves with a high degree of
accuracy (BACHARACH et al., 1977; WEXLER and BLAUFOX, 1979).
The non-imaging characteristics preclude the use in observations that
aim to use regional disturbances of wall motion as a sensitive index of
myocardia! abnormality during exercise or drug interventions, sometimes
occuring without affecting global ventricular function.
This absence of imaging possibilities, together with the dependency on
proper positioning and the sensitivity to patient motion,must be weighed
against ease of use, the ability to perform both first-pass and gated
equilibrium studies really at the bedside and the possibility of monitoring
fast changes of multiple parameters of left ventricular function during
interventions and changes of heart rhythm.
3.5 Accuracy of ejection fraction determinations by the gated equilibrium
method
Most studies reported deal with cardiac patients, the grefit majority with
coronary artery disease. Some include patients with a variety of other
heart diseases,such as valvular abnormalities. Ejection fraction values of
normal subjects, therefore, are hard to find. Mostly the results from small
groups of volunteers or from individuals suspected of some abnormality,
but consequently proven to be free of demonstrable cardiac disease, are
used.
QUERESHI et al. (1978), in eight normal male volunteers found
ejection fraction to be 0.56 ± 0.08 (SD). In 14 normal subjects, 35 - 63
years of age, from a study by BORER et al. (1977), without clinical,
electrocardiographic or echocardiographic evidence of cardiovascular or
other systemic disease and with an echocardiographic ejection fraction of
more than 65%, ejection fraction by gated equilibrium scintigraphy also
averaged 56 percent with a range of 47 to 66%. The mean ejection
fraction of 11 normal volunteers of BACHARACH et al. (1979) was 0.61
with a standard deviation of 0.14. It can be concluded that these values
tend to be somewhat lower than the mean and normal range of contrast
ventriculography. This applies especially to gated probe ejection fractions, for this instrument underestimates higher ejection fractions, probably due to its fixed region of interest (WEXLER and BLAUFOX,
1979).
At this moment there are several reports confirming the overall
accuracy of the left ventricular ejection fraction measurements by countbased gated equilibrium techniques, when compared to contrast ventricu-
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lography. FOLLAND et al. (1977) describe a correlation coefficient of r
= 0.84 (SEE 0.11) in 30 patients with ejection fractions varying from 0.05
to 0.74. Recently, SLUTSKY et ai. (1980a), using a variable left
ventricular region of interest and a "standard" horse-shoe shaped
background area in 76 patients with coronary and valvular heart disease,
found a coefficient of r = 0.86 (SEE 0.07). BUROW et al. (1977), GREEN
et al. (1978) and MADDOX et al. (1978) report even better results with
correlation coefficients as high as 0.96. Their patient numbers are
relatively small, though. Most gated equilibrium methods, thus, show
good agreement with angiography.
Since various subjective factors, such as background subraction, play a
major role in determining absolute ejection fraction values, most authors
advise each laboratory to validate its own results in a series of patients
undergoing both radiotracer and x-ray contrast angiography (FOLLAND et al., 1977). This is of additional importance,because contrast
methods are also subject to procedural variations (COHN et al., 1974b).
Apart from variations that are inherent to the methods used, the
variability that can be introduced, v/hen different observers — or the
same observer at different times — analyse the same study, must be
considered. This is of special importance to the interpretation of results
of intervention studies. In those circumstances absolute values of ejection
fraction are of minor interest in comparison to the directional changes
that can be observed. These changes should, however, exceed the possible
intrinsic changes of the method.
WACKERS et al. (1979), using gated equilibrium scintigraphy and
automated region of interest selection, in 83 patients with ejection
fraction values ranging from 18 to 91 percent, reported a mean intra- and
inter-observer variability of absolute ejection fraction of 1.4 ± 1.2 (SD)
and 1.6 ± 1.5 percent, respectively. Repeat studies on the same day in 41
patients and on different days in 29, clinically stable, patients, revealed a
serial variation of 3.3 ± 3.1 and 4.3 ± 3.1 percent. Furthermore, they
found a significantly greater variability in repeat studies of patients with
normal, as compared to patients with abnormal ejection fraction (5.4 ±
4.4 versus 2.1 ± 2.0 percent). These authors conclude from their
observations that absolute changes of at least 10 percent, in the presence
of a normal ejection fraction, and of at least 5 percent, when ejection
fraction is abnormal, should be selected to assign a significant meaning to
serial alterations of ejection fraction in individual patients.
The intra- en inter-observer variability (n = 76) and the variation of two
seperate studies (n = 25), published by SLUTSKY et al. (1980a), show
somewhat higher figures, in particular when standard region of interest
selection is used: 4.2 ± 2.0, 4.9 ± 3.0 and 4.8 ± 3.0 percent. They do not
mention any differences between normal and abnormal subjects. PFÏS-
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TERER et al. (1979) tested the reproducibility of ejection fraction during
two comparable episodes of bicycle-exercise and found a correlation
coefficient of 0.97 (n = 16) with a regression equation approximating the
line of indentity.
Thus, gated equilibrium bloodpool scintigraphy not only provides an
accurate means of ejection fraction determination, its limited intrinsic
variability also warrants the use for serial measurements.
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RELATED NON-INVASIVE METHODS TO EXAMINE THE LEFT VENTRICULAR MYOCARDIUM AND ITS FUNCTION
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4.1 Myocardialperfusion scintigraphy with thallium-201
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Ventricular performance as a pump, in the end, is determined by the
presence of viable myocardial muscle and necrosis and ischemia result in
a decrease of function. Viability of the myocardium, in turn, is dependent
on an adequate perfusion of the coronary arteries. Abnormalities of these
vessels have long been defined almost exclusively by coronary artery
catheterization and angiography. The effect of an atherosclerotic obstruction on tissue perfusion, however, can not be accurately determined
by a roentgenographic procedure.
Radioactive tracers, provided that they are distributed in direct relation
to coronary flow, can be used to obtain such information. Monovalent
cations, like potassium and its analogues, are extracted from the blood by
normal myocardial ceils with high efficiency. Their distribution ito the
myocardium, with the exception of high flow rates (GOULD, 1978),
therefore, is linearly related to distribution of coronary flow (SAPÏRSTEIN, 1956). After the studies of ZARET et al. (1973) with radioactive
potassium, showing areas of prior infarction as a defect in the normal
tracer distribution in the heart as well as the appearance of new perfusion
abnormalities during exercise in relation to significant narrowing of
coronary arteries, myocardial perfusion imaging has known a rapidly
expanding field of application in the assessment of coronary artery
disease.
This development was accelerated by the introduction of thallium-201
(201T1) that behaves similar to potassium (LEBOWITZ et al., 1975;
STRAUSS et al., 1975). WACKERS et al. (1975 and 1976), shortly
thereafter, showed the usefulness of myocardial perfusion scintigraphy
with 201T1 in the early diagnosis of acute infarction. The same authors
(WACKERS et al., 1977) also proved the value cf this mode of
investigation for precize localization, in particular in the presence of
abnormalities of conduction on the electrocardiogram.
Since then, an enormous number of reports, concerning the value and
limitations of the use of 201T1 for the assessment of various cardiac
disease states, has appeared in the literature, ranging from the detection
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of idiopathic hypertrophic subaortic stenosis (BULKLEY et al., 1975) to
the diagnosis of right ventricular overload ( C O H E N et al., 1976; K H A J A
et al., 1979), from the effects of cardiac drugs on myocardial perfusion
( H A M I L T O N et al., 1978a; G O U L D , 1978) to the characteristics of
normal images (COOK et al., 1976). Last but not least, extensive
information has been gathered on the diagnostic impact of combined
201TI imaging at rest a n d during exercise, especially after P O H O S T et al.
(1977) proved the feasability to perform both studies following administration of a single dose of radioactivity during exercise, the resting study
being performed 2 t o 4 hours later, after redistribution.
This information will not be reviewed in detail. Suffice it to remark that
rest-exercise studies with 201T1 enhance the diagnostic sensitivity a n d
specificity of stress electrocardiography, in particular when the base-line
electrocardiogram is abnormal (BOTVINICK et al., 1978), that it adds
spatial identification ( R I T C H I E et al., 1977a), that sensitivity a n d
specificity depend on the patient population at hand, i.e. the a priori
probability of disease ( H A M I L T O N et al., 1978b) and, finally, that
perfusion imaging may help to objectively document the results of bypass
surgery ( R I T C H I E et al., 1977b; G R E E N B E R G et al., 1978).
Because a myocardial scar signifies loss of contractile mass a n d ischemia
is accompanied by loss of contractile function, the extent of perfusion
image abnormalities a n d their possible reversibility have predictive value
as to the global a n d regional function of the left ventricle ( B O D E N H E I M E R et al., 1978c). Recently, NIESS et al. (1979), investigating
patients who h a d sustained a myocardial infarction shortly before, found
a significant relation between size of planimetred 201Tl-defects a n d
angiographic percentage abnormal wall motion. Similarly, M O R R I S O N
et al. (1980) showed an inverse relation to exist between infarct size on
scintigrams a n d radionuclide ejection fraction. The occurrence of occasional disproportionalities in both studies was ascribed t o prior myocardial lesions a n d the presence of ischemia, visible on the images, but not
representing actual necrosis. It seems not t o o far fetched to suppose that
compensatory mechanisms or lesions of the papillary muscles with
resultant (acute) mitral incompetence may have been instrumental in
those discrepancies as well.
In theory and practice, however, there appears to be additive information
in the study of global a n d regional ventricular performance in relation to
the distribution of coronary artery flow. Both can now be achieved using
radionuclide methods that are relatively simple to perform.
4.2 M-mode echocardiography
The use of ultrasound for the study of cardiac function and structure is
based on extensive early work by EDLER (1955). The main clinical
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application, coming from this work, was the possibility t o detect mitral
stenosis. Ten years later, the ability of the new method to show the
presence of pericardial effusions greatly stimulated its further development ( F E I G E N B A U M et al., 1965). In addition t o diagnostic refinements
of the mitral valve echogram, techniques for measuring ventricular wall
thickness a n d left ventricular internal dimensions were introduced ( F E I G E N B A U M et al., 1968 a n d 1972).
One of the most commonly obtained echographic dimensions, by now, is
the left ventricular internal dimension (LVID) at end-systole (LVIDs)
and at end-diastole (LVIDd). Though n o t actually measuring volumes,
these dimensions, especially when cubed, a r e related t o ventricular
volumes determined by angiography ( F O R T U I N et al., 1971; F E I G E N B A U M et al., 1972) a n d , with caution, m a y be used to derive parameters
of left ventricular function, such as ejection fraction, that stem from
changes of volume.
A p a r t from geometric considerations of ventricular shape, echocardiographic measurements are based on the assumption of an echo-beam
direction approximating the ventricular minor axis a n d of a uniform
c h a m b e r contraction ( P O P P a n d H A R R I S O N , 1970). When the left
ventricle is segmentally diseased, echocardiographic estimates of, in
particular end-systolic, volume m a y be grossly in error. A s a consequence, ejection fraction, requiring determination of end-systolic volume,
is expected to be erroneous as well ( T E I C H H O L Z e t a l . , 1976).
Another approach for measurements consists of deriving ventricular
circurrference from its internal dimension, assuming the left ventricle to
be circular in its short axis. The percentage change of diastolic circumference during systole, in relation to time of ejection, represents the mean
rate of circumferential fiber shortening, an ejection-phase index of
ventricular contraction similar to ejection fraction (COOPER et al., 1972;
FORTUIN et al., 1972). Fractional shortening, the percentage change of
internal diastolic dimension during systole, is a simplification of the
above measurement and is calculated as follows:
LVIDd - LVIDS
FS=
(7)
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QUINONES et al. (1978) showed that multiplication by 1.7 allowed
conversion of fractional shortening to values that are well correlated with
ejection fractions determined by angiography:

EF=
o!
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SFxl.7

(8)

Their patients, however, were selected for having normal ventricular
synergy.
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Reproducibility of echocardiographic measurements is good (CLARK et
al., 1980; LADIPO et al., 1980) and serial changes of ventricular function
in response to different interventions have been reported. Among those,
the follow-up of patients treated with doxorubicin, in an attempt to
predict — and prevent — the occurence of fatal cardiomyopathy
(BLOOM et al., 1978).
A major problem with echocardiographic studies remains the 10 - 20%
failure rate in obtaining a satisfactory echogram, mostly due to chest
deformities and emphysema (POMBO et al., 1971; QUINONES et al.,
1978). Notwithstanding this problem, echocardiography is an extremely
attractive diagnostic tool for long term investigations of the course of
disease.
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APPENDIX

X

PHYSICAL CHARACTERISTICS OF AND RADIATION DOSE FROM
TECHNETIUM-99M AND THALLIUM-201

i
;

A.I Introduction
The safety of radionuclide methods, apart from their non-invasive
character, depends on the physical and pharmaco-biological properties of
the radiopharmaceutical used.
Choice is first dictated by the property of a particular compound to
concentrate selectively in the target organ or structure to be visualized, or
to take part in the chemical process to be studied.
Then, a radiopharmaceutical, like any other drug for intravenous use,
must be sterile and pyrogen free. Furthermore, the agent of choice should
be available with high specific activity, i.e. the amount of radioactivity
per unit of weight or per unit of volume. Were this not the case, many
radiopharmaceuticals would be too toxic for use in human beings.
One mCi (37 MBq, table 1) technetium-99m corresponds to only 1.89 x
10-7 ng technetium, virtually excluding toxic or allergic reactions from
the amounts administered for medical diagnostic applications. The usual
2 mCi (74 MBq) dose of thallium-201 contains less than 4 u,g of thallium,
far less than the level at which toxic effects, let alone fatal intoxications,
have been described (LEBOWITZ et al., 1975).
A third important factor with regard to the usefulness of a radionuclide is
its physical half-life, determining, together with its biological clearance,
the effective half-life within the patient as a whole or within one organ in
particular. Although a short half-life is an advantage from a radiation
dose point of view, too short a half-life may interfere with the availability
for routine use and with accumulation of sufficient data for analysis.
The last essential characteristic is the quality and the energy of emitted
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radiation. Alpha-emission prohibits the use of a radionuclide in humans.
' Other paniculate (beta) radiations should be minimal, as these contribute
a considerable radiation dose without being useful to external detection.
Gamma-rays are absorbed to a much lesser extent and it is this type of
radiation that is detected by the scintillation crystals of gamma cameras
and other current detectors. T o assure optimal registration and to avoid
problems of tissue absorption, collimation and shielding, emitted gamma-ray energies should preferably be in the range of 100 to 250 kilo
electron volt (keV).
It will be clear that no single radiopharmaceutical fulfills all of the above
demands at the same time and that the choice of a specific nuclide must
be a trade-off between obtainable information, the reliabilty of this
information and the possible adverse effects.
In this repect, the calculation of the absorbed radiation dose per unit of
administered radioactivity is of the highest importance ( W A G N E R and
R H O D E S , 1969; G O O D W I N 1975). In practice, the absorbed radiation
dose from imaging procedures in nuclear medicine is small, often less
than that received from corresponding X-ray procedures.
Table 1: Old and new (SI) units of radioactivity and adsorbed dose
Old

New

Old-New

Activity

Curie (Ci)

Becquerel (Bq)

Absorbed dose

Rad

Gray (Gy)

1 Ci = 37 GBq*
1 mCi = 37 MBq
1 Rad = 0.01 Gy

*G =giga =10»
M = mega = 1 0 '
m = milli = 10" 3

i
%
r
*
I
•':]
5
j
1

1

M = micro = 10" 6
n = nano = 1 0 " '
p = pico = 1 0 " 1 2

A. 2 Technetium-99m
Technetium-99m is eluted as pertechnetate (99mTcO4~) in saline from a
99Mo-99mTc-generator, first developed by the Brookhaven National
Laboratory (U.S.A.). The parent nuclide molybdenum-99 (99Mo) is
either produced in the course of nuclear fission of uranium or by neutron
capture of stable molybdenum. 99Mo decays to 99mTc by emission of
electrons (P~-radiation) with a physical half-life of 67 hours. The metastable 99mTc then undergoes isomeric transition to the ground state 99Tc,
emitting gamma-rays of 140 keV with almost 90% abundance. The halflife is 6 hours (fig. 16). In addition to this principal gamma radiation,
there is generation of conversion and Auger electrons and of characteris-

46
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Figure 16
Decay scheme of tcchnetium-99m (adapted from DILLMAN, 1969).

f

tic roentgen radiation, together contributing about 10% of absorbed
energy, i.e. radiation dose. The resulting radioactivity of 99Tc is neglectable for dosimetric consideration, lmCi (37MBq) 99mTc generating less
than 3 pCi (0.11 mBq) 99 mTc. For subsequent labeling the heptavalent
state of the transition metal technetium must be reduced to valence state
four. In most labeling kits, including those for the preparation of 99m TcHSA, this is achieved by the addition of stannous ions (Sn2+).
Estimates of absorbed dose per unit of administered activity are generally
based on the guidelines of the Medical Internal Radiation Dose Committee (MIRD), using the recommendations of the International Commission on Radiological Protection (ICRP). The principles and formulae
used are extensively discussed by LOEVINGER and BERMAN (1968)
and SNYDER et al. (1969 and 1975).
The resultant data indicate that the whole body radiation absorbed dose
after administration of a 99mTc-labeled bloodpool agent is about 0.02
rad/mCi (5.4 pGy/Bq), the highest dose being delivered to the heart and
liver with 0.08 rad/mCi (21.6 pGy/Bq) and 0.1 rad/mCi (27 pGy/Bq),
respectively (MALAMUD, 1978). Other authors mention slightly higher
(STRAUSS and PITT, 1977) or slightly lower (BORER et al., I977)
whole body doses. Gonadal doses are indicated to vary between 0.02 and
0.05 rad/mCi (5.4 - 13.5 pGy/Bq). A gated bloodpool study with 10 mCi
(370 MBq), thus, delivers from 0.2 to 1 rad or 2 to 10 mGy to the whole
body and its different organs.
Radiation doses to the patient during cardiac catheterization are much
higher and, according to BARRY and GROSSMANN (1980), may
amount up to 28 rad (0.28 Gy), especially to the bone marrow and skin.
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The gonadal dose for women is higher than for men, due to their closer
localization to the radiating beam.
The maximal gonadal dose from a convential chest roentgenogram, for
comparison, is thought to be 10 mrad (0.1 mGy), while the yearly natural
background dose (in the Netherlands) is estimated to be 120 mrad (1.2
mGy).
Metabolic safety of labeled human serum albumin was demonstrated by
HERBERT et al. (1969). In 1977, an inquiry into 100 institutions in the
U.S.A. on adverse reactions in patients after administration of a radiopharmaceutical revealed only one case in connection with 99mTc-HSA
out of 57 reported incidents (FORD et al., 1978). The total number of
investigations involved is not indicated. In a later report, based on data of
the Adverse Reactions Subcommittee of the Society of Nuclear Medicine,
RHODES and CORDOVA (1980) mention 5 unwanted reactions in 4
years associated with the use of 99mTc-HSA. The same authors estimate
the total number of administrations of this radiopharmaceutical for the
year 1978 to be around 22.500. We ourselves have, by this time,
performed almost 500 studies without observing a single side-effect.
A.3 Thallium-201
This nuclide is produced by proton irradiation of natural thallium,
yielding 201Pb (lead), the parent nuclide that decays by electron capture
with a 9 hour half-life to 201T1 (thallium). 201T1, again by electron
capture, decays to stable mercury (201Hg). The half-life of this transition
is 73 hours, providing a useful shelf-life for clinical application.
The emission spectrum consists of highly abundant characteristic X-rays
of the mercury daughter and of gamma-rays of low abundance. Although
gamma camera resolution for the energy range of the characteristic
roentgen radiation is not optimal, imaging results are better than with the
higher energy settings needed for the gamma-rays (GROCH and LEWIS,
1976). Therefore, the X-rays are now uniformly used during myocardial
perfusion scintigraphy.
201
81

keV

167135-

201
80"

8
10%

8
2%

73 HOURS

ELECTRON CAPTURE
FOLLOWED BY
CHARACTERISTIC Hg X-RAYS
69 - 8 0 KeV
95%

4

STABLE

Figure 17
Decay scheme of thallium-201 (from data by NASS, 1977).
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Thallium-201 is injected intravenously as thallous chloride. Adverse
effects to the use of this agent are very rare. RHODES and CORDOVA
(1980) have collected only one case, annual administrations exceeding
100.000.
Radiation dose was originally (BRADLEY-MOORE et al., 1975) estimated from animal organ concentrations and clearances to be 0.07
rad/mCi (18.9 pGy/Bq) to the whole body and 0.25 rad/mCi (67.5
pGy/Bq) to the gonads (testes). Reassessment, following clinical studies,
ot these calculations by SAMSON et al. (1978) revealed a dose of 0.20
rad/rnCi (54 pGy/Bq) to the whole body and of 0.49 rad/mCi (0.13
nGy/Bq) and 0.37 rad/mCi (0.10 nGy/Bq) to testes and ovaries,
respectively. Highest radiation doses are delivered to heart and kidneys
with approximately 1.3 rad/mCi (0.35 nGy/Bq).

PART II

CHAPTER 5
METHODS
5.1 Gamma camera and computer
All camera studies were performed with a 37-photomultiplier gamma
scintillation camera with a 25 cm field of view and fitted with an allpurpose low-energy collimator (Searle Radiographics Pho/Gamma V,
photo 1). For gated bloodpool studies the pulse height analyzer was set,
with a 20% window, to encompass the 140-keV 99mTc peak.
201T1 myocardial perfusion scans were obtained with the same window
set symmetrically over the mercury X-rays. Homogeneity of response was
frequently checked, but computer correction for inhomogeneity was not

Photo 1
Recording of a gated equilibrium bloodpool study. The detector of the gamma camera
is rotated to 45° angulation and approximated to the chest wall (it may be necessary
to havL' the patient raise the left arm over his head to bring the detector in the desired
position). The gamma camera electronics console is seen to stand back on the right. On
top of it one can discern a positioning scope and the Brattle Physiological Synchronizer.
The computer in the left background is hidden by the detector stand of the gamma
camera.
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used. When necessary, these corrections were performed by hard-ware
adjustment.
Data were stored, either in a 64 x 64 matrix (bloodpool studies) or in a
128 x 128 matrix (perfusion scans), into a digital computer (DEC-PDP
11/34, 16K core memory) and redisplayed for analysis on a Conrac
video-display. The system was nam under the manufacturer's BASIC-RT
11 software package. All necessary calculations were performed by programs written in BASIC.
i

!

5.2 Gating procedure

.

For the detection of the electrocardiographic R-wave signal, with subsequent automatic selection of timing of the systolic and diastolic portion
of the cardiac cycle to unblank camera acquisition only during these
intervals, a Brattle Physiological Synchronyzer (Brattle Instruments
Corporation, Model 202) was used. This device is designed to adjust the
time from each R-wave to end-systole, based on the length of the
preceding R-R interval. GRAHAM et al. (1980) showed the initial trigger
pulse (end-diastolic pulse) of this gating system to fall at virtually the
same time in relation to the R-waves of all the cardiac cycles. Timing of
end-systole, based on the known interdependence of QT-interval and
heart rate, proved to be in error much of the time. This error, however, is
not very great due to the small changes of volume near end-systole.
In fact, 95 percent of the time, the error in calculation of ejection fraction,
if based on this Brattle gate timing, is Jess than 0.03 and acceptable for
adequate determinations. Data of BACHARACH et al. (1980) also
support the idea that errors are small, in particular when compared to the
statistics of counting in most clinical studies.
Timing of acquisition is faulted to a larger extent by marked irregularities
of cycle length and this may invalidate the results obtained (BRASH et
al., 1980). In a recent study by BACHARACH et al. (1981), however,
measurement of average gated ejection fraction during atrial fibrillation
with a low heart rate was only slightly at variance with the weighted
average ejection fraction of single beats recorded from a scintillation
probe system.
In our study, therefore, investigation of patients with very frequent
premature contractions (> 1/10 beats) or with artrial fibrillation with
high ventricular response was postponed, if possible, until control of
rhythm was achieved.
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5.3 Gated equilibrium camera studies
The large majority of patients was injected intravenously with 10-15 mCi
(370 — 555 MBq) 99mTc-HSA, prepared from a commercial stannous kit
(New England Nuclear, Cardiolite) according to instructions of the
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manufacturer. In a small number of investigations in vivo labeling of red
blood cells (PAVEL et a]., 1977), by administration of 10 - 15 mCi
99mTc-pertechnetate 20 - 30 minutes after injection of cold pyrophosphate (Byk Mallinckrodt, Technescan-PYP), was used to tag the
cardiac bloodpool.
Following equilibration, patients were imaged supine in the left anterior
oblique position, with a camera angulation of 40- 50° for best separation
of both ventricular chambers, and in the 30° right anterior oblique
position.
In both projections a set of end-systolic and end-diastolic images was
obtained using the Brattle gate with standard intervals for 60 mseconds in
end-diastole and 40 mseconds in end-systole (photo 2).

