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Introduction

If the numerous therapeutic acquisitions of the past few years have enriched
very different fields of human pathology, it does seem that coronary pathology
has been given very special attention, as witness the wide variety of antianginal
medications placed at the disposal of the medical profession. There are various
explanations for this state of affairs, one of them probably being that the medica-
tions successively proposed do not fully satisfy the practitioner and another that
the total number of individuals suffering from the clinical manifestations of
coronary heart disease offers, by its size, a vast profit potential for the pharma-
ceutical industry. This field of applications opens up such prospects that it has
encouraged a prolific amount of competition between various research laborato-
ries, and it is no exaggeration to say that every major firm has its individual anti-
anginal drug in its therapeutic catalogue.

A further factor has also contributed enormously to this proliferation of medi-
cinal preparations intended for the treatment of angina pectoris: this is the rapid
advance in our knowledge of the physiopathology of angina, which in turn has
produced original concepts of pharmacological and biochemical research. As a
result, there have emerged new substances whose action mechanisms have
claimed to be best suited to the cardiovascular disorders responsible for cardiac
pain. These constantly changing trends in biological research have of necessity
called for ever more diversified methodological development which has made it
possible to investigate and measure biological parameters hitherto unobtainable,
especially in humans. Even more specialised and polyvalent equipment has thus
been perfected, making it possible to combine in a single exploration a whole mass
of data which, up to now, could only be gathered separately. Whereas only a short
time ago, the various haemodynamic parameters were registered, so to speak, in-
dividually and often under diverse experimental conditions and then compared in
an attempt to arrive at a synthesis, necessarily handicapped by variations in
sensitivity of the preparations used and by the lack of homogeneousness in experi-
mental conditions, the technical equipment currently available makes it possible
to gather in a single test the desired information which, because of its diverse
character, gives an overall picture of the variations in the parameters investigated
under identical experimental conditions for each of those parameters. We thus
get more effective comparison of information gathered at the same time as in-
creased knowledge. A striking example of this development is the study of the
action mechanisms of nitroglycerin on the angina subject. Long tackled from
the angle of fragmental exploration of the multiple haemodynamic disturbances
which this medication entails, it has recently been possible to do this on an
all-in basis with the result that a coherent synthesis of the cardiovascular
changes occurring could be arrived at, and certain action mechanisms put forward
(see p. 129).

Still in the field of apparatus, many animal and human exploration methods
have been perfected. Regarding the problem of angina, methodological advances
have been especially marked in the measurement of myocardium blood irrigation
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2 Introduction

and its metabolism. We have only to compare the technical conditions of the
isolated heart methods with the highly physiological methods formulated, for
example, by GREGG in 1965 in the case of the unanaesthetised dog with its coronary
circulation restricted at will by controllable pneumatic occlusive cuff (see p. 90),
to appreciate the progress made within a few decades. It goes without saying that
a technological evolution of this nature has made for accuracy of experimental ob-
servations. Concurrently, methods have been developed for measuring the coronary
flow in humans which in 1966 culminated in the development of bloodless tech-
niques applicable to angina pectoris subjects and allowing accurate and reproduc-
ible results to be rapidly obtained (see p. 82).

A new and comparatively recent branch of activity has similarly contributed
to the development of new treatments: clinical pharmacology, which by an ob-
jective functional assessment of the reactions of the human subject provides the
necessary link between animal pharmacology and subjective symptomatology in
man.

The discovery of antianginal drugs of ever-increasing diversity as regards
chemical structure and action mechanisms has also been stimulated by the change
in fundamental clinical notions as to the angina syndrome. Over the past ten
years, our knowledge of the physiology of angina pectoris has been much enriched,
and consequently that of the way in which various medications used for this syn-
drome exert their action.

There is no doubt whatsoever that it is the development of more and more
sophisticated and ingenious techniques for exploring the cardiovascular system
that has contributed to the achievement of such progress. Of these techniques, first
place undoubtedly goes to cardiac catheterisation since from this derive directly all
the techniques of intravascular investigation. The original Forssman and Cournand
method, catheterisation of the right cavities, has already for a long time made it pos-
sible to measure the cardiac output from the Fick principle by enabling the sampl-
ing of mixed venous blood in the pulmonary artery, and also the pulmonary arterial
“wedge” pressure.

Its first variant was the catheterisation of the coronary sinus which makes it poss-
ible to collect the myocardium venous drainage and thereby measure the coronary
flow and myocardial oxygen consumption, and at the same time to study the
metabolism of the various energy-producing substrates of the cardiac muscle. Left
catheterisation then supplied a reading of the left systolic and end-diastolic ventri-
cular pressures, followed by that of its first derivative (dp/dt) which expresses the
maximum rate at which the ventricular pressure rises [671, 1511], this maximum
being directly proportionate to the maximum tension potential of the ventricle at
the start of contraction [1511], and then, quite recently [1111], its second deri-
vative (d2p/dt?) which expresses the acceleration of ventricular pressure, a func-
tion whose maximum changes occur at the initial phase of the isometric ventricular
contraction. It also makes it possible to measure, from the inner heart surface, the
degree and velocity of shortening of the myocardial fibres with the aid of a new
type catheter [1206].