Photo 2
Gated equilibrium bloodpool study with left anterior cMique (LAO) and right anterior
oblique (RAO) views ol" the heart during end-diastole \X>) and end-systole (KS). Lelt
and right ventricles are clearly separated in the LAO projection.
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Data were compiled and stored in a computer, for as many cardiac cycles
as needed to accumulate 350.000 total-image counts. Depending on heart
rate and amount of activity injected an average study took 30 minutes to
complete.
After completion of the study, wall motion analysis was performed by
displaying end-systolic and end-diastolic images of both projections in a
dynamic continuous loop on the video-screen of the computer. Movement of (postero-)lateral and septal wall segments in the LAO-view was
scored as normal, hypokinetic or dyskinetic (paradoxical). The same
scoring procedure was used for the basal, anterior, apical and inferoposterior walls in the RAO-view. In this way information could be
obtained concerning the seven standard segments judged by cineangiographic procedures (fig. 18).
In the presence of dyskinetic wall motion, a paradox image was
constructed by memory-to-memory subraction of the diastolic from the
systolic image in order to visualize the extent of the aneurysmal area
(photo 3).
Ejection fraction was determined from LAO end-systolic and enddiastolic regions of interest, delineated manually with a light-pen on the
video-screen. For better definition of left ventricular borders, background was subtracted prior to the assignment of these areas. The initial
viewing of the wall motion images also facilitated correct identification of
the left ventricle.
Background was chosen as a semi-circular region adjacent to
the end-diastolic lateral ventricular border (photo 4). Background
counts were taken as the arithmetical mean of end-systolic
and end-diastolic counts within this area of interest, corrected for
difference in size relative to the ventricular area of interest. Calculation of
ejection fraction was performed by substitution of the appropriate count
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Figure 18
Schematic drawing of ventricular contours from a cine-angiogram in right anterior
oblique (RAO) and left anterior oblique (LAO) projections, used to score the wall
motion of different parts of the myocardium: basal (1), anterior (2), apical (3), inferior
(4), posterior (5), septal (6) and postero-lateral (7).
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Photo 3
Gated equilibrium bloodpool study of a patient with an antero-apical aneurysm. Abnormal configuration of the left ventricle is well visible, but abnormal and paradoxical
movement is best appreciated by viewing the cinematic display that can be constructed
from both pairs of images with the computer. An impression of the area with dyskinetic
wall movement (arrow) can be obtained by subtraction of the end-diastolic from the
end-systolic image (ES-ED).

data into equation 2 (part I, chapter 3).
For the assessment of mitral or aortic valvular regurgitation the method
of RIGO et al. (1979) was used. This technique, again after viewing the
cinematic display of the contracting heart for optimal oorder definition,
involves the drawing of regions of interest over both the left and right
ventricles with exclusion of as much atrial and great vessel activity as
possible (photo 5).
From these regions the count changes from end-diastole to end-systole,
i.e. stroke counts, are determined and used to calculate the stroke count
ratio or index (SCI) as described in part I (chapter 3, equation 4).
The left anterior oblique end-diastolic and end-systolic areas, outlined as
indicated, were also quantified to obtain a measure of ventricular
volumes. For this purpose picture element size was calibrated using a bar
phantom of known size and taking due account of non-orthcgonality.
The correction factor from this measurement was then used to convert
the number of pixels within an area of interest into square centimeters
surface area (A). The ventricular long axis (L) was approximated by the
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LAO

BACKGROUND

-END-DIASTOLE

END-SYSTOLE

Photo 4
Background and left ventricular end-diasroüc and end-systolic regions of interest in the
left anterior oblique (LAO) projection of a gated equilibrium bloodpool study. Count
data from these regions are used to calculate ejection fraction (see text).
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Photo 5
Left and right ventricular regions of interest at end-diastole ( I D ) , superimposed on the
end-systolic images (FS) to obtain stroke counts and stroke count index, t.'xamples arcshown of a patient with aortic incompetence (AI> and a patient with mitral incompetence
(MI). The difference of left ventricular shape that can also be appreciated from these
images may be of help in the differentiation between mitral or aortic valve incompetence.

distance of the apex to the region of the aortic valve, corrected in the
same manner (photo 6).
Though foreshortened, the apical-aortic distance should agree fairly well
with true spatial lenght of the left ventricular chamber (DODGE et al.,
1966). Volume (V) was calculated using the equation for determining the
volume of an ellipsoidal reference figure (KENNEDY et al., )970;
HERMAN et a!., 1975):
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Photo 6
Lett anterior oblique (LAO) region of interest of the left ventricle (A) and the apicalaortic distance (L) used to calculate radionuclide ventricular volumes (V) by the arealength method.

V=

0.848 A2

(9)

5.4 Gated equilibrium probe studies
These studies were performed with a new scintillation probe system
(Nuclear Stethoscope TM, Model 3000, BIOS Incorporation) consisting
of a 1.5 x 2 inch (3.81 x 5.08 cm) thallium-activated sodium iodide crystal
with a converging collimator. The output of the probe's single photo-
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Photo 7
Recording of a gated equilibrium bloodpool study with the nuclear stethoscope standing
on the right. A polaroid camera is mounted in front of the processor's switch panel and
cathode-ray display. The movable scintillation detector is positioned over the pre-cordial
area of the patient.

multiplier is analysed by an integrated microprocessor, while gating is
initiated by detection of the R-wave by an in-built electrocardiographic
gate, (photo 7)
The probe is initially placed over the pre-cordial area in a 35 - 40° left
anterior oblique position with a 10 - 20 ° caudad tilt. Count data from the
equilibrated activity within the heart are sampled at 50 msecond intervals
and displayed as a continuous curve of time versus activity on a cathode
ray tube (photo 8). By moving the detector over the pre-cordial area
optimal position over the left ventricle, corresponding with maximal
count-rate periodicity of the time-activity curve (WEXLER and BLAUFOX, 1980), is determined. Background, which is automatically subtracted, is found at the first location beneath this position that has
minimal periodicity and is out of synchronization with the electrocardiographic signal (STRASHUN et al., 1981).
A second acquisition mode consists of the construction of an average
cardiac cycle from data sampling with a temporal resolution of 10
mseconds for as many cycles as are available during discrete acquisition
periods of 30, 60, 120 and 240 seconds. Due to the high efficiency of the
detector, statistical significant data can be accumulated from as little as 2

Photo 8
Real-time variations ot" activity within the left ventricle from a registration with the
nuclear stethoscope. Beat-to-beat changes ure clearly visible together with the effects
of increasing heart rate. Vertical bars are movable cursors used to mark specific points
from which numerical data for calculation of ejection fraction arc obtained. The thin
dotted line beneath (lie time-activity curve represents background and the thick horizontal bar is used for localization purposes.

Photo 9
Left ventricular time-activity curves from gated scintillation probe studies, constructeu
by integration of count data during multiple successive cardiac cycles. Vertical cursors,
positioned at end-dias'ok- and end-systole (A) and at end-diastole, end-systole and the
end of the rapid filling p'iase (B) again allow for the selection of these specific timepoints for the calculation of ejection fraction, filling and emptying rates. Rapid and slou
phases of ventricular filling during diastole are seen to change with increasing heart rate.
The electrocardiogram is visualized at the bottom of both images.
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mCi (74 MBq) 99mTc-HSA or labeled erythrocytes. The shortest acquisition time, however, requires up to 5 mCi (185 MBq) to collect sufficient
counts. We used this last amount to perform our studies with the gated
probe.
In both modes of operation movable cursors allow for the selection of
specific points of the cardiac cycle on the cathode-ray display.
The corresponding count rates are then used by the microprocessor for
the calculation of ejection fraction, ejection rate and time intervals (photo
9).

Photo 10
Myocardial perfusion scintigrams with thallium-201. Homogeneous distribution of
activity in all projections is shown in example A on the left and large perfusion defects
involving the anterior, septal and apical myocardium on the right (B). Also note the enlarged left ventricular cavity on the right.
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5.5 Myocardial perfusion scintigraphy
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Resting perfusion scans were obtained after administration of 1.7 - 2.2
mCi (62.9 - 81.4 MBq) 201thallous-chloride (Philips Duphar/Byk Mallinckrodt). Imaging was started 5 - 1 0 minutes after injection and
consisted of three separate views for a total of 300.000 counts: anterior,
left anterior oblique (45°), and left lateral (photo 10A). All views were
obtained with the patient lying supine, the last while turned on the right
side.
Results were analysed from digitized images, background corrected by
simple 15 - 20% threshold subtraction (NARAHARA et al., 1977).
Scans were read as positive — having an evident defect of activity
distribution (photo 10B) — or negative, i.e. without such a defect.
Questionable areas of diminished activity were not considered to represent a perfusion defect. Localization of defects was performed according to WACKERS et al. (1976). In the presence of a large defect, this
was thought to be a composite of multiple discrete defects, depending on
the number of seperate myocardial areas involved.
A quantitative approach of defining the magnitude of an image defect
consisted of the calculation of the percentage of pixels within a —
manually delineated — myocardial area of interest containing less than
65% of maximal myocardial counts. The average defect-score of the three
images was considered representative of the percentage myocardial
scarring present.
More sophisticated definition of defects, e.g. the technique described by
BUROW et al. (1979) using a radial circumferential profile, could not be
executed on the available computer system. These investigators showed,
however, that the minimum thallium-201 acitivity within normal myocardium averaged 80 ± 6% (SD) of maximal uptake. It is from this
number that we selected 65% to represent the lower limit of normal
myocardial uptake of thallium.
5.6 Echocardiography
All examinations were performed by the same investigator (W. Wieling
with an Unirad echocardiograph (C series) equipped with a 2.25 megaherz transducer focussed at 5 cm. Recordings were made on a Honeywell
1856 fiberoptic strip-chart recorder, using a paper speed of 50 mm/
second. A M-mode scan was obtained in the supine or left lateral position
with the technique described by FEIGENBAUM (1976). Care was taken
to reproduce identical transducer location and body position for serial
studies. Measurements were made using the anterior edge and thinnest
possible continuous line constraints, according to the criteria recently
recommended by SAHN et al. (1979).
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Photo 11
M-mode echocardiogram used to calculate shortening fraction of the left ventricle.
RVIDd^diastolic right ventricular internal diameter, LVIDd=diastolir left ventricular
internal diameter, LVIDs=systolic left ventricular internal diameter, jLVPW=left ventricular posterior wall.

Shortening fraction and ejection fraction were determined, using the
equations 7 and 8 of chapter 3 (part I), from the left ventricular internal
diameter at end-diastole — measured at the level of the chordae tendinae
from the endocardial echoes of the left side of the septum and the
posterior wall — and from the left ventricular internal diameter at endsystole — measured at the peak upward motion of the posterior wall
endocardium (photo 11).
Shortening fraction in a group of 17 normal controls (WIELING et al.,
1981) averaged 32 ± 4.4% (SD), which is similar to values reported by
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others (SAHN et al., 1979). Ejection fraction by this method, thus,
averages 54.4 ± 7.5%.
All echocardiograms were analysed without prior knowledge of the
results of the gated bloodpool studies, just as radionuclide studies were
judged being unaware of the echocardiographic results.
5.7 Cardiac catheterization
All catheterizations were performed by the same cardiologist (R. Koster)
using standard techniques. Pressure measurements were obtained with
external fluid-filled Siemens-Elema transducers. Contrast ventriculography was performed in the right anterior oblique and left anterior oblique
projections after injection of 35 cc metrizoate (Coronar Isopaque). Film
speed of the cine-angiograms was 50 frames/ second.
Analysis was executed with a Mennen Greatbatch cath-lab program,
originally developed by the department of cardiology of the Dijkzigt
University Hospital, Rotterdam. This program involves the selection of
end-diastolic and end-systolic cine-frames of the 30° RAO projection and
calculation of volumes according to the method of SANDLER and
DODGE (1968).
Wall motion of 7 standard segments (fig. 18) was subjectively graded in the
same way as indicated for the gated bloodpool studies.
Mitral and aortic valve incompetence were also assessed in a subjective
manner by viewing the angiographic films and noting the degree and
duration of opafication of pulmonary veins and/or left atrium and the left
ventricle, respectively, back through the incompetent valve (GROSSMAN
and DEXTER, 1980). Mitral regurgitation was graded on a scale from 1 to 4.
In grade 1 (mild) incompetence there is minimal opafication of the left
atrium, clearing with each beat. Grade 2 (moderate) is characterized by
opafication of the entire atrium not disappearing with one beat. In grade 3
(moderately severe) incompetence the left atrium achieves equal opafication with the left ventricle and in grade 4 (severe) there is progressive density
of contrast with each beat and reflux into the pulmonary veins.
Likewise, aortic regurgitation was quantified on a scale from 1 to 3. In grade
1 (mild) incompetence a small amount of contrast enters the left ventricle in
diastole. Opafication of the left ventricle to the apex, but clearing within a
few beats, is graded as moderately severe (grade 2) and opafication of the left
ventricular chamber, equal in density with the ascending aorta on the first
beat, as severe (grade 3).
Selective coronary artery angiography was performed in multiple views by
the method of Judkins (1968). Stenosis was judged siginificant in the
presence of a diameter reduction in excess of 50% or of smaller reductions
over a long distance.
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5.8 Patient selection
All investigated patients were refered by their attending physicians of the
departments of internal medicine and cardiology, most of them to help
elucidate their cardiac status or to determine the non-cardiac origin of their
complaints. Many of these patients were scheduled for cirdiac catheterization to assess the severity of coronary artery disease ox the hemodynamic
significance of valvular lesions. Whenever possible, those subjects that went
on to cardiac surgery were reïnvestigated after their operation.
Another important group, often without apparent heart disease, consisted
of patients who were going to receive chemotherapeutic treatment with an
anthracycline antiobiotic, mostly adriamycin.
No normal informed consent was obtained because the studies were
performed as a part of diagnosis and treatment. In all circumstances,
however, and whatever the reason of referal, patients were notified of the
fact that radioactive material was going to be used. In two instances this
resulted in cancellation of the intended procedure. Females, when in their
reproductive years, were asked about the possibility of pregnancy. When in
doubt, studies were postponed.
Medication, if any, was not altered or stopped. Comparative studies of two
methods were always performed under the same therapeutic regime.
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5.9 Clinical signs and symptoms
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Informations concerning history, clinical and laboratory findings, electrocardiograms and chest x-rays were often available from the referal notes.
When necessary, additional data were taken from the clinical records.
Myocardial infarction was thought to have occurred when a typical history,
combined with a rise in serum creatine phosphokinase (MB) had been
documented or when the electrocardiogram showed characteristic Qwaves.
The diagnosis of the presence of left ventricular hypertrophy (LVH) was
based on the electrocardiographs criteria of ROMHILT and ESTES
(1968).
Basal rales on ausculatation and/or signs of pulmonary venous hypertension on an upright antero-posterior chest X-ray (TURNER et al., 1972)
were considered to indicate the presence of congestive left heart failure.
Dyspnea, a left ventricular gallop rhythm (third heart sound) and
cardiomegaly alone were not interpreted as conclusive signs of congestive
heart failure. Their combination, however, strongly supported such a
diagnosis to be made (BUURKE, 1977).
Congestive right heart failure was assessed on the basis of measurements of
central venous pressure (BORST and MOLHUYSEN, i 952) and other signs
of peripheral venous congestion, e.g. liver enlargement and edema.
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Blood pressures were obtained from cuff measurements with muffling of
sounds (Korotkoff phase IV) as the diastolic pressure. Mean arterial
pressure (MAP) was calculated by adding one third of the pulse pressure to
tiie diastolic pressure value.
For serial studies the appearance or disappearance of the above signs and
symptoms was used to estimate tht amelioration or deterioration of the
clinical condition. A change of body weight,although often indicative of the
directional trend of change, was not a. decisive parameter, since it is unclear
what magnitude of change is of importance (BUURKE, 1977).
Valvular lesions were classified according to their typical auscultatory
findings (BRAUNWALD, 1980c). In a small number of patients angiography revealed an additional, until then undiagnosed, abnormality. This
almost exclusively involved low grade aortic regurgitation accompanying
aortic stenosis.
5.10 Statistics

Mean values are either given with standard deviations (SD) o r with standard
errors of the mean (SEM). Significance of the difference of mean group
values was determined using a Bessel corrected Student's t-test o r the
Wilcoxon rank sum test for unpaired data. Differences of proportional
occurence within groups were tested b y chi-square analysis with Yates'
correction. Serial examinations were evaluated with the Wilcoxon signed
rank test for paired observations. Linear regression analysis was performed
using the least-squares method, significance of correlation coefficients
being based on the distribution of t according to Student. Results were
considered significant if p < 0.05.
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CHAPTER 6
VALIDATION OF STUDIES WITH THE GAMMA CAMERA
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6.1 Ejection fraction; normal values and comparison with angiography
Although the results that will be discussed encompass over 450 investigations, the patients involved, inevitably, form a selected group. Table
2 lists the primary clinical indications for the first 132 consecutive
investigations of different patiens performed at our laboratory. As can be
seen, there is a substantial number of patients with suspected coronary
artery disease or the possible sequelae of myocardial infarction, as expressed
by congestive heart failure and signs suggestive of a cardiac aneurysm. This,
undoubtedly, accounts for the fact that males made up the larger part of this
group: 77, versus 55 female subjects. Mean age, however, was not different,
being 57.9 years (range 26-88) for the men and 58.8 years (range 10-82) for
the women.
In the presence of congestive heart failure or a cardiac aneurysm ejection
fraction is expected to be abnormal, while valvular lesions and cardiomyopathies often lead to depression of myocardial function as well. Patient
selction might, therefore, have been the reason of an undue overrepresentation of low ejection fractions. Yet, as shown in fig. 19, the whole range of
ejection fractions is represented with a conspicuously bimodal distribu-
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Table 2: Indications to perform gated equilibrium bloodpooi scintigraphy in 132 conse;

cutive patients.
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Angina pectoris
Myocardial infarction before age 40
Congestive heart failure
Cardiac aneurysm
Valvular disease
Non-ischemic cardiomyopathy
Congenital heart disease
Hypertension
Tachycardia of unknown etiology
Poly transfusion therapy
Prior to treatment with anthracycline antibiotics

34
6
29
18
16
9
4
2
3
1
1C
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Figure 19
Frequency distribution of ejection fractions in 132 consecutive patients.
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tion. There seem to be two apparently separate sub-populations, one in
the lower and one in the higher range of values, suggesting that ejection
fraction is either normal or definitely abnormal. Only a small number of
patients have intermediate values.
To answer the question which patients have normal ejection fractions and
what distinctive characteristics seperate them from those which abnormal
values, we first tried to define our own normal values and their limits of
confidence,
For this purpose we started to select 15 "normal" patients, 8 females and
7 males with a mean age of 41.4 years (range 17-71), being somewhat
younger than the general patient population of our department. This is
not expected to be of influence, because PORT et al. (1980) — in a large
group of 31 women and 46 men, ranging in age from 20 to 95 years—did
not find a relation between resting ejection fraction and age.
All but 3 of our normals had some kind of malignant disease (table 3) and
were going to be treated with anthracyclines. None of them had
anamnestic signs or symptoms of heart disease. Electrocardiograms were
normal and chest X-rays without any indications of malignant thoracic
involvement. They had no anemia at the time of investigation, nor had
they received prior chemotherapy or mediastinal irradiation.
We are aware of the fact that each of these diseases is known — in up to
10% of cases — to involve the heart, in particular the pericardium, often
clinically unsuspected and only detected at autopsy (ROSENTHAL and
BRAUNWALD, 1980; DARSEE and BRAUNWALD, 1980). However,
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Sex

Age

9
S
6
S
9

19
17
18
49

•to

Table 3: Data on patients used to define our normal range of ejection fraction
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59
44
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35

9
9

71
38

9
6
6
*

29
55

Mean EF = 0.68

I

55

24
66

Diagnosis

EF

Functional cardiac murmur
Functional cardiac murmur
Functional cardiac murmur
Atypical chest pain
Disseminated breast carcinoma
Disseminated breast carcinoma
Multiple myeloma
Multiple myeloma
Hodgkin's disease
Non-Hodgkin lymphoma
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute Iymphoblastic leukemia
Acute lymphoblastic leukemia
SD = 0.07

0.68
0.82
0.68
0.68
0.76
0.72
0.64
0.62
0.55
0.62
0.68
0.70
0.63
0.80
0.68

i

SEM = 0.02

involvement to such a degree that myocardial pumping function is
affected, generally is accompanied by clinical manifestations. Although 8
of our patients subsequently died from progression of their malignancy
and not from cardiac causes, we do not have autopsy data because of outof-hospital death or denial of permission to perform a post-mortem.
In the case of "normal" volunteers, sometimes used by other investigators, selection is — in most instances — also based on clinical criteria
of normal cardiac performance, without the certainty of the absence of
subclinical disease, in particular coronary artery disease. Another reason
to refrain, consciously, from using volunteers to establish our normal
range of values w a s the ethical problem of administration of radioactiviy
to healthy individuals for non-diagnostic purposes.
The other 3 patients, investigated because of atypical chest pain o r
because of a suspected atrial septal defect, were all proven t o have normal
hearts and/or coronary arteries at cardiac catheterization. None of the
subjects used cardiac drugs and they all had a sinus rhythm, varying
between 60 and 95 beats/minute at the time of study.
The individual ejection fraction values can be found in table 2. The mean
value of 0.68 ± 0.07 (SD) is not significantly different from the values
from normals of others and equal to angiographic results. Judged by
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Table 4: Indications for cardiac catheterization in 74 patients.
N

j:
,

Angina pectoris (NYHA* III-IV)
Possible angina pectoris
Myocardial infarction before age 40
Valvular lesions
Cardiac aneurysm
Congestive heart failure of unknown etiology
Corrected transposition of great vessels
Atrial septal defect

\_

*classification of the New York Heart Association

40
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6
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3
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these standards, we think that this group of "normals" can be considered
normal indeed.
In the second place, ejection fractions found at catheterization were
compared to values calculated from the gated bloodpool scans in a group
of 74 patients, consisting of 25 women (mean age 55.8 years, range 17-72)
and 49 men (mean age 52.7 years, range 33-74). All but 3 had their studies
within one week, more than 90% within 72 hours. Al patients were in a
stable clinical condition and heart rates during both investigations were
comparable. The reasons to perform the cineangiographic procedure are
shown in table 4.
Out of a total of 76 — two patients were catheterized twice (one to assess
the suspected insufficiency of a mitral valve prosthesis, the other to
follow the course of an incompetent aortic valve) — 69 yielded the
necessary information to calculate ejection fraction. Failure to obtain
such data was in part of technical nature, major complications making up
the other part (table 5).
Both complications resulted in the death of the patients, one suffering
from proximal left main stem disease and one having a corrected
Table S: Reasons of failure to calculate ejection fraction after cardiac catheterization.
N
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Major complications - Ventricular fibrillation
- Acute myocardial infarction
Inability to reach the left ventricle
Insufficient opafication of the ventricular cavity
Failure of the computer to accept the available data

1
1
2
1
2

(
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transposition with severe pulmonary hypertension. A third major and
fatal incident, occuring shortly after the intervention, consisted of a
cerebral embolus. This underlines the potential hazards of cardiac
catheterization, in particular in patients at high risk.
The results of the comparison of both methods are shown in fig. 20.
There is a highly significant correlation. From both regression equations
it can be calculated that an angiographic value of 0.50 corresponds to a
bloodpocl ejection fraction of 0.45.
In analogy to the catheterization criteria, we chose this last value to
represent the lower limit of normal. This resulted in 2 abnormal values
and 4 normal ejection fractions to be predicted from the radionuclide
study, whereas angiography would have concluded otherwise. Maximal
difference from angiography was 20 percentage points, 51 determinations
were within 10 percentage points.
Differences are higher in those subjects with higher ejection fraction
values. It seems likely that these patients with a normal ejection fraction
have a greater range of physiological variability, which may manifest
itself, even when both studies are performed at very short intervals.
Values below 0.30, being inferior to 0.45 by more than two times the
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Figure 20
Correlation of ejection fractions determined by cine-angiography and gated equilibrium
bloodpool scintigraphy in 69 studies.
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Table 6: Comparison of angiographic and scintigraphic ejection fractions in patients
with atrial fibrillation or bundle branch block.

Sex

Age

Electrocardiogram

I
?

Ejection fraction
Angio
Bloodpool

9

69

Atrial fibrillation

Angina Pectoris
Old MI

0.17

0.16

9

62

Atrial fibrillation

Rheumatic heart
disease

0.74

0.67

9

71

Atrial fibrillation

Rheumatic heart
disease

0.71

0.54

9

39

Atrial fibrillation

Rheumatic heart
disease

0.69

0.52

6

68

Atrial fibrillation

Rheumatic heart
disease

0.62

0.42

9

64

Atrial fibrillation

Rheumatic heart
disease

0.55

0.55

$

55

Atrial fibrillation

Cor pulmonale

0.78

0.77

9

42

Right bundle branch
block

Atrial septal
defect

0.75

0.73

9

59

Left bundle branch
block

Aortic incompetence
Old MI

0.30

0.22

(

s-

Diagnosis

standard error of the estimate of x on y (Sx), were considered as definitely
abnormal.
Seven patients had well controled atrial fibrillation during both procedures, 5 of these with multiple valvular lesions due to rheumatic heart
disease. Two others had bundle branch blocks. As we saw, gating may be
faulted under these circumstances. Ejection fractions do indeed not agree
as well as in the group as a whole (table 6). Numbers are too small to
draw statistically reliable conclusions, but the combination of atrial
fibrillation and rheumatic valvular disease — a very common one —
should lead to cautions interpretation of radionuclide ejection fraction
values, knowing that these may be considerably underestimating angiographic determinations. Apart from the abnormal rhythm, this might be
due to atrio-ventricular overlap in the presence of a much enlarged left
atrium. On the other hand, it must be stated that, in the presence of atrial
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fibrillation, angiography may be misleading too, by extracting information out of a few randomly opacified beats, while gated bloodpool studies
represent the average of the whole range of ejecting beats. It is, however,
not known, whether this average behaviour is diagnostically significant in
patients with atrial fibrillation (BACHARACH et al., 1980).
6.2 Ejection fraction; reproducibility and variability of the gated equilibrium
bloodpool method
Before gated bloodpool scintigraphy can be succesfully used to follow the
course of disease, intrinsic variability of the technique must be defined.
The only large series assessing reproducibility was published by WACKERS et al. (1979). The method used by these authors included multiple
gated acquisition and computerized automatic ventricular edge detection
with minimal operator assistance, thus, at least theoretically, minimizing
observer variability. Since we manually defined our regions of interest in
all studies, the assessment of intra-observer variability was of prime
concern.
For this purpose 64 studies were randomly selected and ejection fraction
recalculated without knowledge of the original results and after all
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n«64
yxO.9Sx *0LO3
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p< 0.001
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Sy = 0.04
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Figure 21
Intra-observer variability of ejection fraction determinations obtained by recalculation
of the computer stored data of 64 gated equilibrium bloodpool studies. A=initial value,
B=recalculated value.
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patient identification had been obscured. In fig. 21 reprocessed values (B)
are plotted against the initial determinations (A). Mean intra-observer
variability of absolute ejection fraction was 3.9 ± 2.6 (SD) percent.
Maximal range was 10%, and 96% of the repeated calculations were
within 8 percentage points.
There was no significant difference in mean variability for the 38 patients
with a normal ejection fraction, i.e. exceeding 0.45, and the 26 with an
abnormal ejection fraction (4.2 ± 2.7 versus 3.3 ± 2.3 percent). Still, only
4 of 26 in the abnormal group varied by more than 5 percent, compared
to 18 out of 38 in the normal population (p<0.02). This is probably the
result of the relatively important contribution of small variations in area
of interest delineation, when the left ventricle is not enlarged, as opposed
to the limited influence of such variations in the larger ventricles, often
present in abnormal patients.
As serial studies aim to measure differences over time, day-to-day
EF
0.90-.

0.50-

0.10-

Figure 22
Reproducibility of repeated scintigraphic ejection fraction determination on different
days (A and B) in 27 patients with unchanged clinical condition.
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variability is also of importance to establish the range of physiological
variation. Often, this kind of study is performed with short, even very
short, time intervals. Since results of these studies, subsequently, serve to
assess the significance of differences in subjects, otherwise apparently
unchanged after a, sometimes, substantial interval of time, it seems
possible that this approach narrows the normal range of variability in an
unphysiological way. We, therefore, chose our patients for these observations on the basis of an unaltered clinical state, i.e. with unaltered
complaints and physical examination, and regardless of the time interval
between both studies.
As it appeared, 10 of 27 investigations were performed from 0 to 14 days
apart and 17 with intervals from 1 month to 2 years. Thirteen patients
had coronary artery disease, often complicated by chronic congestive
heart failure, 5 had a congestive non-ischemic cardiomyopathy, 3 rheumatic heart disease, 2 aortic stenosis, 2 congenital heart disease, 1
endocarditis lenta and one a suspected hemochromatosis. Atrial fibrillation was present on both occasions in 5, all others had a normal
sinus rhythm. A graphic representation of this study is presented in fig.
22.
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Figure 23
Inter-observer variability of ejection fraction determinations from stored scintigraphic
data of 25 patients.
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Mean variability amounted to 4.4 ± 2.2 percent for the group as a whole.
Variability for ejection fraction values below 0.45 was 3.8 ± 1.7 percent,
for the normal range of values 5.1 ± 2.7 (p=NS). Absolute differences of
more than 5 percent occured in 6 of 9 patients having ejection fractions
exceeding 0.45 and in 3 of 18 with lower values (p<0.05).
Although all determinations, that will be reported, were executed by the
author of this thesis, inter-observer variability was also evaluated, using
the independently calculated ejection fraction values of another observer
with less experience (G. Guit). Results are shown infig.23. Reproducibility is not significantly different.
Table 7 summarizes our data and compares them to the variability figures
of WACKERS et al. (1979). From this comparison it will be clear that
intra- and inter-observer variabilities, found by these authors, are smaller
than our own. It seems reasonable to assume that their method, indeed,
minimizes observer bias. This advantage is lost, however, when serial

Table 7: Variability of ejection fraction determinations by gated equilibrium bloodpool
methods. Data are presented as mean ± standard deviation.
Intra-observer
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all

normal

abnormal

This thesis
N

3.9 ± 2.6
64

4.2 ± 2.7
38

3.3 ± 2.3
26

Wackers et al. (1979)
N

1.4 ± 1.2
156

1.3 ± 0.9
78

1.5 ± 1.4
78

p<0.001
Inter-observer

•I

This thesis
N

4.7 ± 2.6
25

4.8 ± 3.0
15

4.5 ± 1.9
10

Wackers et al. (1979)
N

1.6 ± 1.5
38

1.9 ± 1.3
16

1.3 ± 1.7
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P<O.OOI
======================================================
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Serial
This thesis
N

4.4 ± 2.2
27

5.1 ± 2.7
9

3.8 ± 1.7
18

Wackers et al. (1979)
N

4.3 ± 3.1
29

6.4 ± 3.7
15

2.3 ± 2.5
14

p=NS
^/ 3
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studies with their inherent physiological variation are included. Furthermore, it can be concluded that time-interval selection — WACKERS et
al. performed all of their repeat studies within 5 days — has not affected
the apparent range of variation, the results in our study being not
different from those mentioned by WACKERS et al.
Thus, ejection fraction can not only be determined accurately by gated
bloodpool scintigraphy, but also with good reproducibility and minimal
variability. Changes over time in individual patients should be considered
in the light of the above results. We selected an absolute change of more
than 10 percent in patients with a normal ejection fraction to represent a
non-random difference, while at least a 5 percent change in individual
patients with an abnormal ejection fraction had to occur to be accorded a
significant meaning.
6.3 Ejection fraction; comparison with M-mode echocardiography
In 55 patients a total of 78 combined radionuclide and echocardiographic
studies were performed within one week from each other. In 13 subjects,
all examined only once, echocardiographic ejection fraction (shortening
fraction times 1.7) could not be calculated due to the impossibility to
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Figure 24
Correlation of ejection fractions determined from gated equilibrium bloodpool count
data and M-mode echocardiographic internal dimensions of the left ventricle in 65
studies.
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obtain a satisfactory recording. As a consequence there remained 65
paired results in 42 patients, 24 males and 18 females, for comparison
(fig. 24). Fourteen of these involved 12 patients — one subject being
investigated on three occasions — with either proven coronary artery
disease and/or a documented myocardial infarction. Fifty studies were
done with a separation of less than 72 hours.
Mean variation between both determinations was largest in 21 investigations (including 11 in the presence of coronary arterty disease) with an
abnormal ejection fraction by the radionuclide method: 12.5 ± 9.5
percent, versus 6.5 ± 4.1 percent in the remaining 44 studies (p<0.01).
When all results of patients with coronary artery disease were disregarded, this difference could not be demonstrated any more. This is in
accordance with the literature showing echocardiography to be unreliable
for the assessment of functional parameters of the left ventricle, when this
ventricle is segmentally diseased (FEIGENBAUM, 1975; HENNING et
al., 1975; TEICHHOLZ et al., 1976). In patients who have a homogeneous contraction pattern, on the other hand, echocardiographic
measurements, including those derived from internal diameters, offer an
important method for longitudinal monitoring of cardiac performance,
provided a satisfactory recording can be obtained.
6.4 Left ventricular volumes from gated equilibrium images
Measurements by the area-length method of end-diastolic and endsystolic volumes from the left anterior oblique views of the gated
equilibrium bloodpool studies were performed in 32 patients. All were
catheterized as well, 27 of them within 24 hours. This allowed us to
compare 64 radionuclide volumes with angiographic results (fig. 25).
In spite of the approximated long axis, used in our calculations, there is
good agreement of both methods: r = 0.91 and standard error of the
estimate y on x (Sy) = 27 ml. Correlation declines with increasing
volume. As these larger volumes are often associated with depressed
ventricles with abnormalities cf wall motion, this is undoubtedly due to
the inadequacy of geometric assumptions in our calculation. Angiographic determinations in these cases, however, suffer from the same
drawbacks.
When ejection fractions are derived from these volume data, correlation
with angiography (fig. 26) is less than for values obtained by the countbaeo'i method: r = 0.80 with Sx=0.10 compared to r=0.91 with Sx=0.07,
the last values being not different from the ones found for the 69 patients
mentioned earlier. The same difference in accuracy was described by
FOLLAND et al. (1977) using right anterior oblique area-length estimation of volumes.
Since end-diastolic volume provides a measure of preload, combination
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Figure 25
Correlation of determinations of left ventricular end-diastolic (EDV) and end-systolic
(ESV) volumes calculated by area-length analysis of gated equilibrium bloodpool scintigrams and cine-angiograms in 32 patients.

c

of this parameter with the information offered by the calculation of
ejection fraction allows for a more accurate definition of ventricular
performance, in particular when serial studies are performed.
As our method is largely dependent on the observer's choice of best
ventricular area and long axis, variability is of great importance for the
interpretation of follow-up results. This was reason to recalculate the
end-diastolic volumes of all of our 32 patients, supplemented with 12
others that had been randomly selected previously to obtain a pilotindication of intra-observer variability. Mean difference of these 44
repeat determinations was 20.2 ± 15.0 ml (range 1 -66 ml).
SLUTSKY et al. (1979a) and DEHMER et al. (1980), reporting on a
count-based method for the determination of ventricular volumes independent of geometric assumptions, do not include observations on
reproducibility. Because their correlation with angiography is very high
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Correlations of ejection fractions calculated from area-length analysis of gated bloodpool
scintigrams and cine-angjograms in 32 patients.
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(r=0.98) and their technique also eliminates observer influence, reproducibility is expected to be superior too.
Geometric analysis of gated equilibrium bloodpool scans, in conclusion
is applicable to the determination of volumes, in any case, allows for the
quantification of ventricular content related to true volume. Even when
faulted to a certain extent, the same errors are likely to be> made in the
same subject, thus, providing a means of measuring directional changes.
Calculations based on ventricular counts, extensively proven to be the
method of choice for determinations of ejection fraction, probably will
emerge as superior in the assessment of volumes as well. Regardless of
methodology, the available information on volume and changes of
volume is too valuable to be neglected in the analysis of gated equilibrium
bloodpool scintigrams.

CHAPTER 7
RESULTS OF GAMMA CAMERA STUDIES IN THE ASSESSMENT OF
LEFT VENTRICULAR PERFORMANCE; CORONARY ARTERY DISEASE
7.1 Ejection fraction and prognosis
The severe prognostic implications of a low ejection fraction, reported in
the literature, are also apparent in our own patient population. In the
same group of 132 patients from the first paragraph of chapter 4, 17 out
of 45 with an ejection fraction below 0.30 died before a year had passed,
12 of these 17 having one or mo»e definite myocardial infarctions in their
history, dating back from one month to seven years, and 11 of them as a
direct result of failing myocardial pumping function. In contrast, 11 out
of 87 with an ejection fraction over 30 percent died within a same period
of 12 months (p<0.001). Only 3 deaths in the second group were due to
failure of the cardiac pump (table 8). Two had progressive cardiogenic
shock and a normal ejection fraction, 0.55 and 0.57 respectivily, in the
course of a right ventricular myocardial infarction (associated with an
inferior wall left ventricular infarction) and after an infero-septal infarction with rupture of the ventricular septum. The third patient died
from irreversible ventricular fibrillation, having sustained a large infarction during catheterization. In the surviving group 32 patients had
Table 8: Causes of death in a group of 132 consecutive patients, related to ejection
fraction values inferior or superior to 0.30.
Ejection fraction
Cause of death

>0.30
N=87

<0.30
N=45

Progressive heart failure

2

11

Complications of invasive interventions

2

2

Complications of cardiac surgery

0

3

Progressive malignant disease

6

0

Pulmonary embolism

0

1

Unknown

1

0

80
anamnestic or electrocardiographic evidence of previous infarction,
which is not different from the prevalence of this occurence in subjects
with low ejection fractions.
Patients who died during or shortly after diagnostic or surgical interventions were not excluded from this analysis, on the one hand because a
low or normal ejection fraction characterizes a high and a low risk group
for these procedures, and on the other hand because these interventions
may, currently, be considered to be part of the natural history of most
cardiac diseases.
We do not have at our disposal information concerning ejection fractions
in the early post-infarction period of those patients who were first
presented to us with low values and who subsequently had a fatal course.
Data of SCHELBERT et al. (1976), however, stress the difference of
mortality and morbidity in two groups that were followed sequentially
for up to 39 months after acute myocardial infarction. In one group of 18
patients with either a normal ejection fraction or one returning to normal
early after the acute episode, 3 died during late follow-up, whereas 7 died
in a second group of 32 with reduced ejection fractions. In the remainig
25 the incidence of symptomatic left ventricular dysfunction was also
more common than in the first group of patients. Likewise, TAYLOR et
al. (1980), in a 30-months prospective study of 104 patients surviving
infarction, found a low ejection fraction one of the best predictors of
mortality.
7.2 Ejection fraction and left-sided congestive heart failure
Backward failure is one of the main manifestations of a failing myocardial pump. While the signs of co-existing forward heart failure,
leading to inappropriate retention of fluids, may be minimal, puhnonary
congestion due to the reduced function of the left ventricle is often
clinically and radiologically apparent.
Table 9: Analysis of the relation between normal or abnormal ejection fraction and the
presence of signs and symptoms of congestive left heart failure (from the data
of fig. 27).

EF

Congestive left
heart failure
+

<0.45

16

7

>0.45

5

46

p<0.001
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Figure 27
Distribution of ejection fractions in 74 patients in relation to the presence (+) or absence
(—) of signs and symptoms of congestive left heart failure.

Hie relation between ejection fraction and such signs of congestive failure
is shown in fig. 27 and table 9 for the 74 patients who underwent cardiac
catheterization.
Of 21 patients, fulfilling the criteria, 5 had a normal ejection fraction
above 0.45 and 14 values below 0.30. Four of those with a normal
ejection fraction had rheumatic heart disease, including important mitral
stenosis. Seven of 53 without manifestations of left-sided congestion had
an ejection fraction below 0.45. Only 2 wert lower than 0.30 and both
developed congestive heart failure later on.
When stratification is extended by considering a prior myocardial
infarction, it appears that all but 3 patients with abnormal ejection
fractions have sustained such myocardial damage. On the other hand, in
24 cases a preceding infarction was not associated with a fall of ejection
fraction into the abnormal range (fig. 28).
Many patients with signs and symptoms of left-sided congestive failure
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Figure 28
Relation between ejection fraction, congestive left heart failure and old myocardia
infarction in 74 patients.
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also have manifestations of right-sided backward failure. In the presence
of isolated right-sided congestion, function of the left ventricle is
generally expected to be maintained. Indeed, SLUTSKY et al. (1980b),
among others, have found left ventricular ejection fraction to be unchanged from normal control values in patients with chronic obstructive
lung disease and without known ischemic or hypertensive heart disease.
Only with very severe pulmonary disease there is a depression of left
ventricular ejection fraction as well, which is not related to coronary
artery disease. The reduction of the performance of the left heart
chamber under these circumstances may be due to ahered compliance or
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jeduced left ventricular filling in the presence of substantial elevation of
pressures in the right heart.
Our own experience to date, in addition to the 2 subjects with normal left
ventricular ejection fractions and cardiogenic shock, mentioned in the
previous paragraph and both having clear manifestations of right-sided
congestion, consists of another 4 patients with isolated right-sided heart
failure — 3 due to a decompensated cor pulmonale and 1 with a longstanding atrial septal defect with a large Jeft-to-right shunt. Ejection
fractions of the left ventricle in all these patients were well within normal
limits, ranging from 0.54 to 0.70. In one patient with cardiac tamponade
— at autopsy proven to be the result of cardiac amyloidosis with a
proportionally greater involvement of the right heart, left ventricular
ejection fraction was round to be 0.45 and 0.48 on two successive
occasions, despite progressive signs of diminishing cardiac output.
Additional knowledge of right ventricular ejection fraction — measurements of this parameter were not obtained by us, but appear to be within
the reach of multiple gated acquisition methods with increased accuracy
and reproducibility (MADDAHI et al., 1979) — should be of further help
in the clarification of heart failure that is not readily understood.
Yet, determination of left ventricular ejection fraction alone is of
considerable value in assessing, whether depression of this ventricle is
likely or unlikely to be at the cris'n of failing cardiac performance.

,, .

- 1
V
.

7.3 Ejection fraction during successful treatment or progression of congestive
left heart failure
The effects of clinical sodium restriction and the administration of
diuretics and digoxin were studied in 7 patients, 4 men and 3 women,
admitted because of congestive failure that could not be improved during
ambulatory out-patient treatment. One of the subjects suffered from
rheumatic heart disease, 2 were diagnosed to have a non-ischemic
congestive cardiomyopathy, the others had coronary artery disease with
old myocardial infarctions. The first gated equilibrium bloodpool study
was performed within one week after admission, the second radionuclide
investigation after a mean interval of 5 weeks (range 3 to 8 weeks).
Figure 29 shows the simultaneously recorded changes of ejection fraction
(EF), end-diastolic volume (EDV), heart rate (HR) and mean arterial
pressure (MAP) from cuff-measurements.
As can be seen, there is an important increase of the markedly reduced
initial ejection fraction, in combination with a fall of end-diastolic
volume from clearly elevated values. Heart rate and blood pressure
remained unaltered.
This improvement, also manifested by amelioration of other objective
and subjective parameters and symptoms, is the result — at least in part
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Figure 29
Changes of ejection fraction (EF), end-diasolic volume (EDV), heart rate (HR) and
mean arterial pressure (MAP) after treatment for congestive left heart failure with
sodium restriction, diuretics and digoxin in 7 patients (values are mean ± standard error).

— of a movement to the left (reduction of end-diastolic volume) on the
depressed ventricular function curve (chapter 2, fig. 8b.) A true increase
of contractility with movement from a relatively flat to a steeper
functional curve, may have added to this effect.
In a small group of 4 patients, 3 men and 1 woman, all with ischemic
heart disease, the conventional approach of relief of congestion with
diuretics and of increasing inotropic state with digitalis failed to improve
functional status. These patients were studied just prior to, and from 4 to
8 weeks after, the institution of additional treatment with the vasodilating
agent prazosin (2 to 4 mg four times daily), resulting in clinical
improvement (fig. 30).
Numbers are to small to draw certain conclusions. Yet, every individual
patient had more than 5 percent increase of ejection fraction. As we
discussed, this must be regarded as a non-random occurrence in the
definitely abnormal range of ejection fractions.
End-diastolic volume after the period of treatment is not different from
starting volume. This is at variance with the theoretical effects of
prazosin, consisting of combined dilatation of arterioles and venous
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Figure 30
Changes of ejection fraction, end-diasolic volume, heart rate and mean arterial pressure
after additional treatment with prazosin of refractory congestive left heart failure in 4
patients (values are mean + standard error).
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capacitance vessels, leading to a reduction of both preload and afterload.
CHATTERJEE et al. (1978), however, failed to demonstrate the substantial reduction of preload reported by others (AWAN et al., 1978).
Part of the controversy may be the result of methodological differences,
depending on, whether patients are studied on an ambulatory out-patient
basis, or whether they are hospitalized and recumbent most of the day.
The increase of preload in the supine position may mask its pharmacological reduction. Variations in concomitant sodium restriction and
diuretic therapy are other possible sources of discrepancies. Nevertheless,
the decrease of impedance to ventricular ejection probably predominates
over preload reduction, when the myocardial muscle is failing (MASON,
1978). This effect is mediated by a significant decrease of peripheral
vascular resistance, accompanied by a fall of mean arterial pressure,
while heart rate remains unchanged (AWAN et al., 1978; OPIE, 1980).
Our own measurements of these variables appear to be the same.
Nine patients, 8 men and 1 woman, having signs and symptoms of left
ventricular failure due to ischemic heart disease, were reïnvestigated after
a mean interval of 8 months (range 1 to 18 months) from their initial
study. All of them had progressed to functional class IV of the NYHA,
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Figure 31
Changes of ejection fraction, end-diastolic volume, heart rate and mean arterial pressure
in 9 patients with progressive signs and symptoms of congestive left heart failure (values
are mean ± standard error).

despite treatment. None of them sustained a new myocardial infarction
during this period. Ejection fraction was found to be decreased, while
end-diastolic volume and heart rate were significantly higher (fig. 31).
The smaller stroke volume relative to end-diastolic volume — with
unchanged impedance as measured from mean arterial pressure — can be
seen as a reflection of a further decline of myocardial contractile capacity.
At the same time the heart tries to compensate using the Frank-Starling
mechanism and an increase of heart rate.
7.4 Ejection fraction and uncomplicated coronary artery disease
Results so far support the enormous evidence that coronary artery
disease is a prime determinant of mortality and morbidity of large groups
of patients. Instrumental in any patient's clinical course, however, are not
the lesions of these arteries as such, but the extent of resulting muscle
damage.
To illustrate this we found no difference between ejection fractions of 12
patients with classical angina (and proven coronary artery stenoses)
without infarctions or other known or suspected cardiac disease (EF =
0.65 ± 0.07) and those of our 15 normal patients (EF = 0.68 ± 0.07), even
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Table 10: Relation between normal or abnormal ejection traction and the presence and
severity of coronary artery disease (CAD) in 70 patients.
Ejection fraction
CAD
number of vessels
involved
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>0.45
N=49

<0.45
N=21

14

4

8

4

9

3

18

10

though 11 of 12 used bêta-blocking agents in anti-anginal doses at the
time of their study and the others did not. The lack of measurable effect
on resting ejection fraction of effective bêta-blocking therapy was also
demonstrated by MARSHALL et al. (1978), using incremental dosages of
oral propranolol, with monitoring of plasma levels, in patients with
stable angina and by REDUTO et al. (1978) during propranolol withdrawal prior to bypass surgery. Moreover, proven absence or presence of
significant coronary artery narrowing, be it single-, double- or threevessel involvement, could not be related to ejection fraction values of 70
of our own subjects (table 10).
7.5 Ejection fraction and extent of myocardial damage
As it is not coronary artery disease itself, but resultant myocardial
infarction, that is a predictor of subsequent clinical course, ejection
fraction and extent of myocardial damage are expected to be associated.
Estimation of actual infarct size has long been based on electrocardiographic criteria, anteroseptal infarctions often being large and exhibiting
considerable depression of pumping performance, sub-endocardial or
non-transmural lesions showing much less apparent influences on myocardial function. Electrocardiograms, particularly in retrospect, are
sometimes limited in their ability to diagnose, classify and localize
myocardial infarcts, even when there are no conduction abnormalities,
changes of electrolyte concentrations or alterations due to cardioactive
drugs. In a substantial minority of patients the typical changes may
disappear or become unrecognizable after a number of months or years
(ALPERT and BRAUNWALD, 1980). Results of creatine kinase (MB)
determinations may also serve as a measure of infarct size (SOBEL et al.,
1976), but changes of this biochemical marker are not always looked for
and will be unknown when out-of-hospital or silent infarction occurred.
Myocardial perfusion scintigraphy with thallium-201 may prove of
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special help when these other indicators are unreliable or unavailable. We
performed resting perfusion scans in 63 of our patients with known
coronary artery anatomy. Thirty-nine had had a documented remote
myocardial infarction — dating back from 2 weeks to 10 years — and 6 of
these were classified as non-transmural according to criteria of NYHA.
While scintigraphic defects of these resting studies were related weakly to
the presence of coronary artery disease and did not help in predicting
severity, correlation of prior infarction and definite areas of diminished
perfusion was very high (table 11). Four of 5 old infarctions without a
detectable perfusion defect had been non-transmural. Similar results
were reported by HAMILTON et al. (1977) and UTHURRALT (1980).
When the presence and location of a myocardial perfusion defect is
plotted against ejection fraction (fig. 32), it can be seen that all patients
without such a defect have a normal ejection fraction, whereas almost all
with multiple or antero-septal lesions are abnormal. Many subjects with
defects of the antero-lateral and infero-posterior walls, including 2 with a
sub-endocardial infarction in their history, have a normal ejection fraction. Visual inspection learns that these lesions, indeed, tend to be smaller
than affected areas of others.
Quantitative analysis of myocardial perfusion and computation of defectscores was carried out in a group of 41 patients with proven coronary
artery disease and consisting of 33 males and 8 females. Nine patients had
not had a myocardial infarction previously. They all had a normal
ejection fraction and a defect-score of less than 20 percent. Thirteen
others, also with normal ejection fraction values, did have evidence of
myocardial damage in their history. Defect-scores, however, were not
significantly different. Infarcts of this group had involved the inferior or
posterior walls in 5 patients and the antero-lateral wall segment in 4. Only
Table 11: Analysis of the relation between the presence or absence of a resting defect
on thallium-201 perfusion scans and the presence or absence of significant
coronary artery lesions (A) and of the relation of such defects with a prior
infarction (B).
Significant
CAD

A
Resting
thallium-201
defect

Documented old
infarction

Resting
thallium-201
defect

+

+

31

5

-

16

11

p<0.05

B

+

+

34

3

5

21

p<0.001
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Figure 32
Relation between localization of resting thallium-201 perfusion defects and ejection
fraction. AS=antero-septal, AL-antero-lateral, IP-infero-posterior, M=multiple, N=no
defect.