Cardiac catheterisation has also to its credit the following further attain-
ments:

— the production of experimental myocardial infarction in a dog with its
thorax closed by blockade of the anterior interventricular artery [1507], a method
which avoids any handling of the heart and its innervation, and enables the sub-
sequent measurement as required of the anastomotic coronary blood flow during
the recovery period [1505];
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— the measurement, in humans, of the contractile state of the left ventricle
[5680] expressed by the contractility index:

maximum rate of rise in left ventricular pressure
maximum isovolumetric pressure X 27 r

whose decrease is strictly linked to the degree of left decompensation;

— the quantification of the ventricular function in the angina subject by
measuring the response of the end-diastolic left ventricular pressure to intra-
venous infusion of angiotensine [1152, 1154];

— the demonstration of depressed left ventricular function associated with
the attack of angina pectoris (see p. 30);

— the so-called intracardiac oximetry, i.e. the instantaneous and continuous
measurement of oxygen saturation in the cardiac chambers, without withdrawal
of blood samples, by using a special intracardiac catheter (see p. 91);

— several significant advances in the understanding of intracardiac con-
duction and of cardiac arrhythmia:

a) studies of the mechanisms of intra-atrial conduction, three bipolar leads
being obtained from the high right atrium, low right atrium, and mid-left atrium,
led to the conclusion that currently accepted mechanisms of intra-atrial con-
duction in man need reevaluation [57 c]

b) the atrial electrocardiogram enabled the pattern of onset and spontaneous
cessation of atrial fibrillation complicating myocardial infarction to be studied
[23¢]

c) the capacity of the human atrio-ventricular conduction to sustain 1:1
ventriculo-atrial conduction has been assessed by means of transvenous electrodes
which were placed in the right atrium and ventricle, the ventricle being paced at
several rates, each in excess of the sino-atrial rate [117¢]

d) special forms of supraventricular tachycardia have been differentiated
from ventricular tachycardia [75¢]

e) recording of His bundle electrograms made contribution to the under-
standing of atrio-ventricular conduction disturbances in patients with bilateral
bundle-branch block [288c¢]

f) recording of His bundle activity confirmed the hypothesis [112¢] that the
recurrent supraventricular tachycardia without WoLFF-PARKINSON-WHITE
syndrome may frequently be caused by a reciprocal mechanism of atrial origin
[116¢]. The mechanisms of such tachycardias in patients with WoLFF-PARKINSON-
WarTE syndrome have also been precised [58¢]

g) direct His bundle recordings supported clinical observations that MosrTz
IT A—V blocks are associated with bilateral bundle-branch block as well as with
His bundle lesions [216¢, 230c¢]

h) recording of the electrical activity of both branches of His bundle has been
made possible [259 c]

i) measurement, in humans, of the refractory period of the atrio-ventri-
cular node [1151], together with the electrical activity of the His bundle [387, 388,
1665] has been made, the latter reading providing an accurate picture of the
morphology of the QRS ventricular complex [389] and showing, amongst other
things: a) that in auricular fibrillation, this complex is preceded by a single and
isolated deflection originating in the Hrs bundle and which is not found in auri-
cular flutter [1081]; and b) that in the nodal rhythms, it is not the atrio-ventri-
cular node which is the pacemaker, but the top part of the His bundle itself [30a];
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— the catheterisation at will of the two coronary arteries in humans, enabling
selective coronary cine-arteriography [1788] which provides a unique opportunity
of comparing the clinical symptoms and physiopathological data with the vascular
morphological anomalies (atherosclerotic lesions) found to be present at the same
time;

— selective monitoring of the heart rate by the atrial pacing method [1798]
(which also makes it possible, by permanently fitting a catheter, to avoid thoraco-
tomy for the insertion of an intrathoracic pacemaker intended to treat certain
rhythm disorders, [68a]), together with the possibility of speeding it up experi-
mentally to high and stable levels, as for instance in the case of angina pectoris
cases in order to trigger off the cardiac attack for the purpose of physiopathological
investigation [592].

This experimental reproduction of angina attacks in coronary patients has,
incidentally, aroused the interest of clinicians and led them to induce cardiac pain
in coronary subjects so as to get an accurate picture of the clinical physiopathology.
For this purpose they have used not only the normal and standard angina-produc-
ing exertion tests, but also pharmacological substances placed at their disposal by
organicists, such as isoprenaline, since this catecholamine in intravenous injection
produces in dogs [1257] and in humans [1034] cardiovascular overloading charac-
terised by similar haemodynamic disturbances to those occurring in a man doing
exercises, namely an increase in cardiac frequency, output and work, and in
coronary flow and myocardial oxygen consumption, and a drop in peripheral and
coronary vascular resistances. Because of this, isoprenaline induces in the angina
patient myocardial ischaemia which reproduces the clinical symptomatology of
the heart attack [345].