1, apparently small, antero-septal infarction was found in this group. The
remaining 4 had had subendocardial infarctions. All 12 subjects with a
defect-score in excess of 20 percent had abnormal ejection fractions and
antero-septal (6) or multiple (6) myocardial lesions. Apart from these
results, fig. 33 shows there to be 7 subjects with a defect-score of less than
20% and a depressed ejection fraction. Every single patient of this group
with a definitely abnormal ejection fraction below 0.30 was found to have
mitral and/or aortic regurgitation of at least grade 3 or grade 2,
respectively. Prior infarctions had involved the inferior or posterior walls
in 4 of these last six patients, the antero-lateral and antero-septal walls in
one each.
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Figure 33
Relation between ejection fraction and defect-score of thallium-201 peifusion scans in
41 patients with proven coronary artery disease. Subjects with important mitral and/or
aortic valve regurgitation are indicated with triangles.

We postulate that, although the relative amount of damaged myocardium in these patient has been small, the load imposed by the valvular
lesions has further affected ventricular contractile capacity. Compensation for this depression of contractility fails due to the limited myocardial
reserve after the previous infarction. In this context it is also of interest to
note that the one patient with an important mitral valve insufficiency in
the group with normal ejection fractions and defect-scores had no history
of prior myocardial muscle damage.
7.6 Ejection fraction and non-ischemic cardiomyopathy
In the selected patient population described above the detection of a
peifusion defect is a strong indication of ischemic myocardial damage.
When thallium images of a random individual are to be interpreted, it
must be born in mind that any infiltrative process, such as tumor or
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granulomas, may destroy myocardial cells and result in a defect (BULKLEY et al., 1976). On the other hand, in patients with signs suggestive
of a cardiomyopathy, thallium-201 myocardial perfusion imaging may
allow differentiation of an ischemic from a non-ischemic cardiomyopathy
(PITT and STRAUSS, 1976).
With a primary non-ischemic cardiomyopathy uptake of thallium in the
myocardium is expected to be inhomogeneous at the most, but without
the defects of distribution of ischemic lesions. The characteristic thickening of the septal myocardium in idiopathic hypertrophic subaortic
stenosis may be apparent on scans as well (BULKLEY at al., 1975).
Generalized left ventricular hypertrophy may be suspected from the
scintigraphic images in some individuals, but thallium-201 perfusion
imaging is not a reliable method to make such a diagnosis with a fair
degree of confidence (REINDERS FOLMER et al., 1981).
We were able to perform thallium-201 scans in 11 patients, 7 men and 4
women, who were diagnosed as having a primary non-ischemic cardioEF
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Figure 34
Comparison of ejection fractions of normal subjects (N) and patients with a non-ischemic
cardiomyopathy, with (+) and without ( - ) signs and symptoms of congestive left heart
failure.
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myopathy. It is also of importance to mention the fact that 4 had an
electrocardiographic left bundle branch block and 1 abnormal QRScomplexes due to pacemaker activation. None of these subjects had
defects on their perfusion scans. In contrast, we found — just as
described by WACKERS et al. (1977) — clear antero-septal perfusion
defects in 4 patients with coronary artery disease and a prior myocardial
infarction that could not be localized on the electrocardiogram as a result
of the presence of a left bundle branch block.
Ejection fraction of 13 patients with cardiomyopathy (the 11 subjects that
were investigated with thallium and 2 others that were not) are listed in
fig. 34. Values are significantly lower than our normal values, both for
the group without manifestations of backward failure and for the group
with such signs and symptoms.
In analogy to ischemic disease, out without the tell-tale accompanying
abnormalities of myocardial perfusion, the decrease of ejection fraction,
if any, can be thought to be a measure of the extent o f functional
myocardial muscle damage. FEILD et al. (1973), for a similar group of
patients during a 24 months post-catheterization follow-up, also demonstrated a poor prognosis to be related to lower values of ejection fraction.
7.7 Analysis of abnormalities of wall motion; ventricular aneurysm
Wall motion analysis of the two-frame gated bloodpool studies was
performed by subjective grading in 52 patients, 31 men and 21 women,
and compared to the results obtained from subjective visual assessment
of wall movement on cineangiograms made during catheterization.
Twenty-nine patients had a documented infarction, including 2 with a
non-transmural one, and 34 significant coronary artery disease.
Since left anterior oblique and right anterior oblique ventricular perimeters were divided into 7 discrete wall regions, total comparison
consisted of 364 segments. Right ventricular enlargement was never
present to such a degree that left ventricular borders at end-systole could
not be identified at all in the right anterior oblique projection. We did not
eliminate, like B R A D Y et al. (1980) did, inferior and postero-basal wall
segments, that may be partly obscured, from this analysis, for these
particular areas form the weakest link of the method and should be
included in a honest comparison.
Overall results, regarding the presence or absence of abnormal wall
motion, are presented in table 12. Specificity of abnormal scintigraphic
movement is high, sensitivity, however, is quite poor. With an angiographic prevalence of wall motion abnormalities in 27 of 52 patients, this
implicates that normal wall movement by our gated bloodpool standard
still represents a 25 percent chance of undetected regional asynergy.
Further analysis shows this to be the result of failure to discriminate
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Table 12: Analysis of the ability to detect angiographically demonstrated abnonnalities
of segmental wall motion (+) by gated equilibrium bloodpool scintigraphy.
Angiography
Gated equilibrium
bloodpool scan

+

-

85

16

35

228

sensitivity = 7 1 %
specificity = 93%

,,

1

normal contraction from hypokinesis or vice versa, according for 47 of 51
discrepancies and almost equally divided over all 7 segments, i.e. not
overrepresented in the theoretically most difficult infero-posterior areas.
On top of this, 17 of 85 segments judged as abnormal by both methods,
were not graded identically, be it within on grade in 11 cases. As a
consequence, complete agreement was found in only 25 patients, the
great majority with a normal contraction pattern.
Inferior resolution of the gated bloodpool method, compared to angiography, is one of the reasons that fairly subtle changes of contractile
behaviour are missed, whereas clear abnonnalities are well recognized.
The use of high-resolution collimators might improve this, but at the
expense of prolonged imaging time. Better timing of end-systole may also
be of importance (MARIER and GIBSON, 1980) and is within the reach
of multiple gated acquisition. Apart from the results of OKADA et al.
(1980), finding the 2 methods comparable in their overall accuracy
towards angiography, the findings of SNEED et al. (1977) — stating that
multigated radionuclide wall motion was identical to ventriculographic
interpretation in 23 of 25 patients — and of BRADY et al. (1980) —
showing complete agreement in 86% of segments included in their study
— seem to point in that direction.
In spite of the rather course resolution of the two-frame method, unique
information can be gathered in a non-invasive way, repeatedly, if so
desired.
The impact of abnormalities of wall motion on ejection fraction, in
accordance with the observations of HAMILTON et al. (1972), is
demonstrated in fig. 35. All patients without abnormalities have a
completely normal ejection fraction and all with diffuse or near-diffuse
(involvement of 5 to 7 segments) asynergic movement are definitely
abnormal. Less outspoken abnormalities, consisting of a more localized
akinesia or hypokinesia (1 to 3 segments) is linked to a lesser degree of
ejection fraction reduction, mostly not out of the normal range. Both
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Figure 35
Relation between ejection fraction and number of abnormally contracting myocardial
segments as detected by gated equilibrium bloodpool scintigraphy in 52 patients. Subjects with a ventricular aneurysm are indicated with an A.
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patients with the lowest ejection fractions in this group and the one with 4
abnormal segments had aneurysms, underlining the special role of this
type of localized dyskinesis on global ventricular function.
On the whole, the above results are complementary to the data obtained
from the quantitative analysis of the thallium-201 perfusion scans, both
apporting strong evidence of the decisive importance of the extent of
myocardial involvement to ventricular contractile performance. As can
be expected, there is a strong relation (p<0.001) between a previous
infarction and abnormal wall motion, but, again, severity of coronory
artery disease can not be predicted from the normality or abnormality of
the ventricular contraction pattern.
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7.8 Left ventricular aneurysm
It is clear from these findings that left ventricular failure after myocardial
infarction(s) may result from either diffuse abnormalities of segmental
contraction or from less extensive damage with localized formation of an
aneurysm.
In the presence of a diffuse impairment of function, surgical intervention
is not expected to be effective in symptomatic improvement, while the
risks of surgery are high. In contrast, aneurysmectomy has become an
accepted procedure in the therapeutic management of severe congestive
failure, in particular when contractile performance of the remaining
ventricular muscle is normal (WATSON et al., 1975). Differentiation of
localized from diffuse ventricular disease, therefore, has been one of the
main goals of cardiac catheterization. Gated equilibrium bloodpool
scintigraphy was first demonstrated to be of value for this purpose by
RIGO et al. (1974).
We used the same two-frame method employed by these authors in the
assessment of ventricular dyskinesis in a group of 111 catheterized
patients. Fourteen patients were shown to have a discrete ventricular
aneurysm — defined as true systolic bulging. The location of the
aneurysm was anterior, antero-apical or antero-lateral in 10 and inferoposterior in 3 patients, including 1 false aneurysm. One of these, with a
location in the inferior wall region was missed by the radionuclide
method. In 2 cases, an aneurysm detected by this method, one septal and
one posterior, could not be confirmed by angiography. Once gated
bloodpool scanning indicated the presence of an infero-apical aneurysm,
while the contrast method showed postero-lateral dyskinesis (table 13).
Gated bloodpool scintigraphy, thus, is a sensitive and specific method for
the detection of ventricular aneurysms, especially when localized in the
anterior wall region. Accuracy is limited in the infero-posterior wall parts
of the left ventricle.
A valid comparison with first-pass techniques, eliminating the problem of
Table 13: Analysis of the ability of the gated equilibrium bloodpool method to detect a
left ventricular aneurysm (+).
Angiography
Gated equilibrium
bloodpool scan

sensitivity — 93%
specificity = 98%

+

-
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right ventricular overlap, is not possible, as most patient series consist
mainly of subjects with anterior wall aneurysms (DYMOND et al., 1979).
On the other hand, when such an infero-posterior aneurysm is suspected,
e.g. in the presence of persistent ST-segment elevations in the corresponding electrocardiographic leads, additional gated bloodpool views from
the left lateral projection may clearly demonstrate the abnormal segment
as well.
Some authors have also reported visualization of the diagnostic neck of a
false aneurysm, attaching the aneurysmal sac to the ventricular cavity
(BOTVINICK et al., 1976; WINZELBERG et al., 1980). Detection of
this kind of aneurysm is of special importance because of the high
incidence of rupture, that may be prevented by early surgery (VAN
TASSEL and EDWARDS, 1972; DAVIDSON et al., 1978).
It should be stressed that in only one patient of our series the detection of
an (apical) aneurysm was an unexpected observation. All other subjects,
that were subsequently proven to have such a discrete area of dyskinesis,
had either persistent ST-segment elevations after their earlier infarctions
(10), late ventricular tachycardia (1) or both (2). Both patients who were
falsely diagnosed with the gated bloodpool method had no such signs.
Still, the clinical criteria of elevation of ST-segments on the electrocardiogram, tachycardia or chronic congestive heart failure, may occur
without an aneurysm being present (RIGO et al., 1974; HOPKINS et al.,
1978). Even a normal cardiac roentgenogram in the presence of a proven
aneurysm is well documented (GRABER et al., 1972).

Table 14: Relation of the presence or absence of a ventricular aneurysm on the gated
equilibrium bloodpool scintigram and clinical signs and symptoms in 32 patients who were not catheterized.
Aneurysm detected
by gated bloodpool
scan

:' i

Clinical signs
and symptoms

+

ST-segment elevation

15

2

ST-segment elevation + left bundle branch block

3

2

Ventricular tachycardia

1

2

Chronic congestive heart failure

4

1

Paradoxical wall movement at fluoroscopy

1

0

Paradoxical apical impulse

1

0
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Out of 146 patients, initially seen at our department and not primarily
scheduled for angiography, 32 were thought to have a possible left
ventricular aneurysm as a complication of old infarction, based on
clinical grounds as listed in table 14. Seven had no localized segmental
contraction abnormalities but diffuse hypokinesis. Moreover, 3 others
were clinically unsuspected and had anterior wall aneurysms, 2 of them
without an anamnestic infarction, but with a thallium-201-defect in the
area of paradoxical movement.
Four patients of the first group of catheterized patients were operated
and had their aneurysms resected. Three of them received coronary
bypass grafts for three-vessel coronary artery disease as well. Two had a
relatively preserved contractile performance outside the aneurysma! area
(involvement of 1 to 2 segments, ejection fractions 0.30 and 0.35). The
other had a larger aneurysm and 5-segment disease, but also a comparatively good ejection fraction (0.32). The last patient, treated with
resection only, had the largest aneurysm encountered by us thus far, due
to single-vessel disease. In spite of a very low ejection fraction (0.05),
contraction of the remaining basal myocardium was very good (photo
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The changes of ejection fraction and end-diastolic volume after operation
of these 4 patients are depicted in fig. 36. Mean pre-operative ejection
fraction is significantly higher than for the whole group of 13 patients
(0.26 ± 0.06 (SEM) versus 0.16 ± 0.03) and rises by more than 5 percent
in 3 of the 4 subjects. Volumes are smaller than before operation in the
same patients with a significant increase of ejection fraction. Volume
increased in the one with unchanged ejection fraction.

Photo 12
Gated equilibrium bloodpool studies in a patient with a large aneurysm, before (A) and
after (B) resection of the aneurysmal area.
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Figure 36
Changes of ejection fraction and end-diastolic volume after aneurysmectomy in 4 patients (values are mean ± standard error).

In conclusion, gated equilibrium bloodpool scintigraphy and two-frame
wall motion analysis, though with limited resolution, is of great value in
the detection of ventricular aneurysms and can be used in the assessment
of possible surgical intervention. In our opinion this kind of study should
be performed prior to angiography, in particular in patients considered to
be a high risk for operation. More subtle changes of wall motion — at
least in our hands — can easily be missed, making this method less
suitable for studies in which alterations can be expected to be more
discrete most of the time, e.g. during stress and after pharmacological
interventions.
7.9 Ejection fraction and coronary artery bypass surgery
Myocardial revascularization, by now, is generally accepted to alleviate
anginal symptoms in the great majority of patients with chronic angina,
unresponsive to optimal medical therapy (COHN and BRAUNWALD,
1980). Apart from improvement of survival in patients with high-grade
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stenosis of the proximal left main coronary artery (ZEFT et al., 1974;
OBERMAN et al., 1974) and, possibly, also in the sub-group of patients
with three-vessel disease and preservation of left ventricular function
(McNEER et al., 1974; EUROPEAN CORONARY SURGERY STUDY
GROUP, 1979), the effects of bypass surgery on longevity in other
patients is controversial at least (MURPHY et al., 1977; BUCCINO and
McINTOSH, 1979).
Although further groups of patients may be shown to be eligible
candidates for surgery, there are, at present, no conclusive data to
support the idea that coronary artery bypass grafting is superior to
adequate medical management to prevent or ameliorate other signs and
symptoms of ischemic heart disease, such as myocardial infarction,
congestive heart failure and sudden death (McINTOSH and GARCIA,
1978).
Surgical results in patients who already have failure of contractile
performance, with the exception of some of those with ventricular
aneurysms, are poor (SPENCER et al., 1971). Even without clinical
manifest signs of heart failure, patients with ejection fraction values
below 0.50 — and progressively so with even lower values — have been
shown to suffer from a higher post-operative mortality and an increased
incidence of development of heart failure (OLDHAM et al., 1972; COHN
et al., 1974a). Bypass surgery often results in proximal occlusion of the
grafted vessel, especially in the case of the left anterior descending artery
(McINTOSH and GARCIA, 1978). This progression of native disease,
together with closure of grafts, may induce new myocardial damage and,
thus, influence clinical course. Peri-operative infarctions, though limited
in number with increasing surgical experience, until recently still occurred
in 10 to 15% of elective bypass procedures for stable angina (MUNDTH
and AUSTEN, 1975) and have a significant effect on long-term prognosis
of the patient (SCHRANK et al., 1974).
We found a significant decrease of ejection fraction in every individual
patient of a group of 6 patients, who developed persistent new electrocardiographic Q-waves after their operation (fig. 37). Two others with
definite, but non-diagnostic changes of their electrocardiograms — one
with a new left bundle branch block and one with new precordial negative
T-waves — also had a clear decline of ejection fraction. Three, 2 from the
first and 1 from the second group, have progressed to manifest cardiac
failure within the next year.
Of 18 subjects without post-operative electrocardiographic changes, ejection fraction change, in relation to the value before surgery, was
abnormal in only 2 (p<0.001). One of those, already abnormal before his
operation, is also requiring treatment for congestive heart failure.
The results in this last group as a whole are in support of earlier evidence
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Figure 37
Changes of ejection fraction and end-diastolic volume after bypass-surgery with development of new electrocardiographs Q-waves (A, n=6) and with unchanged electrocardiogram (B, n=18). Values are mean ± standard error.

that left ventricular performance at rest is not influenced by coronary
artery bypass grafting, although in individual patients considerable
changes in either direction can be found, often independent of symptomatic relief of angina (COHN and BRAUNWALD, 1980).
It has been suggested that a change of ejection fraction response during
exercise can be used to show improvement of functional reserve with
successful revascularization (KENT et al., 1978). Due to technical
limitations of our equipment we did not perform this kind of study.
Nevertheless, some remarks with regard to this mode of investigation
seem appropriate and will be made in the next paragraph.
7.10 Ejection fraction during exercise

t\

Resting ejection fraction and wall motion, though important as parameters of global and regional left ventricular function and allowing
identification of patients who are at risk for complications, with or
without operation, do not measure the hemodynamic significance of
coronary artery lesions that have not resulted in permanent myocardial
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damage and, thus, may be completely normal. Because an imbalance of
myocardial oxygen supply and demand, with resulting ischemia, often
occurs only after the heart has been subjected to stress, exercise induced
changes of ventricular function have been used during cardiac catheterization in the assessment of ischemic heart disease (SHARMA et al.,
1976).
From this approach, logically, evolved the use of the technically easier
radionuclide methods during exercise. BORER et al. (1977) were among
the first to show that normal subjects, without known coronary artery
disease, significantly increased their ejection fraction during supine
exercise as a result of increased sympathetic tone (ROSS et al., 1966) with
a small decrease of end-diastolic volume and a larger decrease of endsystolic volume (SHARMA et al., 1976). Patients with coronary artery
lesions, even without the development of angina, either failed to increase
ejection fraction or had lower values during exercise, together with
abnormalities of wall motion in areas supplied by arteries with occlusions
in excess of 50 percent. Others have supported the observation of
increased ejection fraction in normals (JENGO et al, 1979) during
upright exercise studies as well, but also stressed the association of an
abnormal response with electrocardiographic evidence of ischemia and
with disturbances of regional wall motion (BERGER et al, 1979a).
In view of the above observations it has become clear that inadequate
stress, the use of drugs that alter the myocardial oxygen supply-demand
relationship, or preservation of regional contractile capacity may result in
a normal exercise response, notwithstanding the presence of significant
coronary artery lesions. Therefore, heterogeneous results are expected in
an unselected patient population, limiting the sensitivity and specificity of
these investigations in the diagnosis of presence and severity of coronary
artery disease. Specificity is further limited by the finding of significant
decreases of ejection fraction (BORER et al., 1978) and also of abnormalities of wall motion (HECHT and HOPKINS, 1980) in patients with
valvular heart disease. GIBBONS et al. (1980) showed changes of ejection
fraction in either direction in a group of subjects without coronary artery
stenosis and, moreover, that these changes were dependent on resting
ejection fraction, end-diastolic volume and peak work-load.
In fact, their study means a return to the basic concepts of contractility,
preload and afterload as determinants of ventricular performance and
ejection fraction. Changes of contractility and the operation of the
Frank-Starling mechanism, of quite different relative importance during
upright or supine exercise, and the elevation of afterload with isometric
stress, are superimposed on the basal loading conditions and interact
with induced ischemia — if any — and its sequelae, resulting in a broad
spectrum of possible responses during all three kinds of stress inter-

:
-i

;

[
•
i
;
•:
~:
•
'

;
".
f| j
p,
Öffi

rise

ventions. The multi-factorial influence on exercise response of ejection
fraction, recently, was stressed by PORT et al. (1981) as well, finding the
percentage change of ejection fraction in patients with coronary artery
disease to be dependent on resting initial values and resting end-diastolic
volumes.
It is of importance to note in this context that, all things being equal, a
of ejection fraction after nitroglycerin — used by some to prove the
viability of ischemic muscle as opposed to myocardial necrosis (SALEL
et al., 1976; BORER et al., 1978b) — must be viewed in the light of the
possibility that at least some of the benificial effects result from alterations of preload and afterload.
Even though the diagnostic accuracy o f the ejection fraction response t o
various interventions for the detection o f ischemic heart disease is
reduced through the mechanisms just described, a change o f response
after surgery m a y prove o f value in studying the impact o f therapeutic
approach o n left ventricular functional reserve. N E W M A N et al. (1980)
found a normal increase o f ejection fraction only in those patients that
were asymptomatic after their operation. It would be o f interest t o
compare the changes o f response in patients with complete or incomplete
revascularization a n d the relation with patency o f grafts. In our opinion,
directional changes o f ventricular volumes must be considered as well.
In the mean time, it should be realized that treatment with propranolol —
the medical counterpart o f bypass surgery — a n d cardiac rehabilitation
have also been linked t o a favorable effect o n ejection fraction during
exercise ( B A T T L E R et al., 1979; J E N S E N et al., 1980).
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CHAPTER 8
GAMMA CAMERA STUDIES IN VALVULAR DISEASE
8.1 Ejection fraction and mitral valve disease
Twenty-two patients of the initial group were proven at cine-angiography
to have mitral incompetence without other abnormalities of the cardiac
EF
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GRADE 1-2

GRADE 3-4

Figure 38
Ejection fractions in 22 patients with angiographically proven mitral regurgitation of
grades 1-2 and 3-4 in relation to the presence (+) or absence ( - ) of a prior myocardial
infarction.
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valves (fig. 38).When regurgitation of grade 3 or 4 by angiographic
criteria (see chapter 5) is considered to be of certain hemodynamic
significance, only 3 cases of this severity were found in the patient group
with normal ejection fraction, whereas 8 high-grade lesions occurred in
the presence of abnormal ventricular ejection (p<0.01). This suggests that
high-grade mitral incompetence of some duration is likely to be accompanied by a low ejection fraction. Although no significant relation
between grade of incompentence of the mitral valve and a previous
myocardial infarction — regardless of localization — could be demonstrated in this small group, a low ejection fraction may as well be the
result, as already mentioned, of the additional volume load on an
abnormally depressed myocardial muscle as it may represent the hemodynamic impact of the valvular lesion alone, even without initial muscle
damage. This problem of chicken and egg left aside, a low ejection
fraction in the presence of important systolic flow across the mitral valve
is indicative of severe impairment of myocardial contractile performance.
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8.2 Ejection fraction and aortic valve disease
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Aortic valve disease was studied in a group of 8 patients, 2 men and 6
women (mean age 65.3, range 51-80 years), with aortic stenosis and
without a diastolic murmur of aortic regurgitation. The diagnosis of
valvular aortic stenosis was confirmed twice at catheterization, pressure
gradients being 100 and 160 mm Hg, once at autopsy.
A second group consisted of 10 patients, 7 men and 3 women (mean age
63.1, range 53-76 years), with combined aortic stenosis and incompetence. Eight of them were catheterized. Maximal systolic pressure
gradients varied from 60 to 150 mm Hg in four patients and could not be
measured in 4 others due to failure to pass the calcified aortic valve
opening. Incompetence was of grade one in 3 patients and in one of them
no diastolic murmer was heard at auscultation. In 1 subject regurgitation
was classified as grade two, in the 4 remaining as grade three.
A third group of 9 patients, 6 men and 3 women (mean age 52.4, range
18-71 years), had aortic regurgitation alone. In one this diagnosis was
made at the time of catheterization (grade one), all others had characteristic murmurs and 6 of them were confirmed by cine-angiography (1 of
grade two and 5 of grade three).
Only two patients, both with isolated grade one aortic valve incompetence, were free of complaints or other symptoms indicative of cardiac
disease. All others had manifestations of pulmonary congestion or, in the
case of aortic stenosis, whether isolated or not, suffered from either
angina pectoris and/or spells of dizziness and collaps.
Fourteen of the total of 18 patients with aortic stenosis had electrocardiographic signs of left ventricular hypertrophy, 2 electrocardiograms
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were diagnostic for old myocardial infarction and 1 fulfilled the criteria
for complete left bundle branch block (without a thallium-201 perfusion
defect). The last subject without electrocardiographic hypertrophy—and
with angina — was the only one found to have significant coronary artery
disease. In none of the patients with incompentence alone a diagnosis of
left ventricular hypertrophy could be made on electrocardiograhic criteria. Two showed old infarctions, one had a left bundle branch block.
While only 2 were catheterized and proven to suffer from three-vessel
disease, all 3 had thallium-201 perfusion defects. Three-vessel involvement also existed in 1 of the 3 other patients who underwent coronary
arteriography in this group.
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Figure 39
Ejection fractions of patients with aortic stenosis (AS, n=8), combined aortic stenosis
and incompentence (AS+AI, n=10) or aortic incompetence alone (AI, n=9) in relation
with the presence (+) or absence ( - ) of congestive left heart failure.
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Of all variables only ejection fiaction and the presence of left-sided
backward failure were related to each other (fig. 39, p<0.001).
Prognosis of patients with aortic stenosis is suggested to be poor with the
onset of angina, syncope and congestive heart failure (CHIZNER et al.,
1980). The majority of our patiens had one or more of these clinical
symptoms and a normal ejection fraction. HENRY et al. (1980a) also
found a relatively small percentage of patients with symptomatic aortic
stenosis to have a reduced ejection fraction. When present, just as in our
own patients, such reduction could not be related to co-existent coronary
artery disease and had to be ascribed to depression of muscular function.
In the mean time, it is clear that compensatory mechanisms, in particular
the ventricular hypertrophy that is the result of a chronic pressure
overload, maintain ejection fraction during a substantial part of the
natural course of aortic valvular stenosis (SPANN et al., 1980).
As a result, it must be concluded that single measurements of ejection
fraction do not appear to be useful as a method for identifying patients
who are at risk of a poor outcome, either with or without valve
replacement. A decrease of resting ejection fraction during follow-up in
initially normal and asymptomatic patients may emerge as an important
parameter, but, as yet, has not been applied on any scale. Since ejection
fraction is expected to decrease with exercise, be it by way of the
additional load imposed or by the development of ischemia of the
hypertrophied muscle, exercise testing, in our opinion, will not solve the
dilemma of proper management either.
In a substantial number of our patients the issues are further complicated
by the simultaneous presence of, often severe, aortic regurgitation. In
these patients ejection fraction may be normal not only through the
mechanism of left ventricular hypertrophy but also as a result of the
increased preload delivered to the ventricle with each beat. Standard
hemodynamic measurements and ejection fraction in such patients have
not provided a reliable guide to the timing of surgical intervention
(BUROW et al., 1980). Depression of left ventricular ejection fraction
during stress, although possibly representing the mid-point between
normal function and left ventricular dysfunction at rest, with its recognized poor long-term prognosis, did not enable BORER et al. (1979) to
answer the question of active surgical intervention or conservative
management, finding ejection fraction to decrease in a significant proportion of both symptomatic and asymptomatic patients with aortic regurgitation.
Recent publications (HENRY et al., 1980a and 1980b; O'ROURKE and
CRAWFORD, 1980) have brought evidence that end-systolic volume
might serve as a predictor of outcome and that patients with elevation of
end-systolic volumes must be considered as short-term candidates for
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operation, regardless of a normal ejection fraction. Scintigraphic methods and echocardiography seem to be the methods of choice to assemble
further proof of this hypothesis.
In contrast to normal values, a clearly abnormal ejection fraction at rest,
especially in combination with electrocardiographs or, not to be forgotten scintigraphic evidence of myocardial scarring, identifies a subgroup of patients in which valve replacement, if considered at all, is likely
to be of dubious benefit.
8.3 Ejection fraction and rheumatic valvular disease
A completely different spectrum of ejection fraction distribution is found
in rheumatic heart disease with involvement of multiple cardiac valves.
We already noted the occurrence of signs of left-sided congestive failure,
despite normal ejection fractions, in subjects with rheumatic heart disease
(chapter 7). Figure 40 shows this relation for an extended group of 13
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Figure 40
Ejection fractions of 13 patients with rheumatic heart disease and multiple valvular
lesions in relation to the presence (+) or absence ( - ) of congestive left heart failure.
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patients with a combination of mitral stenosis and mitral and aortic
regurgitation. Only one patient had aortic stenosis with an important
pressure gradient as well.
Ten subjects exhibited signs and symptoms of pulmonary congestion.
Nevertheless, just one had a definitely abnormal ejection fraction, being
the same that had severe aortic stenosis and the single one, on top of this,
with significant coronary artery disease. Left ventricular end-diastolic
pressure of this particular patient was 32 mm Hg, otherwise this
parameter could not be predictivcly related to ejection fraction.
These findings support the general rule that the principal clinical
manifestations in multi-valvular disease are produced by the more
proximal of two lesions (BRAUNWALD, 1980c.) Secondly, despite
important volume work due to combined aortic and mitral incompetence, most patients — at least at rest — seem able to maintain a normal
total stroke volume, i.e. froward stroke volume plus regurgitant volume,
relative to left ventricular end-diastolic volume. As a consequence, as
with the other valvular lesions, a single normal ejection fraction value is
not of much help in the decision making of therapy. An abnormal value,
indicating failing compensation, may mean that a point of no return has
been passed, not only with regard to increased operative risk but also in
view of long-term symptomatology and survival. A clear fall of ejection
fraction during follow-up, on the other hand, should be taken as a strong
point in favour of a more aggressive therapeutic approach.
8.4 Assessment of valvular regurgitation
Momentaneous or sequential ventricular performance, as reflected in
ejection fraction, in a sense, is only a derived parameter in the evaluation
of valvular disease. It is the primary lesion of one or more of the heart's
valves that determines eventual ventricular dysfunction and outcome.
Most lesions are readily detectable by auscultation, possibly supplemented with echocardiography and phonocardiography. Appraisal of
severity, however, is less accessible to these methods. A method for
the assessment of regurgitant lesions, together with volumes and ejection
fraction, might help in making the difficult choice of appropriate and
tailored treatment.
Combined quantitative ventriculography and cardiac output determinations are more accurate than the semiquantative evaluation of regurgitant flow, commonly used for this purpose. They are also rather
complex and, like the second method, not suitable for follow-up,
requiring repeated catheterizations. Initial work by RIGO et al. (1979),
followed by more recent studies of SORENSEN et al. (1980) and
BOUGH et al. (1980), has suggested that gated radionuclide methods can
be used in the non-invasive quantitation of mitral or aortic regurgitation.
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A similar study has been reported in the Netherlands by STERK and
D'HAENE (1980).
We measured stroke count index (SCI), i.e. the ratio of left ventricular
stroke counts (LVSC) to the stroke count output of the right ventricle
(RVSC), which in the absence of regurgitant flow should be equal or near
equal to unity and elevated when stroke output of the left ventricle
to compensate for regurgitation, in a group of 80 catheterized patients.
Basic to this method of measuring left ventricular volume overload is the
absence of right ventricular volume overload or shunts. Moreover, when
both the aortic and mitral valves are incompetent, only total regurgitation can be measured, not the relative contribution of each valve.
Angiography in our patients was performed for different reasons, most
often during evaluation of coronary artery disease. The presence of aortic
valvular lesions was another main indication for this procedure.
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8.4.1. Patients without regurgitant lesions
Thirty-three patients were free of either mitral or aortic regurgitation.
Mean stroke count index was found to be 1.11 ± 0.03 (SEM). This is
equal to the normal value of RIGO et al. (1.11 ± 0.04), but differs from
unity more than in the non-regurgitation groups of the other authors.
This is undoubtedly due to the more accurate definition of right
ventricular end-systole and end-diastole, made possible by the multiple
gated acquisition (MUGA) techniques used in those studies. This allows
to chose these particular points of right ventricular contraction with
temporal separation of left ventricular events, right ventricular systole
generally somewhat preceding mechanical action of the other heart
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8.4.2. Patients with mitral or aortic valve regurgitation
In 29 patients there existed an incompetent mitral valve (MI), semiquantitatively classified of grade one in 9, of grade two in 7, of grade three in
11 and of grade four in 2 subjects. Although the group with grade two
regurgitation as a whole differed significantly from the group with no
regurgitation, the absence of such a difference with the grade one group
and the usual policy of our cardiologists to assign hemodynamic
significance to mitral regurgitation from grade three on, made us group
together grade one and two and grade three and four lesions. Results are
shown in fig. 41.
Eighteen patients were shown to have aortic regurgitation (AI), being of
grade one in S, of grade two in 2 and grade three in 11 patients. Seven of
these subjects also had aortic stenosis, but this should, and indeed, did
not influence results. Two patients with aortic stenosis alone at catheteri-
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Figure 41
Stroke count indices (SCI) of patients without valvular regurgitation at angiography and
patients with grades 1-2 or 3-4 mitral regurgitation.

zation had stroke count indices of 1.17 and 0.97, respectively, and 6
others, though not verified by angiography, varied between 0.94 and 1.31
(fig. 44). As we will see, all of these values are well within the normal
range. Three patients with aortic imcompetence had low grade mitral regurgitation as well. Numerical data of this group are given in fig. 42.
Again the lesions thought to be of importance (grade two and three) were
taken together.
Based on the distribution of patients without valvular regurgitation and
its standard deviation (0.16), we decided to take a ratio of 1.4S as the
upper limit of normal. This means that, of those patients with no or with
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Figure 42
Stroke count indices of patients without valvular regurgitation at angiography and patients with grade 1 or grade 2-3 aortic regurgitation.

non-significant regurgitation, 3 had to be considered as false-positives (1
from the normal group and 2 from the mitral regurgitation grade 1-2
group), while there were 2 false-negatives, one in each group with
significant regurgitation. This result represents a fairly good separation
of patients with hemodynamically significant lesions from those without,
but overlap in the zone between 1.40 and 1.60 is not negligible, containing
patients with any grade of regurgitation from none to three. This
uncertainty could not be put aside by a study of reproducibility,
performed by recalculation of computer-stored data in 38 patients (fig.
43). Although overall variation, despite the recognized difficulties in
exactly defining the right ventricular area of interest (STERK and
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Figure 43
Reproducibility of calculation of stroke count indices from computer stored data in 38
patients.

D'HAENE, 1980), is not very great — probably meaning that the same
errors are likely to be made in the same patient — it is of sufficient
magnitude to view these intermediate results with caution.
A normal value of the SCI was obtained, as expected, in 1 patient with a
combination of mitral and tricuspid incompetence. Furthermore, we
never recorded abnormal values in patients with multiple valvular lesions
from rheumatic heart disease, even in the absence a discernable incompetence of the tricuspid valve. This may be due to atrial overlap, both
the left and right atrium of these patients being enlarged. At the same
time atrial fibrillation may have invalidated proper timing of left and
right ventricular systole and diastole with regard to each other in such a
way, that accurate calculations can not be made.
When these data are analysed, it must also be realized that the golden
standard of comparison was a semi-quantitative classification of regurgitaton with its own limits of confidence. Further studies of this kind,
apart from using the newer and possibly superior radionuclide techniques, should therefore be combined with more quantitative calculations
of angiographic regurgitant fraction.
Clinical use, however, even with the above limitations, seems to hold
promises for better management of patients with valvular regurgitation.
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Figure 44
Stroke count indices related to auscultatory findings in patients without a murmur of
regurgitation and patients with various valvular lesions. AS=aortic stenosis, AI=aortic
incompetence, MI=mitral incompetence.

Auscultatory findings can now be supplemented with more accurate
information on severity (fig. 44).
Follow-up determinations could be used to signal progression and
impeding problems, just as changes after operation might be of help in
assessing prosthetic function. Our own experience is limited so far. Only 6
patients with significant valvular regurgitation (3 with grade three AI, 3
with grade three or four MI) were restudied from 1 to 3 months after their
operation. One of these patients had a para-valvular leak of the aortic
valve implant, another one a new apical systolic murmur. The remaining
4 had well functioning valves and no murmurs. The results of the
repeated examinations are presented in fig. 45, together with follow-up
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Figure 45
Changes of stroke count index after coronary bypass surgery (a), bypass surgery without
correction of mitral regurgitation (b), implantation of a mitral valve prosthesis (c) and
implantation of an aortic valve prosthesis (d).

studies in patients with mitral regurgitation who underwent cardiac
surgery, but received no new valve, and patients without valvular
regurgitation who had coronary bypass surgery.
The patient in the coronary bypass-only group, rising to a post-operative
value of 1.90, appeared to have developed a new systolic murmur of
mitral regurgitation. Behaviour of pre-existent regurgitation after bypass
surgery without implantation of a prosthetic valve is unpredicatable at
this stage. Normalization was found in only one, who had a large
aneurysm resected as well. Ejection fraction of this subject also increased
from severely abnormal to near normal. The 2 others that showed a
substantial decrease — but not a normalization — of SCI had also
undergone excision of an aneurysm, but had persistent auscultatory signs
of mitral valve incompetence. Like the remaining 3 patients of this group,
post-operative ejection fractions were all abnormal, suggesting that
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underlying myocardial function plays a predominant role. All 4 patients
with well functioning artificial valves did, on the other hand,, descend
into the non-regurgitant range of values. At the same time, their ejection
fractions also were inferior to pre-surgery values. The same results, in a
larger group of patients, were reported by SORENSEN et al. (1980).
These authors also mention a restoration of ejection fraction with longer
duration of follow-up (4-6 months).
1980
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Figure 46
Follow-up study of the changes of ejection fraction (EF), end-diastolic volume (EDV)
and stroke count index (SCI), related to clinical signs and symptoms, in a patient with
aortic regurgitation after a bacterial endocarditis. Ejection fractions were measured
both with the gamma camera (•
•) and by echocardiography (•
• ) . AI» aortic
incompetence, Mtanitral incompetence, CT-ratio*cardio-thoracic ratioo, AF*atrial
fibrillation.
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Finally, we performed serial determinations in a 33-years old male who
developed aortic regurgitation due to bacterial endocarditis after treatment for a dental abcess (fig. 46). Apart from a typical murmur and a
somewhat wide pulse-pressure his physical examination, electrocardiogram and chest X-ray disclosed no abnormalities on admission. The
results of a gated bloodpool study, including ejection fraction, ventricular
volumes, stroke count index and wall motion, were all within the normal
range as well. A M-mode echocardiogram showed diastolic fluttering of
the anterior leaflet of the mitral valve, but was also normal otherwise.
In the course of the next few months, despite a full course of intravenous
antibiotic treatment and persistently negative bloodcultures afterwards, a
deterioration of the patient's clinical condition became manifest as he
started to complain of fatigue and a diminished exercise tolerance. At the
same time successive gated bloodpool studies showed a decline of ejection
fraction with a progressive increase of end-diastolic volume and a
concomitant increase of end-systolic volume (photo 13). Mean arterial
pressure and heart rate being largely unchanged, this must be explained
as indicative of ventricular dysfunction. These significant changes,
together with a clear rise of stroke count index out of the normal range,
provided proof of the increasing hemodynamic load on the heart, well
before this became apparent by convincing evidence of roentgenological
enlargement of the heart, a substantial rise of pulse-pressure, electrocardiographic changes and, ultimately, acute pulmonary congestion.
This last event may have been precipitated by a paroxysm of atrial
fibrillation, for this disturbance of cardiac rhythm was recorded previously at various moments and progressed to continuous fibrillation some
weeks later.
It is important t o note that, after the initial rise o f stroke count index, a
decline w a s observed further o n in the course o f disease. This decrease o f
total left ventricular stroke counts (total stroke volume) relative to its
right
ventricular counterpart must be caused either by a decrease of
effective forward stroke volume with an unchanged regurgitant volume
or by a decrease of regurgitant flow with maintenance of forward
ventricular output. This last possibility is highly unlikely, considering the
unchanged heart rate and arterial diastolic pressure in conjunction with
the on-going increase of ventricular volume. It, therefore, follows that the
decline of ejection fraction, i.e. the ratio of total stroke volume to enddiastolic volume, results from a progressive impairment of ventricular
contractile performance. Additional evidence of a depressed myocardium
may be extracted from the fact that the late occurrence of mitral
regurgitation, as manifested by a typical apical "seagull" murmur and
presumably due to ventricular dilatation, also did not result in a rise of
ejection fraction, notwithstanding the systolic escape of blood into a low-
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Fhoto 13
Gated equilibrium bloodpool studies in the LAO projection, obtained during follow-up
of a patient with incompetence of the aortic valve due to bacterial endocarditis. Note
the progressive enlargement of ventricular volumes, both at end-diastole (ED) and endsystole (ES), up to the moment of aortic valve surgery, after which volumes are seen to
decrease again.
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resistance vascular bed. Shortly after corrective aortic valve surgery,
however, the insufficient mitral valve manifests itself by a renewed
increase of the index of regurgitation. The coinciding sharp fall of
ejection fraction is not in contradiction with this observation, as it may be
postulated with some confidence that the reduction of total ventricular
stroke output with the (near-) disappearance of aortic valvular regurgitation greatly exceeds the augmenting effect of mitral valve leakage. This
reduced stroke volume, related to a still disproportionally large enddiastolic volume, is at the origin of an excessively low ejection fraction.
Although there is evidence of residual aortic insufficiency 2 months
post-operatively on the basis of both auscultation and a still elevated
stroke count index, the left ventricle by now is not only able to sustain
this reduced load, but contractile performance has clearly improved as
evidenced by a considerable rise — in spite of a higher mean arterial
pressure — of ejection fraction. The decrease of venricular volumes can
also be appreciated by visual inspection of the scintigraphic images
(photo 13).
In summary, we think that this study supports the combined use and
analysis of changes of ejection fraction, ventricular volumes and stroke
count index, obtainable from successive gated equilibrium bloodpool
investigations, as valuable means to follow both the natural course of
hemodynamic alterations in valvular disease and the impact of therapeutic interventions. We also like to stress the point that a particular
numerical value of stroke count index has to be interpreted in the light of
the other parameters, as a single observation in the presence of myocardial dysfunction may result in a spuriously low estimation of regurgitant
flow. In the last place, we want to draw attention to the close relation
during this study of ejection fraction values calculated from the scintigrams and from echocardiographic recordings (fig. 46.) Some further
support for this application of echocardiography during follow-up •— at
least in the presence of normal left ventricular wall motion — will be
presented in the next chapter.
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CHAPTER 9
MEASUREMENTS OF EJECTION FRACTION DURING TREATMENT
WITH ANTHRACYCLINES
9.1 Introduction
The anthracycline antibiotics daunorubicin and doxorubicin (adriamycin), potent inhibitors of the nucleic acid synthesis, are highly effective in
the treatment of a great variety of solid tumors and hematological
malignancies, both as a single agent and in combination with other
chemotherapeutic drugs (BLUM and CARTER, 1974; MINOW et al.,
1977).
Acute toxic manifestations are comparable to those known of the other
cytotoxic drugs and consist of alopecia, mucositis and myelo-suppression. The most important limitation to the clinical application of the
anthracyclines, however, originates from their cardiotoxicity. This sideeffect is manifested in the first place by acute, mainly transient and
usually asymptomatic arrhythmias and electrocardiographic changes
(MINOW et al., 1977; BRISTOW et al., 1978a; ALI et al., 1979). Some
investigators have also reported clinically inapparent decreases of left
ventricular ejection fraction (SINGER et al., 1978). The second, by far
more serious, expression of myocardial damage consists of the late
development of a cardiomyopathy, indistinguishable from congestive
cardiomyopathies and often resulting in sudden, irreversible, heart failure
(MINOW et al., 1977). The nature of the underlying degenerative changes
and the way in which the anthracyclines interfere with myocardial
contractile performance are not well understood (LEFRAK et al., 1973;
OLSON et al.,1974; PRAGA et al., 1975; HENDERSON and FREI,
1980).
In the mean time, it has become clear that, while the signs of acute
cardiotoxicity can occur at low doses, symptoms of chronic damage art
associated with increasing cumulative dosage and may appear up to one
year after the drug has been discontinued (LEFRAK et al., 1973;
MINOW et al., 1977; VON HOFF et al., 1979; HENDERSON and
FREI, 1980). The reported overall incidence of cardiomyopathy and
heart failure is low (0.4 percent) at cumulative doses below 550 mg/m2
(body surface area) and may be as high as 35 percent above this level
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(MINOW et al., 1977; BRISTOW et al., 1978b). Most investigators have
found that the risks increase and cumulative dosage is lower with
additional mediastinal irradiation — be it prior, during or after anthracycline therapy — and with higher age. Differences of opinion exist as to
the potentiating effects of concomitant treatment with cyclophosphamide
— with the exception of very high doses — and of pre-existent heart
disease (BRISTOW et al., 1978b; VON H O F F et al., 1979; H E N D E R SON and FREI, 1979 and 1980).
Limitation of the cumulative dose to a total of 450 to 550 m g / m 2 ,
depending on the clinical setting, has been the main method to control
possible adverse long-term effects. This way of management does not
eliminate the occasional patient who develops symptomatic heart failure
before reaching the accepted danger zone and, certainly, is likely to lead
to the withholding of optimal treatment from those subjects that might
profit from continuing therapy, in excess of 550 m g / m 2 , without ever
experciencing manifestations of depression of cardiac function.
Several methods, therefore, have been suggested to replace the old
empirical approach. However, neither a fall of electrocardiographic
voltage (MINOW et al., 1977), nor a change in systolic time intervals
(RINEHART et al., 1974; BALCERJAK et al., 1978) or a decline of
echocardiographic ejection fraction (RAMOS et al., 1976; BLOOM et al.,
1978) have clearly been proven of value in the accurate prediction of
symptomatic cardiomyopathy, for it was shown that between 20 and 30
percent of patients may be judged abnormal according to these tests,
without subsequent development of clinical symptoms ( H E N D E R S O N et
al., 1978). The same problem has been met during the surveillance of
treatment with serial myocardial biopsies, an invasive procedure with an
additional burden to the patient with a malignancy (BRISTOW et al.,
1978b).
These authors, indeed, found the myocardial degenerative process to be
linearly related to total dose — clear abnormalities being present long
before any clinical manifestation —, but also encountered a great deal of
individual variation. Thus, precise definition of the time, when treatment
should be interrupted in the individual patient, remained difficult.
A L E X A N D E R et al. (1979), using first-pass radionuclide ejection fraction measurements, have claimed that an absolute fall of this parameter
of over 15 percent to a level of less than 0.45 was predictive of subsequent
development of cardiac failure with on-going administration of adriamycin. Discontinuation of treatment resulted in stabilization of cardiac
performance without a further decline of ejection fraction and without
clinical signs of congestive heart failure during a follow-up period of 7
months. Based on their results, only one out of 28 patiens would have
been taken of adriamycin before a dose of 450 m g / m 2 had been reached,
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but 13 out of 19, receiving 550 mg/m2 and having no apparent cardiac
dysfunction, could be considered candidates for continued use of the
drug. Furthermore, it might be possible to individualize treatment in
patients with risk factors, including those who, up to now, have been
excluded a priori from therapy with anthracyclines.
This study also raises questions concerning the inability of echocardiographic measurements of ejection fraction — apart from a possible lack
of sufficient methodological standardization — to provide similar predictive data, especially in view of the diffuse myocardial damage inflicted
by daunorubicin and doxorubicin (HENDERSON and FREI, 1979 and
1980).
9.2 Serial ejection fractions by gated equilibrium bloodpool scintigraphy
and echocardiography

We have tried to study the time-course of gated equilibrium bloodpool
ejection fractions during treatment with anthracvclines for a variety of
malignancies, but were faced with considerable problems. Some of them
are related to the limited number of patients in a general, not oncologic,
department of medicine and to the relatively small proportion that can be
followed for a prolonged period of time, either due to very terminal
disease or as a result of poor survival per se.
Of 25 patients, initially admitted and started on treatment with anthracyclines during a period of 2 years, only 16 could be investigated more
than once. At the time of the writing of this thesis not more than 5 were
still alive, 2 having had their first course of therapy less than 2 months
previously (table 15). Of those patients who could be followed for some
time, only 3 survived long enough to reach a cumulative dose level in
excess of 500 mg/m2, including 2 subjects that received the main part of
this dosage during earlier remission induction of their leukemia. Another
problem, recognized by others as well (VON HOFF et al., 1979), lies in
the varying presence of potential other risk factors and inhomogeneous
— often adapted in accordance with clinical needs — therapy schedules,
the latter probably having strong modulating effects on cardiotoxicity
(WEISS and MANTHEL, 1977).
It appeared virtually impossible to identify patients who were comparable in all respects, from diagnosis to age and from treatment protocol
— with or without other agents — to pre-existent heart disease.
We, therefore, categorized our patients only with regard to cumulative
anthracycline dosage, not differentiating between the use of doxorubicin
or daunorubicin either. Histo-pathological effects of both agents are
thought to be identical and we are not more aware than BRISTOW et al.
(1978b) of any data that describe qualitative differences in their spectrum
of cardiotoxicity. When first studied, none of our patients had anemia
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and supportive therapy always included transfusion of packed cells, if
significant anemia (Hb < 6.0 mmol/L) developed. Although some
variations of hemoglobin level occurred during follow-up, these could not
be related to any of the observed changes of ejection fraction. No patient
had received prior irradiation to the mediastinal or cardiac area. Five
patients had been treated with multiple courses of cyclophosphamide, not
exceeding 100 to 150 mg/m 2 at one time. Two had already received a total
of 360 and 500 mg/m 2 of adriamycin, respectively, from 2 to 2'/2 years
earlier. Three others had symptoms of coronary artery disease, 2 with
complaints of angina and 1 with a prior myocardial infarction. Finally 2
patients were treated with digoxin, notwithstanding the fact that the
alleged protective properties of digitalis preparations against anthracycline induced myocardial damage (GUTHRIE and GIBSON, 1977)
have not been firmly established.
In addition to the gated equilibrium bloodpool studies, echocardiographic examinations were performed in 21 patients. In only 10 satisfactory recordings could be obtained. Five of these patients, all of them
without known coronary artery disease and with normal scintigraphic
wall motion, were echoed more than once.
Apart from 2 patients with symptoms of ischemic heart disease, including
the one with an old myocardial infarction (EF: 0.32), all patients had
normal initial ejection fraction values. Although significant decreases of
ejection fraction were frequently observed, this was reason to suspend
anthracycline therapy in just one single patient, dropping from normal
into the abnormal range of values. This patient also exhibited a conspicuous loss of QRS-wave voltage on the electrocardiogram, a phenomenon observed in most other patients as well, but to a lesser extent and
unrelated to changes of ejection fraction and dosage level. Symptoms of
congestive heart failure were not registered in this subject, nor in any of
the other patients.
Further consideration of our data learns that a significant decrease of
ejection fraction from initial values, in any individual, was more likely to
occur with increasing dose levels and that such a fall was always
observed, when more than 300 mg/m 2 had been administered (fig. 47). In
the group as a whole, absolute percentage change of ejection fraction
correlated weakly with increasing dosage (fig. 48, r = 0.56). The lowest
values attained, however, could not be related to the highest cumulative
dose levels.
There is also a tendency, though not clearly significant, for mean ejection
fraction to decline up to a dose level of 250 mg/m 2 . Above this dosage a
rise is observed (fig. 49). This is contradictory to the data of BLOOM et
al. (1978), who saw a progressive fall of mean ejection fraction until their
maximal dose limit of 540 mg/m 2 had been reached. It is likely that
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Table IS: Data on 25 patients studied sequentially during treatment with anthracyclines.
Sex

6
9
6
6
9
d
9
9
9
9
9
6
9
9
6
9
9
d
9
6
6
9
6
6
6

Age

73
72
24
66
37
55
64
82
38
29
56
56
55
42
35
71
60
74
59
44
62
52
30
61
74

Diagnosis

Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute myelogenous leukemia
Acute myelo-monocytic leukemia
Acute undifferentiated leukemia
Disseminated breast carcinoma
Disseminated breast carcinoma
Hodgkin's lymphoma
Non-Hodgkin lymphoma
Non-Hodgkin lymphoma
Non-Hodgkin lymphoma
Multiple myeloma
Multiple myeloma
Multiple myeloma
Rhabdomyosarcoma
Osteosarcoma
Malignant thymoma
Oat-cell carcinoma

Anthracycline
cumulative
dose (mg/m1)

Ejection fraction
first

last

165
590
180
—
260
80
—
510
650
—
100
350
—
180
230
—
250
_
—
—
250
—
50
100

0.53
0.84
0.80
0.68
0.70
0.63
0.73
0.65
0.68
0.70
0.32
0.47
0.76
0.72
0.55
0.62
0.45
0.59
0.64
0.62
0.67
0.54
0.67
0.46
0.54

0.59
0.57
0.67
_
0.70
0.80
—
0.52
0.59
_
0.38
0.65
_
0.53
0.47
—
0.56
—
—
—
0.46
_
0.46
0.53

~v f>

lowest

Number
of
studies

Duration
of
follow-up
(mths)

0.59
0.45
0.66
—
0.63
0.73
—
0.52
0.59
_
0.38
0.58
_
0.53
0.47
—
0.53
—
0.46
—
0.46
0.53

1
5
9
3
1
3
2
1
4
2
1
5
13
1
3
4
1
3
1
1
1
5
1
2
3

—
3
9
1
2
18
1
—
3
4
2
8
9
4
5
—
5
4
5
3
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Figure 47
Changes of ejection fraction in relation with cumulative anthracycline dose.
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Figure 48
Relation between absolute percentage change of ejection fraction from starting values
(AEF) and cumulative anthracycline dose.
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Figure 49
Mean ejection fraction and extreme values at various cumulative dose levels in a group
of 16 patients studied during treatment with anthracyclines. All measurements were
performed just prior to the next course of treatment.
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differences of protocol are at the origin of these diverging observations,
for these authors administered a fixed dose at fixed intervals, whereas our
patients, in particular after a successful remission induction, often received therapy at extended intervals.
The resultant recovery of ejection fraction supports the evidence that
dosage schedule may influence the development of anthracycline cardiotoxicity. This is also suggested by the course of ejection fraction in 3 of
our patients after suspension of therapy. In the one patient taken of
adriamycin because of a rapid fall of ejection fraction after a total dose of
250 mg/m2 and in 2 others, both having their adriamycin stopped in the
course of a change of therapeutic management, no further decline of
ejection fraction could be registered up to 6 months from the discontinuation of therapy (fig. 50). A similar stabilization was reported by
ALEXANDER et al. (1979) and BLOOM et al. (1978).
We do not have information on earlier ejection fractions of those 5
patients, who had already received cyclophosphamide prior to the
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Figure 50
Time-course of ejection fraction in 3 patients during treatment with anthracyclines and
after suspension of therapy.

administration of adriamycin or daunorubicin, but their values were
perfectly normal by the time of admission into our study (range 0.62 to
0.74) and not different from initial values of untreated subjects. Both
patients who had been treated with anthracyclines on a previous occasion
also were found to have a normal ejection fraction. Additional dosage of
100 and ISO mg/m 2 , however caused a rapid and significant fall of
ejection fraction, not observed in patients treated for the first time.
As would be expected from the comparison of echocardiographic and
radionuclide ejection fractions, discussed in chapter 6, serial echocardiographic results in this group of patients — having normal wall
motion — showed the same trends as those obtained by gated equilibrium bloodpool scintigraphy (fig. 51).
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Figure 51
Comparison of echocardiographtc (*
*) and scintigraphic (•
•) measurements
of ejection fraction during follow-up of treatment with anthracyclines in 4 patients with
different types of malignant disease.

It is also of interest to note from these observations that there was no
measurable effect from the administration of digoxin, nor from treatment
with mithramycin, another member of the anthracycline group of drugs,
used to treat hypercalcemia (patient C). This same patient had earlier
received 8 courses of polychemotherapy, containing 100 mg/m 2 of
cyclophosphamide each; In the case of patient A, high-dose cyclophosphamide treatment (600 and 700 mg/m 2 at one time) in first instance
coincided with a decrease of ejection fraction, but no further decrease —
even a rise — was observed after the second administration. The initial
fall of ejection fraction in this patient probably resulted from concomitant mediastinal irradiation.
Apart from results that, though limited in number, seem in accordance
with the literature, our observations lead to some additional remarks. In
our opinion, assessment of the value of serial ejection fraction determinations to monitor anthracycline cardiotoxicity should be performed
in a homogeneous patient population, receiving uniform treatment with a
fixed dosage schedule, rather than in patient groups, in which a large
variety of other determinants may contribute to the change of ejection
fraction observed. Ideally, a sub-population with a relatively good
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prognosis, i.e. long survival, should be followed in the dose range above
550 mg/m 2 . This seems to be the group of patients that is likely to benefit
most, while prevention of heart failure below this level would involve but
a small number of patients, with the possible exception of those with
accepted other risk factors. Strict criteria, like those of ALEXANDER et
al. (1979), should be used in such a study to identify the moment of
discontinuation of therapy. This demands a well validated reproducibility
and variability of the method used and there is no doubt that the
radionuclide techniques offer both.
It would also be of interest to investigate, if the magnitude of absolute
short-term cha>
of ejection fraction after a single dose of an anthracycline drug (SINGER et al., 1978) might be related to impending cardiac
failure, a greater fall betraying more extensive hidden damage to the
myocardium. The response of ejection fraction to exercise may serve the
same purpose (the possibility of hidden coronary artery disease left
aside), as indicated by work of LEON et al. (1979), finding signs of early
cardiac dysfunction, before the onset of overt cardiac disease, in patients
with systemic iron-overload.
Furthermore, we think that echocardiography is essentially capable of
providing the same kind of information, if a good recording can be
obtained and if no abnormalities of regional wall motion are expected.
Finally, both radionuclide and echocardiographic measurements should
be considered, either to monitor the possible effects of interventions that
aim to prevent the development of impairment of contractile performance, or to study the cardiotoxicity of a newer generation of
anthracycline drugs.
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CHAPTER 10
GATED EQUILIBRIUM PROBE STUDIES
10.1 Introduction
This final chapter deals with our early experience with the gated probe
system or nuclear stethoscope, of which we reviewed the theoretical
aspects in chapter 3 of part I, while the technique of the examination
procedure proper has been described in part II, chapter 4.
As we mentioned, such a detector system seems to be especially suited for
application at the bedside to monitor fast changes of left ventricular
function, if desired on a beat-to-beat basis.
Although mobility is a major advantage compared to the immobility of
most gamma camera systems, the loss of imaging facilities, i.e. the
absence of information on wall motion and ventricular size, is a possible
drawback to the use of this kind of scintillation detector.
Our main aim, consequently, has been, not only to undertake a correlative study of ejection fraction determinations, but also to support the
evidence that — in spite of the limitations mentioned — the nuclear
stethoscope allows for the registration of variations of cardiac performance under different circumstances. We have tried to achieve this goal
by accumulating illustrative examples of some common diagnostic and
therapeutic interventions.

'
;
^
:;/
;
^;

10.2 Validation and comparison with gamma camera results

v

Gated equilibrium bloodpool studies with both the gamma camera and
the nuclear stethoscope were performed in 39 patients, 29 men and 10
women. Twenty-four of these had coronary artery disease, 3 valvular
heart disease, 3 non-ischemic cardiomyopathy, 2 miscellaneous cardiac
disorders, 4 malignant disease and 1 chronic bronchitis. Two other
subjects were subsequently found to be free of demonstrable cardiac
disease. In 2 cases there was an interval of 3 and 6 days, respectively,
between both investigations. All other studies were performed on the
same day in random order. Cardiac rhythm, including 3 patients with
atrial fibrillation, was always identical on both occasions and heart rate
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Figure 52
Correlation of ejection fraction measurements with gamma camera and nuclear
stethoscope (probe) in 40 studies.

was not significantly different either. One patient was studied twice and
this resulted in a total of 40 paired observations for comparison.
Ejections fractions as calculated from the gamma camera images ranged
from 0.16 to 0.76 (mean 0.44, SD 0.20). Twenty-two results in 21 subjects
were abnormal ( < 0.4S). Probe ejection fractions, derived from average
cardiac cycles and constructed by accumulation of 2-4 minutes of data,
ranged from 0.10 to 0.81 (mean 0.45, SD 0.19, p=NS). The overall
correlation over the whole range of values is visualized in fig. 52.
Maximal inter-study difference amounted to 17 percentage points. Twenty-nine of the 40 observations were within 10 percent. Although there is a
tendency for discrepancies to be larger in the group of 18 patients with a
normal ejection fraction by gamma camera standards, as opposed to
those subjects with an abnormal value, the mean difference in both
groups is comparable with 7.2 ± 5.1 (SD) % and 6.6 ± 4.3 % (p=NS). At
the same time angiographic ejection fractions of 17 patients out of 39
showed the same relation with gamma camera results as found in the
large group of chapter 6 (y = 0.98x + 0.08, r=0.94, SEE = 0.07). Repeat
studies with repositioning of the nuclear probe and redifinition of
optimal background were performed in only six patients. Maximal
difference appeared to be 11 percent. BERGER et al. (1981) have
reported a mean absolute inter-study difference of ± 4.1 percent in a
group of 48 patients who were reïnvestigated approximately 30 minutes
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after the original study. According t o B A C H A R A C H et al. (1977),
differences in the estimation o f background are an important potential
source o f this variation in the determination o f ejection fraction b y a
gated probe system.
A s o u r primary intention w a s t o study ejection fraction changes o f
individual patients by continuous monitoring after interventions a n d
after an initial determination o f background, used throughout the whole
duration o f the investigation, this influence is expected t o be o f minor
influence. T h e remaining intrinsic variability is minimal. This is s u p ported b y results obtained b y u s during repeated base-line studies with a n
interval o f 5 t o 2 0 minutes — and with unchanged background values —
in 2 0 patients with probe determined ejection fractions ranging from 0.15
t o 0.65. Variability o f these determinations was calculated t o be 2.9 ± 2.3
( S D ) percent.
Only when the duration o f the study exceeded one hour, background was
redetermined t o avoid the possible deleterious effects o f a relative
rise,
due t o leakage o f albumin o u t o f the vascular compartment. W e d o n o t
know for certain if this is a necessary precaution, nor are there any
reports in the literature on this matter. As mentioned earlier, the above
considerations plead the case of the preferential future use of labeled red
blood cells for this kind of study.
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10.3 Interventions
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10.3.1 Handgrip exercise
Maximal handgrip exercise for one minute was performed in 19 patients
with measurements o f ejection fraction before and during the minute
directly following the termination o f exercise. All investigations — o f this
and the following studies — were executed with the subjects lying supine.
All patients were instructed in such a manner as to avoid the initiation o f
a Valsalva maneuver.
Sixteen subjects h a d either documented coronary artery disease or a
proven myocardial infarction in their history. Ten o f these had n o other
signs of cardiac disease apart from their anginal complaints. The
remaining 6 had signs and symptoms of congestive left heart failure. The
last 3 subjects were normal.
All but one of the patients with coronary artery disease exhibited a fall of
ejection fraction without the occurrence of angina pectoris. In the
absence of congestive heart failure the decrease is substantial and highly
significant in every individual as well a s for the group as a whole. Patients
with congestive heart failure, all o f them with a prior myocardial
infarction, showed no or a small insignificant decrease of ejection
fraction. The 3 normal subjects were also unchanged (fig. 53).
These results are not only in accordance with the observations of others
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Figure S3
Changes of probe determined ejection fractions during handgrip exercise in patients
with coronary artery disease (CAD), with and without congestive left heart failure, and
in normal subjects. Values are mean ± standard error.

that ejection fraction remains unchanged in normal individuals and drops
when isometric stress is applied to the hearts of patients with coronary
artery disease (FLESSAS et al., 1976), they also underline the difference
of response in patients with left ventricular dysfunction at rest. Apart
from the recent publication by PORT et al. (1981), this important
variation of behaviour remained unreported in the literature of nuclear
medicine until now. It is possible, as suggested by these authors, that a ,
severely damaged myocardium has too few muscle fibers left to influence
— even after becoming ischemic — global ventricular performance. On
the other hand, it would be expected that the substantial increase of
afterload, generally thought to be associated with handgrip exercise,
might still decrease ejection fraction. The only explanation of this
discordant response in patients with manifest left heart failure seems to
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lie in a difference of the preload adaptation of the depressed and scarred
ventricle with a rise of pressure rather than with an increase of volume, in
other words in a change of compliance. Application of the general rule of
a decreasing ejection fraction after (isometric) stress in the presence óf
coronary artery disease should, thus, take into consideration the presence
or absence of signs and symptoms of failing myocardial performance
prior to the test. Moreover, patient selection influences the specificity and
sensitivity of the test as well.
This can be demonstrated by our observation of the course of ejection
fraction after handgrip exercise in a patient with a primary non-ischemic
cardiomyopathy without any demonstrable coronary artery disease,
HANDGRIP EXERCISE
1inin
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Figure 54
Responses of probe determined ejection fraction and heart rate to handgrip exercise in
a patient with coronary artery disease (A) and a patient with a non-ischemic cardiomyopathy (B).
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which was found to be identical to the "typical" pattern of a patient out
of our group with known coronary artery disease (fig. 54). It can also be
appreciated from this figure that we observed significant increases of
heart rate during handgrip exercise. This proved to be the case for every
individual patient having a sinus rhythm (p<0.05), whether starting
ejection fractions were normal or not.
10.3.2. Nitroglycerin
We also used the nuclear stethoscope to register the changes of ejection
fraction after sublingual administration of 1/2 mg of nitroglycerin in 10
patients with coronary artery disease, 6 without and 4 with congestive left
heart failure. The same normal subjects as before were included for
comparative purposes.
Both the normal group and the patients without ventricular failure
increased their ejection fraction in response to this pharmacological
stimulation. At the same time we recorded a decrease of arterial pressure
and a slight increase of heart rate (figs. SS and 56). In the presence of
>$.
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Figure 55
Changes of ejection fraction (EF), mean arterial pressure (MAP) and heart rate (HR)
after sublingual administration of nitroglycerin in 8 subjects with normal resting left
ventricular performance. Values are mean ± standard error.
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Figure 56
Example of a typical response to sublingual administration of nitroglycerin as obtained
by successive measurements with the nuclear stethoscope.

congestive heart failure small changes of ejection fraction in either
direction were found (fig. 57).
Considering the consistent lowering of ventricular preload by the nitrate
group of drugs and the variable influence on the impedance to ejection
(WARREN and FRANCIS, 1978), the different pattern of response must
be explained by variations in the relative contribution of each of these
factors. In normal subjects and patients with no or only slight depression
of ventricular contractile state reduction of preload should lead to a
reduction of ejection fraction. Apparently, this effect is completely
counteracted by the resultant decrease of wall tension and by a small
concurrent decrease of peripheral vascular resistance, together leading to
a substantial lowering of afterload. Improvement of coronary artery
blood flow to ischemic myocardial areas — either directly through
coronary vasodilatation or indirectly as a result of diminished ventricular
wall tension or increased compliance — may in some cases also add to the
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Changes of probe determined ejection fractions after nitroglycerin in patients with
coronary artery disease, with and without congestive left heart failure, and in normal
subjects. Values are mean ± standard error.

improvement of ventricular performance. The effects of nitroglycerin on
the depressed ventricle will depend on the relative height of the initial
preload and peripheral vascular resistance — the last known to be
considerably elevated in many patients with failure of the myocardial
pump (ZELIS et al., 1973). The predominant dilatory effect of nitroglycerin on the venous capacitance bed, exceeding the influence on the
arteriolar resistance bed, may create a situation of afterload mismatch
and, thus, reduce ejection fraction. Moreover, a badly scarred ventricle
will not be able to alter shortening, whatever the changes of loading.
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10.3.3 Dobutamine
Dobutamine, a relatively new synthetised cathecholamine that has
predominant P-receptor stimulating properties, is increasingly used as
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inotropic agent for the treatment of severe left ventricular failure. It has
been shown that dobutamine — in the dose range of 2.5 to 15 ug per
kilogram per minute — increases myocardial contractility and cardiac
output, while ventricular diastolic pressure tends to fall. These effects are
generally accompanied by only moderate elevations of heart rate and
arterial pressure (SONNENBLICK et al., 1979). The application of this
powerful drug in coronary artery disease is potentially limited by the
induction of increased myocardial oxygen consumption, in particular
when heart rate and arterial pressure rise too much, offsetting the
reduced oxygen requirements as a result of diminished filling pressure.
Careful monitoring, often by invasive means, has been advocated to
avoid these problems.
We were able to observe the effects of dobutamine in 5 patients with left
ventricular failure due to 3 to 7 day old myocardial infarctions. AH of
them were treated with digitalis and diuretics at the time of study. After
base-line determinations of ejection fraction,dobutaminewascontinuously
administered with an infusion pump in a dose of 4 ug/kg/min. for 15
minutes, followed by augmentation of the dobutamine dose to 8 ug/kg/
min. for another time period of 15 minutes. New ejection fraction values
were obtained after each time period and, finally, 30 minutes after
discontinuation of dobutamine. Heart rate and blood pressure were
recorded simultaneously.
v
Final measurements of all parameters were not significantly different
from base-line values in any patient. All subjects were shown to have an
increase of clearly lowered initial ejection fraction (EF), heart rate (HR)
and mean arterial blood pressure (MAP) after 15 minutes of therapy with
4 ug/kg/min. (fig. 58). Doubling of the dose did not have any further
effects on ejection fraction or arterial pressure. Heart rate, however,
continued to rise. In one patient ejection fraction, after doubling of the
dobutamine dose, was observed to decrease, though not below the
control value. Increments of both heart rate and blood pressure of this
patient, at the same time, were highest among those found in the group as
a whole. It may well be that the optimal dose of dobutamine has been
surpassed in this case. Together with POZEN et al. (1981) we also
postulate, as yet tentatively, that repeated measurements of ejection
fraction, heart rate and blood pressure could be used to determine
optimal dose levels for maximal response balanced with undesired effects
and their possible adverse influence on cardiac performance.
Follow-up studies could probably be valuable as well in the comparison
of effects of different newer cardiotonic drugs, for example dobutamine
with amrinone (KLEIN et al., 1981).
We compared dobutamine with ICI118,457, an experimental P-adrenergic
blocking drug with important intrinsic sympathomimetic activity, i.e. also
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Figure 58
Changes of ejection fraction, heart rate and mean arterial pressure in 5 patients with
cardiac pumping failure after an acute myocardial infarction studied with the nuclear
stethoscope before, during and after administration of dobutamin. Values indicated as
mean ± standard error. Gosed asterixes represent significant differences (p<0.05) with
initial values and open asterix signifies such a difference with the preceding value.

possessing bêta-stimulant, cardiotonic or agonist properties. The members
of this group of drugs are extremely attractive as an alternative for the
catecholamines in the treatment of heart failure, since they could be given
orally and are not so rapidly inactivated. The limited number of patients
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Figure 59
Comparison with aid of the nuclear stethoscope of the effects of administration of dobutamin and an experimental 0Oadrenergic blocking drug with agonist properties (ICI
118,587) in a patient with left heart failure after an acute myocardial infarction.

and the diversity of changes are reason that no firm conclusions can be
drawn at this moment.
An example of an individual observation is shown in fig. 59. After
intravenous administration of ICI 118,587 (0.1 mg/kg) ejection fraction
rises, just as with incremental doses of dobutamine, but, in sharp contrast
with the effect of this last drug, there is a dramatic fall of heart rate and
mean arterial pressure. This type of reaction seems characteristic of a
pure p-blocking influence. The reason why some patients with myocardial
failure are inclinated to respond in this manner, while others do not, has to
be elucidated, but may be mediated by intrinsic catecholamine levels.
This hypothesis is supported by the observations of MAJID et al. (1980).
These authors found resting heart rate and mean arterial pressure to be
unchanged after administration of ICI 89,406, another experimental
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beta-adrenoceptor antagonist with agonist properties, as opposed to a
decline of both parameters after propranolol. After exercise — associated
with elevated levels of circulating catecholamines — the observed
changes, however, resembled those after propranolol and were thought to
represent the blocking action of the drug. Another possible explanation
may be found in a variable influence on vagal tone.

Ï\

10.4 Miscellaneous applications of the nuclear stethoscope
As we have tried to exemplify, repeated measurements of ejection
fraction can be readily performed in the evaluation of various interventions. There is no reason why this application should be restricted to
patients with coronary artery disease.
Figure 60 gives the results obtained in a patient with a severe hypertensive
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Figure 60
Follow-up study with the nuclear probe during treatment of a hypertensive crisis.
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crisis, both after acute lowering of blood pressure with diazoxide and
after control of the elevated pressure with more conventional antihypertensive drugs and sodium restriction. In the acute phase; shortly
after administration of diazoxide, there is — as an expression of the vasodilatory action of this pharmaceutical — a decrease of mean arterial
pressure and an increase of heart rate. Ejection fraction, which was in the
lower range of normal, maybe even abnormal considering the presence of
electrocardiographic signs of left ventricular hypertrophy, rises. Later,
with further lowering of arterial pressure, now at a much lower heart rate,
ejection fraction has returned to the level that must be considered normal
for this particular heart. Once more, it can be concluded that a depressed
ejection fraction at high levels of afterload can be caused directly by this
elevation of afterload and does not imply an intrinsic permanent
depression of myocardial performance.
In fig. 61 we plotted the change of ejection fraction versus varying heart
rates in a patient with a rate-programmable internal pacemaker implanted because of a total heart block. It can be seen that ejection fraction
rises from an initial lower value at the patient's own spontaneous heart
rate (35 beats per minute) to an optimum, after which there is a decline at
still higher driven rates. No clinical alterations were observed during this
study, nor were there any subjective complaints from the patient. While
most older pacemakers are, somewhat arbitrarily, fixed to deliver around
70 impulses per minute, the rate-programmable types offer possibilities to
chose the most suitable rate for individual patients. Studies, like the one
just described, should be helpful to make this choice. It may also be
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Figure 61
Changes of ejection fraction observed with the nuclear probe during progressive elevation
of heart rate with a rate-programmable pacemaker in a patient with a complete heart
block.
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possible to analyse in the same way the added gain of atrio-ventricular
sequential pacing, a feature of the newest generation of pacemakers.
Considering, at the end of this chapter, the data presented, we think that
the nuclear stethoscope has offered the means to record ejection fraction
reliably, rcproducibly and repeatedly, even at the bedside of very ill
patients. Although measurements of volume are not possible and information on wall motion is lacking as well, determination of ejection
fraction and its changes with this type of detector seems to offer an
alternative to invasive monitoring in the management of individual
patients.
i.
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SUMMARY AND CONCLUSIONS
This thesis deals with the clinical applications of gated equilibrium
bloodpool scintigraphy, performed with either a gamma camera or a
portable detector system, the nuclear stethoscope.
The main goal has been to define the value and limitations of noninvasive measurements of left ventricular ejection fraction as a parameter
of cardiac performance in various disease states, both for diagnostic
purposes as well as during follow-up after medical or surgical intervention.
Secondly, it was attempted to extend the use of the equilibrium bloodpool technique beyond the calculation of ejection fraction alone by
considering the feasibility to determine ventricular volumes and by
including the possibility of quantifying valvular regurgitation.
In either case, it has been tried to broaden the perspective of the
observations by comparing them with results of other, invasive and noninvasive, procedures, in particular cardiac catheterization, M-mode
echocardiography and myocardial perfusion scintigraphy.
,
In the first chapter of part I the determinants of performance of the heart
muscle pump are reviewed. It is stressed that these determinants —
preload, afterload and contractility — together and in unison affect the
effectiveness of ventricular contraction and that each "parameter of
contractility", in turn, is not a measure of contractile capacity alone, but
also of either of the two loads imposed on the functioning ventricle.
The ventricular ejection fraction, the ratio of stroke volume to enddiastolic volume, in other words a composite parameter of shortening
and (pre)loading, forms no exception to this rule. Although this parameter, mainly through empirical evidence, has been shown to provide —
especially under basal circumstances — a reliable index of cardiac
contractile performance, changes of loading do have effects that may be
mistakenly interpreted to represent a change of underlying contractility.
Chapter 2 analyses the possible alterations of ejection fraction as a result
of varying load and contractility, based on the concepts described in the
previous chapter. Acute changes of both preload and afterload readily
change ejection fraction, but more chronic changes are counteracted by
compensatory mechanisms tending to keep the ejection fraction within
normal limits, i.e. maintaining a normal stroke output relative to enddiastolic volume. As expected, the magnitude of ejection fraction re-
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sponse to acute changes of loading as well as the effectiveness of
compensation after more chronic loads have been imposed, is shown to
be very much dependent on the quantity and quality of the myocardial
muscle under study. It is also discussed how asynergic ventricular
contraction, even when localized, as in the presence of a ventricular
aneurysm, may be reflected in the measurement of ejection fraction.
Finally, it is shown why a change of ejection fraction after different kinds
of exercise should be carefully interpreted, as adaptation to loading may
be instrumental in mediating a particular response and not a variation of
contractility or a functional abnormality.
Chapter 3 explores the theory of the nuclear medicine methods currently
available for the study of the heart, with particular reference to those
providing information on left ventricular contractile behaviour: the
determination of ejection fraction and the assessment of wall motion. The
first-pass method, not used in this thesis, is mentioned briefly for
comparative purposes. Attention is then centered on the performance of
a gated equilibrium bloodpool study with the gamma camera and on
pertinent aspects of the gating procedure, the requirements of a suitable
radiopharmaceutical, the problems of patient positioning and viewing
angle together with the assumptions and calculations needed for data
analysis. In close relation with the method for derivation of numerical
ejection fraction values a way of quantifying valvular regurgitation is
proposed.
The advantages and disadvantages of a gated nuclear probe system, the
nuclear stethoscope, are described as well.
The end of this chapter gives a brief review of the literature on accuracy
and reliability of the techniques just mentioned. The necessity for each
laboratory to determine the limits of confidence of its own results is
expressed.
Chapter 4 goes into some aspects of myocardial perfusion scintigraphy
with thallium-201, attention being mainly focussed on the ability to relate
the distribution of coronary artery blood flow — and the possible
abnormalities of myocardial perfusion — with the information on global
and regional ventricular performance obtained by gated equilibrium
bloodpool studies.
It is further indicated how measurements of ventricular dimensions by Mmode echocardiography may be used to derive indices of ventricular
contraction, such as ejection fraction.
Part I is concluded by an appendix, containing data on physical characteristics, radiation dose estimates and metabolic safety of technetium-99m
and thallium-201, the two radionuclides used in the investigations of this
thesis.
In part II, chapter 5, our own methodology of performing and analysing
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gated equilibrium bloodpool studies with gamma camera or nuclear
stethoscope is described. Most issues are closely connected with the
theoretical review in the third chapter of part I. When necessary,
additional information is supplied on the selection of particular ways of
investigation, for example concerning the calculation of ventricular
volumes from the scintigraphic images.
After a description of the techniques for myocardial perfusion scintigraphy, echocardiography and cardiac catheterization, including the
subjective grading procedures for wall motion and aortic or mitral valve
incompetence, the details of patient selection are mentioned, in conjunction with the clinical, roentgenological and electrocardiographic
criteria used to define their cardiac status.
A short paragraph on statistics ends this chapter.
In chapter 6 the normal range of our method of determining ejection
fraction with the gamma camera is defined. It was found that the mean
value of 0.68 ± 0.07 (SD) in 15 subjects, 8 females and 7 males, thought to
be free from cardiac disease, is not significantly different from normal
results of radionuclide,studies presented in the literature. Just as other
authors, we also obtained an excellent correlation between ejection
fractions based on catheterization results and values calculated from the
gated bloodpool scans in a group o f 7 4 patients, consisting o f 25 women
and 49 men.
Based o n both study groups it was decided that an ejection fraction value
o f 0.45 represents the lower limit o f normal, at least — it should be
stressed — in our hands. Recalculation o f ejection fraction from c o m puter stored data showed that, like accuracy, reproducibility is good,
whether reëvaluation is performed by the same or by another observer.
Variability was found to be minimal. A t the same time, the presence o f
some variability — however small — should imply the adoption of a
minimal degree o f change o f ejection fraction in either direction, before
such a change can be accorded a significant meaning in individual
patients. W e chose an absolute change o f 10 percent for subjects with a
normal ejection fraction (>0.45) and a 5 percent increase or decrease for
those with abnormal values (<0.45) to be consistent with a true dteratioii.
Based on combined studies in a group of 42 patients, 21 of them with an
abnormal radionuclide ejection fraction, it is also concluded that echocardiographic determination of ejection fraction (shortening fraction
times 1.7) offers an alternative way of obtaining this index of performance. Its usefulness, however, is limited in many patients due to
difficulties in acquiring a satisfactory recording and as a result of the
unreliability of the assumptions for calculation in the presence of
segmental ventricular disease.
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The final part of this chapter involves a discussion of the results of our
method of determining ventricular volumes in a series of 32 patients, who
were catheterized as well. Correlation decreases with increasing enlargement, probably due to faulted geometry in the larger ventricles,
often exhibiting abnormalities of wall motion. As the same errors tend to
be made in the same patient, it is postulated that calculations of volume
provide a valuable measure of ventricular preload, not to be neglected
during follow-up investigations.
Chapter 7 consists in the first place of a study of prognostic value of
ejection fraction in patients with heart disease, in particular coronary
artery disease. In accordance with reports in the literature, we
observed a substantial mortality — almost exclusively from cardiac
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causes — in those patients of a consecutive group of 132 having a clearly
abnormal ejection fraction (<0.30), when initially studied. In contrast, only
a small minority with higher ejection fractions died as a result o f heart
disease within a year after investigation.
Morbidity is also closely linked to ejection fraction value. With the
notable exception of patients with rheumatic valvular heart disease,
including mitral stenosis, almost all subjects with signs and symptoms of
left ventricular failure have ejection fractions below 0.45, many of them
even lower than 0.30. The value of ejection fraction in the presence o f
heart failure can also be used to elucidate the origin of this failure, i.e.
whether the left ventricle is depressed or not.
A follow-up study in a limited number of patients indicated that ejection
fraction increases with successful conventional treatment of congestive
left heart failure with digitalis, diuretics and sodium restriction and that
this increase — at least in part — probably represents a true amelioration
of cardiac contractile capacity. With deterioration of the clinical condition ejection fraction decreases, while volume rises as a manifestation
of an attempt to compensate for the progressive decline of performance.
A completely different pattern is found, when therapeutic management is
aimed at afterload reduction. Although ejection fraction responds favourably, this can be completely explained by the decrease of impedance
to ventricular ejection and, especially in the early stages of therapy, not
necessarily by intrinsic changes of the cardiac muscle.
The patient population included in this thesis, not surprisingly and a
reflection of the high incidence of this disease, contains a substantial
number of individuals with coronary heart disease. Therefore, it must be
expected that ejection fraction is often related to the sequelae of coronary
artery obstruction, in particular myocardial damage after an infarction.
A strong correlation was, indeed demonstrated to exist between abnormal ejection fraction values and evidence of a previous myocardial
infarction. The lowest values were obtained in those patients who had
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sustained anteroseptal or multiple myocardial lesions. The influence of
the extent of myocardial damage could be illustrated by the calculation of
defect-scores on thallium-201 myocardial perfusion scans. Largest defects, irrespective of localization, corresponded with the greatest depression of ejection fraction. Occasional discrepancies may be the result of
the presence of mitral or aortic valve incompetence with secondary myocardial damage.
Coronary artery disease alone and in the absence of an infarction did not
result in a demonstrable decrease of ejection fraction out of the normal
range.
Of course, myocardial damage need not be of ischemic origin. Patients
with a primary non-ischemic cardiomyopathy, for example, were found
to have a clearly depressed ejection fraction, but thallium scans of these
same patients showed no defects of perfusion.
Ejection fraction may, thus, reflect any kind of myocardial damage. The
possible ischemic origin of this damage can be substantiated by the
finding of scintigraphic defects on a thallium scan, suggesting a previous
infarction even when the electrocardiogram or the patient's history give
no clues.
In analogy with the extent of myocardial damage as an important
determinant of ejection fraction, the known association of wall motion
abnormalities with ischemic disease of the heart also became apparent
from o u r studies. It was found that, the larger the number of abnormally
contracting segments, the more severe the decline of ejection fraction. A
ventricular aneurysm, however, even with involvement of only a small
part of the ventricular wall, is more damaging than other types of
asynergy of a comparable area.
One of the particular assets to the method of gated equilibrium blood-
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pool scintigraphy lies in the ability t o detect such a ventricular aneurysm.
Although our method of investigation proved to be less reliable for the
accurate grading of the severity of localized wall motion disturbances, the
differentiation between diffuse abnormalities a n d regional systolic bulging appeared to be very sensitive a n d specific in a group of 111
catheterized patients, 14 having a discrete ventricular aneurysm. Even if
clinical suspicion was usually high, the scintigraphic images opened the
possibility of non-invasive assessment of the extent of the aneurysmal
area as well as of the contractile behaviour of the remaining myocardium,
an important prognostic factor when surgical resection is considered.
With regard to cardiac surgery in general, it is accepted that pre-operative
ejection fraction is directly associated with post-operative mortality and
morbidity. The surgical procedure itself — in a group of 18 patients after
coronary bypass procedures and with unchanged electrocardiograms —
could not be demonstrated to alter resting ejection fraction. Peri-
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operative infarctions, however, were associated with a significant d e crease of ejection fraction in every single subject thought t o have
sustained such damage on t h e basis of electrocardiographic evidence.
Exercise studies, reported t o be able t o uncover post-operative reversal of
the initial abnormal decrease of ejection fraction that represents functional ventricular impairment, were not performed d u e t o technical
limitations. Nevertheless, we think that stress testing m a y serve the
purpose of defining the improvement of left ventricular performance
after some kind of therapy. At t h e same time, arguments are presented
why the alleged specificity of a stress-induced decline of ejection fraction
for the diagnosis of ischemic heart disease is open t o criticism.
Studies in valvular disease, concerning ejection fraction a n d quantification of severity of regurgitation, constitute the contents of chapter 8.
Important mitral incompetence was found t o be associated with a low
ejection fraction. It was n o t possible t o determine, whether this should be
considered a result of the valvular lesion alone, o r of a n excessive load o n
an already abnormal ventricular myocardium. In a n y case, a low ejection
fraction in the presence of important systolic flow across t h e mitral valve
is firm proof of a severe depression of myocardial contractile performance.
Aortic valve disease was studied in 27 patients, 8 with aortic stenosis
alone, 10 with a combination of stenosis a n d incompetence a n d 9 with
isolated regurgitation. Only 2 subjects were free of signs o r symptoms
indicative of cardiac disease, such as anginal complaints, spells of
dizziness, electrocardiographic evidence of left ventricular hypertrophy
a n d manifestations of pulmonary congestion. O u t of these, only congestive left heart failure was related t o ejection fraction. Apparently,
compensation by ventricular hypertrophy o r by a n increase of preload as
a result of the regurgitant volume is able to maintain ejection fraction
during a substantial part of the natural course of chronic aortic valve
disease.
Single, isolated determination of this parameter, therefore, is likely to be
a poor guide in the management of these patients, in particular when it
comes to the decision of timing of operative valve replacement.
The application of exercise-testing — used by some for this purpose —
may reveal a depression of a normal resting ejection fraction, but it can
be argued that this is a physiological rather than a pathological occurrence, especially in aortic stenosis. The therapeutic dilemma in aortic
valve disease, thus, is not yet solved, even though the advent of noninvasive methodology for the assessment of ventricular performance
should still be of great help in the development of new policies.
The spectrum of ejection fraction distribution in rheumatic valvular
disease, as already mentioned in chapter 6, is strikingly different from the
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results in all other patients. Only one out of 10, in a group of 13 patients
with rheumatic valvular disease — including important mitral stenosis —
and with signs of of pulmonary venous congestion, had a definitely
abnormal ejection fraction. Symptomatology in this condition is clearly
determined by the more proximal of multiple valve lesions and should
not simply be considered proof of a failing left ventricle, even though this
heart chamber suffers from an often considerable increase of loading due
to the simultaneous presence of mitral and aortic regurgitation.
The second part of this chapter is based on reports in the literature,
stating that the ratio of left ventricular and right ventricular stroke
output or stroke counts, which can be extracted from a gated bloodpool
study and should normally be equal to unity, is useful to quantify
regurgitant lesions of the left heart. Aortic or mitral valve incompetence
lead to an elevation of this so called stroke count index, as output of the
left ventricle surpasses that of the right to compensate for regurgitation.
Based on the results in a group of 33 patients, free of mitral or aortic
regurgitation at cardiac catheterization, an index of 1.45 was taken as the
upper limit of normal. Application of this value to a group of 18 patients
with aortic incompetence, 13 of them with significant regurgitation
according to semi-quantitative angiographic criteria, as well as to 13 of 19
patients with mitral incompetence fulfilling the same criteria, revealed a
fairly good separation of subjects with hemodynamically significant
lesions from those without.
In spite of incomplete discrimination and the impossibility to use this
method when shunts or right heart valvular regurgitation are present as
well, we think that a very interesting supplement to auscultatory findings
in the evaluation of the severity of valvular disease has become available.
The main possibilities seem to lie in the signalling of progression of an
existing lesion, while changes after operation should be of help to assess
prosthetic function. We found all of 4 patients with well functioning
artificial valves to have acquired a normal value.
This chapter is concluded with an extensive follow-up study of a patient
with aortic incompetence due to bacterial endocarditis, underlining
multiple aspects of the contribution of gated equilibrium bloodpool
scintigraphy during the hemodynamic monitoring of cardiac (valvular)
disease.
Chapter 9 is an attempt to use sequential scintigraphic and echocardiographic measurement of ejection fraction as a way to detect myocardial
damage during treatment with the cardiotoxic anthracycline drugs,
daunorubicin and adriamycin, known to induce sudden heart failure in
some patients. The risks to develop such manifestations increase with
rising cumulative dose levels and prevention, until now, primarily
consisted of a rather crude application of empirical dose limits. Various
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approaches have been tried to obtain more accurate tools to define the
moment of discontinuation of treatment in individual patients. None of
them, including — among others — recording of serial electrocardiographic changes, the echocardiographic measurement of systolic time
intervals and ejection fraction and even endomyocardial biopsies, have
been clearly proven of value in the prediction of the occurrence of a
symptomatic cardiomyopathy.
Recently, it has been claimed that sequential radionuclide determination
of ejection fraction during treatment with adriamycin provided this much
desired information. Our own results in 25 patients with different types of
malignancy, indeed, revealed that a significant decrease of ejection
fraction from initial values was more likely to occur with increasing dose
levels. In only one patient, however, this was reason to suspend therapy,
before the dose limit was reached, after which no further decline of
ejection fraction was observed. Due to poor survival, on the other hand,
not more than 3 subjects could be followed into the higher range of dose
levels. Although all 3 still had perfectly normal ejection fractions and
none of them developed signs of congestive heart failure, an extension of
the group of patients at risk is required to decide, whether follow-up of
ejection fraction will eventually emerge as a reliable clinical method. If
possible, further studies should be performed in a homogeneous patient
group with a relatively good prognosis and during uniform treatment
with a fixed dosage schedule, since variations of treatment — especially
of intervals between different courses of therapy — are likely to modify
the cardiotoxic effects of the drugs involved.
In the mean time, our comparative observations with echocardiography
make us believe that, if the method of sequential measurement of ejection
fraction is a good one, both ways of determining this parameter should be
applicable, both to the monitoring of cardiotoxicity and to the study of
preventive measures and newer drugs.
The final chapter 10 contains our early experience with a gated probe
system or nuclear stethoscope.
After the recording of a good agreement between ejection fraction values
obtained by this device and those calculated from gamma camera studies
in a group of 39 patients, the majority with coronary artery disease, and
after an assessment of variability, which was minimal, it' has been our
main goal to present evidence of its ability to register variations in cardiac
performance under different circumstances and after interventions.
In spite of the loss of imaging facilities, precluding the grading of wall
motion and the estimation of ventricular volumes, it is shown that during
a variety of common diagnostic and therapeutic interventions, such as
administration of nitroglycerin or the treatment of heart failure with
dobutamine, the results are in accordance with results of other — often
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invasive — techniques and might be used to replace them.
It is concluded that the nuclear stethoscope deserves a role in the
therapeutic management of individual cardiac patients, especially when
they' are very ill and a bedside method is repeatedly desirable. It is
further suggested that ejection fraction determinations with this scintillation probe should be considered for comparative studies of the cardiac
effects of drugs or for the choice of an optimal pacing mode. The
possibility to record ejection fraction on a beat-to-beat basis — not
included in this thesis — seem to be an additional argument for extended
use when variations of rate and rhythm are the prime object of interest.
All data taken together, this thesis shows that gatedequilibrium bloodpool
scintigraphy offers a reliable alternative way to collect quantitative
parameters of left ventricular performance at a cost which, particularly
with regard to the patient but also from a health care point of view,
compares favourably to that of cardiac catheterization.
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SAMENVATTING EN CONCLUSIES
Dit proefschrift handelt over de klinische toepassingen van gated equilibrium bloodpool scintigrqfie met behulp van een gamma camera of een
speciale scintillatie-detector, de zogenaamde "nuclear stethoscope".
Het belangrijkste doel was het vaststellen van de waarde en de beperkingen van de ejectiefractie als parameter van de linker kamer functie bij de
diagnose en behandeling, medicamenteus en chirurgisch, van verschillende hartziekten.
Het proefschrift tracht verder aan te tonen dat de gated equilibrium
bloodpool methode, als belangrijke aanvulling op de bepaling van de
ejectiefractie, bovendien de mogelijkheid biedt tot berekening van het
volume van de linker kamer en tot het quantificeren van de ernst van
klepinsufficiënties.
Tenslotte is geprobeerd ieder besproken onderwerp te vergelijken met
andere, invasieve en niet-invasieve, onderzoekingen, met name hartcatheterisatie, echocardiografie en perfusiescintigrafie.
Hoofdstuk 1 van het eerste deel geeft een overzicht van de factoren die de
functie van de hartspierpomp bepalen. Het wordt benadrukt dat deze
factoren — bekend als preload, afterload en contractiliteit —gezamenlijk
en in onderling verband de effectiviteit van de spiercontractie bepalen en
dat, omgekeerd, iedere maat voor de effectiviteit van deze contractie niet
alleen de contractiele eigenschappen weerspiegelt, maar ook de invloed
van de belasting.
De ejectiefractie van de linker kamer, het verhoudingsgetal van slagvolume en eind-diastolisch volume en derhalve een samengestelde maat
voor verkorting en (voor-)belasting, is geen uitzondering op deze regel.
Hoewel de ejectiefractie, voornamelijk gebaseerd op ervaring en vooral
onder basale omstandigheden, een betrouwbare maat gebleken is van de
contractiele functie, kan een verandering van de belasting van het hart
een zodanig effect hebben, dat verwarring met een gewijzigde invloed van
de contractiliteit zou kunnen ontstaan.
In het tweede hoofdstuk worden de mogelijke veranderingen van de
ejectiefractie tengevolge van variatie in belasting en contractiliteit besproken aan de hand van de beginselen uit het vorige hoofdstuk.
Acute veranderingen van preload of afterload leiden makkelijk tot een
wijziging van de ejectiefractie. Dit in tegenstelling tot meer chronische,
die vaak geheel of gedeeltelijk kunnen worden gecompenseerd, waardoor
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het slagvolume ten opzichte van het eind-diastolische volume normaal
blijft. De mate van verandering van de ejectiefractie alsook het compenserend vermogen bij, respectievelijk, acute of chronische wijzigingen van
de belasting hangen sterk af van de hoeveelheid hartspierweefsel en de
functionele eigenschappen daarvan.
Ook wordt besproken hoe een abnormaal contractiepatroon, vooral bij
gelocaliseerde afwijkingen zoals een aneurysma, zich kan uiten in de
meetwaarde van de ejectiefractie.
Tenslotte wordt aangetoond dat een veranderende ejectiefractie tijdens
verschillende vormen van inspanning voorzichtig moet worden geïnterpreteerd, omdat, ook in deze gevallen, de aard van de reactie kan worden
veroorzaakt door aanpassing aan de belasting en niet door een onderliggende functionele afwijking.
Hoofdstuk 3 is een theoretische verhandeling over de huidige nucleair

geneeskundige methoden o m het hart te onderzoeken. D e nadruk ligt o p
de bestudering van het contractiele gedrag van de linker kamer door
bepaling van de ejectiefractie en het registreren van de wandbeweging met
behulp van de gated equilibrium bloodpool methode met een gamma
camera.
N a een korte vergelijkende beschrijving van het first-pass onderzoek, dat
in dit proefschrift niet is gebruikt, worden achtereenvolgens beschreven:
belangrijke aspecten van de wijze van acquisitie van de gegevens o p
geleide van het electrocardiogram; de eisen, die aan het te gebruiken
radiopharmacon moet worden gesteld; de positionering van de patient
tijdens het onderzoek; de verschillende projectie-mogelijkheden en de
veronderstellingen en berekeningen, die noodzakelijk zijn bij het afleiden
van de ejectiefractie en bij het vaststellen van de ernst van een klepinsufficiëntie.
D e beginselen van de nuclear stethoscope en de voor- en nadelen van deze
onderzoeksmethode worden eveneens besproken.
Het einde van dit hoofdstuk bestaat uit een kort overzicht van de
literatuur betreffende nauwkeurigheid en betrouwbaarheid van de bovenvermelde methodieken. Er wordt met nadruk op gewezen dat ieder
nucleair geneeskundig laboratorium de betrouwbaarheidsgrenzen van de
eigen resultaten dient te bepalen.
In hoofdstuk 4 wordt dieper ingegaan op enkele aspecten van de
perfusiescintigrafie van de hartspier met thallium-201. Hierbij is de
aandacht vooral gericht o p de mogelijkheid o m de verdeling van de
bloedstroom door het coronaire vaatbed en de eventuele afwijkingen van
deze doorbloeding in verband te brengen met de contractiele functie van
de linker kamer, zowel regionaal als in zijn totaliteit. Verder wordt
aangegeven hoe uit echocardiografische metingen van de afmetingen van
de linker kamer onder andere de ejectiefractie kan worden berekend.
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Het eerste deel van het proefschrift wordt afgesloten met een appendix,
waarin de physische eigenschappen, de geschatte stralingsdosis en enkele
pharmacologische kenmerken van de beide bij de onderzoekingen gebruikte radionucliden, technetium-99m en thallium-201, zijn opgenomen.
In het tweede deel, te beginnen met hoofdstuk 5, wordt beschreven op
welke wijze wij zelf de onderzoekingen met gamma camera en nuclear
stethoscope hebben uitgevoerd en bewerkt. Hierbij wordt teruggegrepen
op het theoretische overzicht van het derde hoofdstuk van deel I, indien
nodig aangevuld met bijkomende informatie over de keuze van specifieke
onderzoeksmethoden, bijvoorbeeld waar het de berekening van het linker
kamervolume uit de scintigrafische beelden betreft.
Hiernaast zijn er beschrijvingen van de techniek van de perfusiescintigrafie, de echocardiografische onderzoeksmethode en de uitvoering van
hartcatheterisaties met inbegrip van de analyse van de wandbeweging en
de gradering van insufficiënties van mitralis- of aortaklep. Ook worden
details gegeven over de wijze van patientenselectie en de klinische,
röntgenologische en electrocardiografische criteria, die werden gebruikt
bij het karakteriseren van dé functionele toestand van het hart.
Het hoofdstuk eindigt met een korte paragraaf over de statistische
bewerking van de resultaten.
In hoofdstuk 6 worden de normaalwaarden van onze bepaling van de
ejectie fractie met de gamma camera gedefinieerd. Wij vonden bij 15
patiënten, 8 vrouwen en 7 mannen, zonder bekende hartziekte, een
gemiddelde waarde van 0.68 met een standaarddeviatie van 0.07. Dit
verschilt niet significant van de gemiddelde waarden, die voor normalen
in de nucleair geneeskundige literatuur worden opgegeven. Ook de door
anderen beschreven goede correlatie tussen de ejectiefractie gevonden bij
hartcatheterisatie en de waarden gebaseerd op gated bloodpool scans kon
door ons worden bevestigd in een vergelijkend onderzoek bij 74 patiënten,
25 vrouwen en 49 mannen, met verschillende hartaandoeningen.
Op grond van de resultaten bij beide onderzoekingen beschouwen wij een
ejectiefractie van 0.45 als de ondergrens van normaal, althans — het zij
nadrukkelijk gezegd — bij de door o n s gevolgde wijze van bepaling. Herberekening van de ejectiefractie uit in een computer opgeslagen gegevens,
zowel door dezelfde als door een andere onderzoeker, toonde aan dat de
bepalingen, behalve nauwkeurig, o o k reproduceerbaar zijn. Tegelijkertijd
bleek de variabiliteit minimaal. H o e klein deze o o k is, het betekent wel
dat, in het individuele geval, het verschil tussen twee bepalingen van d e
ejectiefractie een zekere waarde te boven moet gaan, alvorens hieraan
betekenis kan worden gehecht. Wij hebben een absoluut verschil van 10
procent bij een normale (>0.45) en een stijging of daling van meer dan 5
procent bij een abnormale uitgangswaarde (<0.45) als èen uiting van een
significante verandering beschouwd.
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Combinatie van de resultaten met de gamma camera en de echocardiografische uitkomsten in een groep van 42 patiënten, van wie er 21
abnormaal werden bevonden bij het scintigrafisch onderzoek, liet zien dat
vermenigvuldiging van de verkortingsfractie met 1.7 een alternatieve
bepalingsmethode, met goed vergelijkbare uitkomsten, voor de ejectiefractie is. Dit geldt echter niet voor ventrikels met wandbewcgingsafwijkingen door onzekerheid over de theoretische juistheid van de berekeningen bij aanwezigheid van deze afwijkingen. Bovendien lukt het niet
altijd een technisch goed cchocardiogram te vervaardigen.
Tot slot van dit hoofdstuk werden bij 32 patiënten de volumes van de
linker ventrikel, zoals door ons uit de scintigrafische beelden berekend,
vergeleken met angiografische volumina. De correlatie neemt af bij
toenemende vergroting van de linker kamer, waarschijnlijk door het
frequent voorkomen van wandbewegingsafwijkingen in deze grote harten. Desondanks lijkt het aannemelijk dat, bij follow-up onderzoekingen
van dezelfde patient, steeds dezelfde fout bij de berekening zal worden
gemaakt, hetgeen, naar onze mening, een waardevolle mogelijkheid biedt
om door bepaling van het verloop van het volume in de tijd een indruk te
krijgen van de veranderingen in preload van de ventrikel.
Hoofdstuk 7 bestaat in de eerste plaats uit een onderzoek naar de
prognostische betekenis van de ejectiefractie bij patiënten met verschillende hartziekten, waaronder velen met een kransvatlijden. In overeenstemming met de literatuur vonden wij een aanzienlijke sterfte in het
eerste jaar na het onderzoek, vrijwel steeds door cardiale oorzaken, bij
die patiënten uit een opeenvolgende groep van 132 met een duidelijk
verlaagde ejectiefractie (<0.30). Slechts een klein aantal met hogere
ejectiefractie waarden stierven tengevolge van hartziekte.
Verschijnselen van verminderde functie van het hart zijn eveneens in
belangrijke mate gekoppeld aan de gevonden ejectiefractie. Met als
opvallende uitzondering patiënten met rheumatische hartaandoeningen,
met name bij aanwezigheid van een mitralisstenose, hebben nagenoeg alle
andere patiënten met tekenen van linkszijdige decompensatie ejectiefracties onder de 0.45, de meeste zelfs onder de 0.30. Bij het vinden van
tekenen van onvoldoende pompfunctie van het hart kan de ejectiefractie
bepaling dan ook gebruikt worden om te verduidelijken, of een gestoorde
functie van de linker kamer zelf hiervan de oorzaak is of niet.
Herhaald onderzoek bij een beperkt aantal patiënten liet zien dat, tijdens
de gebruikelijke behandeling van decompensatie met digitalis, diuretica
en zoutbeperking, een stijging van de ejectiefractie wordt gevonden,
waarschijnlijk gedeeltelijk berustend op een reëele verbetering van de
contractiekracht. Bij progressieve verslechtering van de klinische toestand, daarentegen, daalt de ejectiefractie met gelijktijdig stijgen van het
volume van de ventrikel als uiting van een poging tot compenseren van de
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achteruitgaande pompfunctie. Een geheel ander reactiepatroon wordt
gevonden, wanner het therapeutisch beleid gericht is op verlaging van de
afterload. Hoewel ook dan een stijging van de ejectiefractie optreedt,
kan deze, vooral aanvankelijk, geheel worden toegeschreven aan de
vermindering van de pompweerstand, zonder dat hierbij noodzakelijkerwijs een verbetering van de hartspier zelf in het spel is.
Het hoeft geen verbazing te wekken, dat zich in de door ons onderzochte
populatie een groot aantal patiënten met een kransvatlijden bevinden,
daar dit een weerspiegeling is van het frequente voorkomen van deze
ziekte. Het ligt derhalve in de lijn der verwachting, dat de ejectiefractie in
verband gebracht kan worden met de gevolgen van iiet kransvatlijden,
zoals bijvoorbeeld het hartinfarct. Niet alleen werd een dergelijk verband
tussen een abnormale ejectiefractie en een doorgemaakt infarct inderdaad
aangetoond, maar ook bleek de ejectiefractie het laagst bij patiënten met
oude anteroseptale, of met multipele, iniarceringen. De invloed van de
uitbreiding van de hartspierbeschadiging kon nog nader worden verduidelijkt door berekening van een defect-score aan de hand van thallium201 perfusiescans. De grootste defecten, ongeacht hun localisatie, gingen
gepaard met de laagste ejectiefractie ten opzichte van normaal.
Het is vanzelfsprekend, dat ook een hartspierbeschadiging van niet
ischemische oorsprong, zoals wij konden aantonen bij patiënten met een
primaire cardiomyopathie, kan leiden tot een duidelijke verlaging van de
ejectiefractie. In deze gevallen worden echter met thallium-201 zeldon
defecten gevonden. Een abnormale ejectiefractie kan dus berusten op
iedere willekeurige vorm van hartspierbeschadiging. Hierbij kan een
eventuele ischemische oorzaak waarschijnlijk worden gemaakt door het
aantonen van een defect bij perfusiescintigrafie met thallium-201. Dit is
een sterke aanwijzing voor een doorgemaakt infarct, zelfs als het
electrocardiogram of de anamnese hiervoor geen aanknopingspunten
bieden.
Behalve de belangrijke invloed van de omvang van hartspierschade op de
ejectiefractie, werd in ons onderzoek ook het bekende verband aangetoond tussen abnormale wandbeweging en ischemische hartziekte. Hoe
meer segmenten een abnormaal contractiepatroon hebben, des te lager is
de ejectiefractie. Een aneurysma echter, zelfs als dit zich tot een relatief
klein deel van de wand beperkt, heeft een ernstiger effect dan een
andersoortige bewegingsafwijking van een gebied van vergelijkbare
grootte.
Een van de aantrekkelijke aspecten van de gated equilibrium bloodpool
methode is juist gelegen in de mogelijkheid een dergelijk aneurysma op te
sporen. Hoewel onze techniek minder betrouwbaar was bij het exact
vaststellen van de mate van abnormale beweeglijkheid van kleine gelocaliseerde segmenten, bleek de differentiatie tussen een diffuse stoornis en
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een locale systolische uitbochting sensitief en specifiek bij 111 gecatheteriseerde patiënten, waarvan er 14 een duidelijk aneurysma hadden. Zelfs
als men het feit in aanmerking neemt, dat de diagnose vaak al op
klinische gronden werd vermoed, dan nog maakt het scintigrafisch
onderzoek het mogelijk, om langs niet-invasieve weg, niet alleen de
uitbreiding van het aneurysma, maar ook het contractiepatroon van het
overige myocard vast te stellen. Beiden zijn van belang bij het overwegen
van operatieve verwijdering van het aneurysma.
Met betrekking tot hartchirurgie in het algemeen wordt overal aanvaard
dat er een direct verband bestaat tussen de pre-operatieve waarde van de
ejectiefractie en de post-operatieve sterfte of het verdere beloop. De
operatie zelf heeft meestal geen invloed op de ejectiefractie in rust, zoals
wij zagen bij 18 patiënten na ongecompliceerd verlopen kransvatchirurgie.
Bij alle patiënten die hiervan op grond van electrocardiografische
veranderingen werden verdacht, bleek myocardschade tijdens of kort na
de operatie echter een belagrijke daling van de ejectiefractie te hebben
veroorzaakt.
Van onderzoek na inspanning bij deze patiënten is beschreven dat, na de
operatie, een omkeer van de pre-operatieve daling van de ejectiefractie
kan worden gevonden als uiting van een verbeterde pompfunctie. Dit
soort onderzoek kon, om technische redenen, niet door ons worden
uitgevoerd. Ook wij zijn evenwel van mening, dat scintigrafisch onderzoek tijdens inspanning een geschikte methode is om een verbetering van
de functie van de linker kamer na een of andere vorm van behandeling
aan te tonen. Tegelijkertijd worden echter argumenten aangevoerd,
waarom de bewering, dat een daling van de ejectiefractie na inspanning
een specifiek kenmerk van het bestaan van afwijkingen aande kransslagaders zou zijn, kritisch moet worden bezien.
Hoofdstuk 8 bestaat uit onderzoekingen betreffende de ejectiefractie en
de meting van de ernst van regurgitatie bij patiënten met klepafwijkingen.
Wij vonden dat een belangrijke mitralisinsufficiëntie gepaard gaat met
een lage ejectiefractie. Het kon niet worden vastgesteld, of dit een gevolg
is van het kleplek alleen, dan wel van overmatige belasting van een reeds
tevoren beschadigd myocard. Hoe dan ook moet een lage ejectiefractie,
bij het bestaan van een belangrijk systolisch lek door de mitralisklep,
beschouwd worden als een krachtig bewijs van een ernstige vermindering
van de contractiele functie van de hartspier.
Afwijkingen van de aortaklep werden bestudeerd in een groep van 27
patiënten, 8 met alleen een aortastenose. 10 met een gecombineerd vitium
en 9 met een geïsoleerde insufficiëntie. Slechts 2 van deze patiënten
hadden geen klachten of symptomen van de kant van het hart, zoals
angineuze bezwaren, duizeligheidsaanvallen of syncope, electrocardio-
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grafische tekenen van linkshypertrofie en tekenen van longvatovervulling. Het bleek dat, van al deze verschijnselen, slechts linksdecompensatie
gerelateerd was met de hoogte van de ejectiefractie. Kennelijk blijft de
ejectiefractie gedurende een groot deel van het natuurlijk beloop van het
aortakleplijden normaal tengevolge van compensatie door hypertrofie
van de kamer of een toegenomen preload door het regurgiterendc
volume. Het lijkt dan ook waarschijnlijk, dat enkelvoudige bepalingen
van de ejectiefractie een slechte leidraad zijn bij het begeleiden van deze
patiënten, vooral als het op bepaling van het juiste tijdstip van klepvervanging aankomt. Het door sommigen voor dit doel gepropageerde inspanningsonderzoek mag dan misschien een daling van de in rust normale
ejectiefractie laten zien, er zijn redenen om aan te nemen dat dit eerder
een fysiologisch dan een pathologisch verschijnsel is, met name bij een
aortastenose. Het therapeutisch dilemma bij afwijkingen aan de aortaklep is dus nog niet opgelost. Dat neemt niet weg dat de komst van nietinvasieve methoden voor het bestuderen van de functie van de linker
kamer geacht moet worden een belangrijke bijdrage te kunnen leveren
aan het ontwikkelen van nieuwe beleidslijnen.
Zoals al opgemerkt in hoofdstuk 6, is het spectrum van de verdeling van
de ejectiefractie bij rheumatische klepafwijkingen geheel verschillend van
het gebruikelijke patroon bij andere patiënten. Bij 10 patiënten m e t
verschijnselen van linksdecompensatie uit een groep v a n 13 met een
dergelijk kleplijden, inclusief een belangrijke mitralisstenose, werd slechts
in één geval een duidelijk te lage ejectiefractie gevonden. D e symptomen
worden onder deze omstandigheden veroorzaakt d o o r d e meest proximale van de multipele klepgebreken en moeten dus niet zonder meer als
een bewijs van een falende linker ventrikel worden opgevat, ook al heeft
deze te lijden van een meestal aanzienlijke toename van de belasting door
het gelijktijdig bestaan van een mitralis- en aortainsufficiëntie.
Het tweede deel van dit hoofdstuk vindt zijn oorsprong in publicaties,
waarin melding wordt gemaakt van de bruikbaarheid van het gated
bloodpool onderzoek bij berekening van de verhouding tussen door
rechter en linker ventrikel per slag uitgepompte hoeveelheid bloed, dat
wil zeggen de daarmee bij scintigrafie equivalente aantallen counts. Dit
verhoudingsgetal, ook wel stroke count index genaamd, is normaliter
gelijk aan 1 en neemt toe bij een aorta- of mitralisinsuffïciëntie, omdat het
linker hart per slag meer moet uitpompen dan het rechter ter compensatie
van het teruglekkende volume.
Gebaseerd o p resultaten bij 33 patiënten zonder insufficiëntie van d e
mitralis- of aortaklep bij catheterisatie, werd een index van 1.45 als
bovengrens v a n het normale gebied genomen. Toepassing van deze
waarde bij 18 patiënten met een aortainsufficiëntie, in 13 gevallen als
belangrijk geduid o p grond van semi-quantitatieve angiografische criteria
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en bij 19 patiënten met een mitralisinsufficiëntie, waarvan 13 met een
belangrijk lek, liet zien dat hiermee een vrij goede scheiding tussen de
groep met en zonder hemodynamisch belangrijke klepafwijkingen werd
bereikt. Het discriminerend vermogen is echter niet compleet, terwijl de
methode ook niet toepasbaar is bij het gelijktijdig bestaan van shunts of
een klepinsufficiëntie in de rechter hartshelft. Toch menen wij dat deze
wijze van onderzoek interessant is, als aanvulling van de bevindingen bij
auscultatie, ter beoordeling van de ernst van het kleplek. De belangrijkste
toepassingsmogelijkheden lijken te liggen bij het signaleren van progressie van een bekende afwijking en bij het evalueren van de functie van een
ingebrachte klepprothese. Bij 4 van onze patiënten met een goed functionerende kunstklep zagen wij een normale waarde ontstaan.
Als afsluiting van dit hoofdstuk wordt een uitgebreide vervolgstudie
beschreven van een patient met een aortaklepinsufïïciëntie door een
bacteriele endocarditis. Hierbij worden meerdere aspecten van de bijdrage van de gated equilibrium bloodpool scintigrafie aan het vervolgen van
de hemodynamiek van hart(klep)ziekten nog eens onderstreept.
Hoofdstuk 9 houdt een poging in om met opeenvolgende scintigrafische
en echocardiografische metingen van de ejectiefractie schade aan het
myocard aan te tonen tijdens behandeling met de cardiotoxische anthracyclines, daunorubicine en doxorubicine (adriamycine). Van deze geneesmiddelen is bekend dat zij bij sommige patiënten een plotselinge
decompensatie kunnen veroorzaken. Het risico hiervan neemt toe met
oplopen van de cumulatieve dosering en preventieve maatregelen bestaan, tot op heden, in de eerste plaats uit het nogal grof hanteren van
empirische dosislimieten.
Op verschillende wijze is geprobeerd om nauwkeuriger middelen in
handen te krijgen bij het bepalen van het moment van staken van de
toediening aan individuele patiënten. Geen van de gehanteerde methoden, onder andere het registreren van electrocardiografische veranderingen, het meten van systolische tijdsintervallen en de ejectiefractie met
echocardiografie en ook endocardbiopsieën, zijn duidelijk van waarde
gebleken bij het voorspellen van een hartspierbeschadiging, die aanleiding geeft tot symptomen.
Onlangs is de bewering geuit, dat ejectiefractie bepalingen met radionucliden tijdens behandeling met adriamycine deze lang gewenste informatie zouden kunnen verschaffen. Inderdaad vonden ook wij bij 25
patiënten met verschillende soorten kwaadaardige ziekten, dat een
significante daling van de ejectiefractie ten opzichte van de uitgangswaarde eerder optreedt bij een hogere dan bij een lagere cumulatieve
dosering. Dit was echter slechts bij één patient aanleiding tot het
onderbreken van de toediening, voordat de dosislimiet was bereikt,
waarna geen verdere daling van de ejectiefractie werd waargenomen.
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Daarentegen konden door de beperkte overlevingsduur slechts 3 patienten vervolgd worden tot zij het gebied van hogere doseringen hadden
bereikt. Hoewel zij alle 3 nog steeds een normale ejectiefractie hadden en
geen van hen verschijnselen van decompensatie heeft ontwikkeld, is het
noodzakelijk het aantal bedreigde patiënten uit te breiden om te kunnen
besluiten, of het vervolgen van de ejectiefractie uiteindelijk een betrouwbare
klinische methode zal blijken te zijn. Indien mogelijk, moet dit nadere
onderzoek worden uitgevoerd in een homogeen samengestelde groep
patiënten met een relatief goede prognose en tijdens uniforme behandeling
volgens een vast schema, omdat veranderingen van de behandeling en
vooral van het interval tussen de verschillende cytostatische kuren
waarschijnlijk de cardiotoxische effecten van de betreffende geneesmiddelen wijzigen.
Intussen geloven wij, op grond van vergelijkende waarnemingen met
echocardiografie, dat, als vervolgen van de ejectiefractie een goede methode
is, beide genoemde bepalingsmethodieken hiervoor geschikt zijn. Dit geldt
ook voor onderzoek naar de waarde van preventieve maatregelen en het
onderzoek van nieuwe geneesmiddelen uit de anthracycline groep.
Het laatste en tiende hoofdstuk is een verslag van onze eerste ervaringen met
de nuclear stethoscope.
Nadat bij 39 patiënten, voor het merendeel met een kransvatlijden, was
vastgesteld dat ejectiefractie waarden gemeten met dit apparaat goed
overeenstemmen met de resultaten van de gamma-camera en nadat de
variabiliteit van de bepalingen minimaal was gebleken, is het vooral onze
bedoeling geweest bewijzen aan te voeren, dat hiermee veranderingen van de
functie van het hart konden worden vastgesteld onder verschillende
omstandigheden en na interventies.
Hoewel door het verlies van beeldvormende mogelij kheden geen indruk kan
worden verkregen over de wandbeweging en ook bepaling van het volume
van de ventrikel niet mogelijk is, werd geconstateerd dat de onderzoeksresultaten bij een aantal gebruikelijke diagnostische en therapeutische
interventies, zoals toediening van nitroglycerine of de behandeling van een
falende pompfunctie van het hart met dobutamine, overeenstemmen met
die van andere — vaak invasieve — technieken en dat zij deze zouden
kunnen vervangen.
De conclusie is, dat de nuclear stethoscope een plaats verdient bij de
behandeling van de individuele patient met een hartaandoening, vooral als
deze ernstig is en herhaald onderzoek aan het bed gewenst is. Verder wordt
geopperd dat metingen van de ejectiefractie met deze stimulatie detector
overwogen zouden moeten worden voor vergelijkend onderzoek naar de
invloeden van geneesmiddelen op het hart en voorde keuze van een optimale
wijze van drijven met een pacemaker. De mogelijkheid om veranderingen
van de ejectiefractie ook van slag tot slag te registreren, hoeweldoor ons niet
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nader onderzocht, lijkt een extra reden voor uitbreiding van hetgebruik,als
vooral veranderingen van hartfrequentie en hartritme in het middelpunt
van de aandacht staan.
De in dit proefschrift verzamelde onderzoekingen, tenslotte, tonen aan dat
de methode van de gated equilibrium bloodpoolscintigrafie een betrouwbaar
alternatief biedt voor het verzamelen van quantitatieve gegevens over de
functie van de linker ventrikel, op een vooral voor de patient minder
belastende, maar ook voor de gezondheidszorg minder kostbare wijze dan
met behulp van hartcatheterisatie.
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STELLINGEN

1. Analyse van het gated equilibrium bloodpool onderzoek met de
gamma camera dient zich niet te beperken tot het berekenen van de
ejectiefractie van de linker kamer en het bestuderen van de wandbeweging.

N

2. De ejectiefractie is niet alleen afhankelijk van de contractiliteit van
de hartspier, maar ook van preload en afterload.
3. Een daling van de ejectiefractie van de linker kamer tijdens inspanning
is geen specifiek kenmerk van het kransvatlijden.
4. Gated bloodpool scintigrafie en perfusiescintigrafïe met thallium201 zijn belangrijke hulpmiddelen bij het onderzoek naar de oorzaak
van een onbegrepen stoornis van de pompfunctie van het hart.
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5. Hartcatheterisatie dient vooraf te worden gegaan door niet-invasief
onderzoek van de pompfunctie van het hart.
6. Het vervolgen van de ejectiefractie in de tijd is minstens even
belangrijk als het registreren van de veranderingen na acute interventies.
7. Het gebruik van adriamycine wordt bij veel patiënten meer beperkt
door hun korte overlevingsduur dan door de cardiotoxische effecten
van dit geneesmiddel.
8. De nog steeds bestaande controverse rond sommige indicaties tot
chirurgische behandeling van het kransvatlijden inoet reden zijn om
de toepassingsmogelijkheden en beperkingen van trans-luminale
angioplastiek en intra-coronaire thrombolyse te evalueren aan de
hand van prospectief en goed gecontroleerd onderzoek.
9. Infiltratieve longafwijkingen bij een verslaafde aan intraveneus toegediende drugs moeten beschouwd worden als een uiting van een
bacteriële endocarditis.
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10. Het is merkwaardig dat belangrijke obducties soms niet kunnen
worden verricht omdat het lichaam van de overledene ter beschikking
van de wetenschap is gesteld.
11. De opvatting dat verpleegkundigen er zouden zijn om de patiënten te
beschermen tegen de medici berust op een onjuiste interpretatie van
het begrip "teamwork" en is een gevaar voor de gezondheidszorg.
12. Bij het opsporen van verborgen ontstekingsprocessen in de buik
verdient de toepassing van met indium-111 gelabelde autologe leucocyten de voorkeur boven het gebruik van gallium-67 citraat.
13. Het magnetisme van de atoomkern zal een nieuwe resonans geven
aan het klinisch pathofysiologische denken.
14. Een "tafel "-cyclotron hoort niet thuis op een nucleair geneeskundige
afdeling.
15. Onzorgvuldige journalistiek is een vorm van misbruik van persvrijheid.
16. De neiging van vele Nederlanders om de Vaderlandse geschiedenis
opgebouwd te denken uit nagenoeg alleen zwarte bladzijden is niet
alleen uit historisch oogpunt onjuist, maar doet ook het ergste vrezen
van het toekomstig oordeel over de huidige bladzijde.

Stellingen behorende bij S.C.C. Reinders Folmcr, Gated equilibrium
bloodpool scintigraphy. A study of its clinical applications.
Amsterdam, 5 november 1981.