Clinical researchers have also made good use of the synthesis of other pharma-
cological substances, such as for instance the specific antagonists of the adrenergic
a- or B-receptors for the purpose of neutralising, as required, certain cardiovascular
disturbances and so dissect the adrenergic system at its various effectors.

Finally, the use of radio-active tracers has led to the clarification of various
ideas regarding haemodynamics, which it had hitherto only been possible to in-
vestigate by less physiological and less accurate methods open to highly debatable
interpretation. This is particularly the case for the measurement of coronary flow
in animals, and even more so in humans, where it will be seen that their use has at
last made it possible to perfect, by successive approximations, a method which
provides in 30 seconds correct and perfectly reproducible coronary flow values both
in the case of a healthy man and a coronary subject.

The development of new experimental techniques has likewise contributed to
advances in our knowledge. Such techniques include polarographic electrodes pro-
viding continuous readings of the blood and tissue oxygen content, special isotopic
methods recently used in investigations into the myocardial microcirculation
[2010], the manufacture of vascular rings of the Ameroid type [1212] which, when
inserted on a temporary and/or long-term basis, make it possible to reduce as
required, in a permanent and measurable manner, the blood irrigation of a given
area of the myocardium, the development of catheters incorporating an electro-
magnetic flow transducer [1015, 1956], and last but not least the development of
new methods for inducing myocardial infarction [900] which offer, amongst other
things, the possibility, by using radio-active xenon, of measuring simultaneously
the blood irrigation in the infarcted area, the area immediately adjacent and an
area which has remained unaffected [1508].
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The latest antianginal medications answer to different research concepts from
the chemical angle and, ipso facto, to highly diverse pharmacological action mech-
anisms. These drugs have been subjected not only to often much more elaborate
pharmacological investigations than in the past, but also to biochemical explora-
tion aimed at controlling the behaviour of the metabolism of the myocardium.
Here again, the technical progress made over the past few years has made it poss-
ible in most cases to change from in vitro to in vivo research, both on animals and
humans.

There has thus been built up in the field of chemico-therapeutic preventive
treatment of the clinical manifestations of angina pectoris a sum total of knowl-
edge scattered throughout written publications which it is sometimes difficult to
put in a coordinated form. Very often the position is not clear. As MoDELL says
[1307, p. 364], information of any given antianginal drug abounds in contradic-
tions, and this is especially true as regards its therapeutic potential. Many clinical
publications are manifestly scant, and to complicate matters there are recent
reports which suggest that the efficacy of certain nitrites, long accepted, could be
brought into question [597, 53a, 11c].

In this area of therapeutics, there is therefore very copious material which has
seemed to us to be deserving ofgeneral review,an attempt at a monograph intended
to gather together the information spread over a mass of continually proliferating
periodicals and to draw up a synthesis of existing acquisitions.

Thus there will be shown the advances in our knowledge of angina pectoris since
1847 when LaTHAM expressed himself as follows [894]:

“Our knowledge then of angina pectoris stops short at its symptoms. Its con-
cept cannot be made to lie in any definite form of disease beyond them. We are
sure of what it is as a collection of symptoms. We are not sure of what itisas
a disease.”

At the present time, many contradictions persist, many points still remain un-
known. But the facts learned in this field over more than a century and which are
summarised in this general survey provide the guarantee of the favourable out-
come of future research efforts.

Whilst underlining the essentials of what is known, the subject matter gives
the promise of many things to come. In our view, therefore, it is cheering document
likely to mitigate somewhat the pessimism which emerges for example from the
remark in 1967 by SonNTAG [1792] Who, in his desire to express the many short-
comings in our existing state of knowledge, wrote 120 years after LaTHAM:

“At times, our present understanding of angina pectoris seems as imperfect
as it was in 1847.”

The final purpose of our survey is also to give the doctor a clear idea as to the
knowledge of the various medicaments which he might be called upon to handle,
and in so doing guide him in his choice. Obviously our attempt is only an interim
measure since the subject is continually changing.

Since we wanted to make this work as up to date as possible, we included in
the galley proofs the publications that came to our attention after submission of
the manuscript. They are designated by reference numbers followed by letters (a)
or (b) or (c) or (d) or (e) and are listed in an additional bibliography. The biblio-
graphy includes publications that came to our attention up to the end of December
1970.

As will be seen, we relate some personal pharmacological observations, which
have formed the subject of several publications. It is notably the case as regards a
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recent antianginal drug which has been perfected in the Research Center of
LaBaz. These experimental investigations are the result of team-work carried out
under the inspiring and competent direction of Dr. G. DELTOUR for more than
15 years on the synthesis and experimental exploration of original chemical struc-
tures which are based on the benzofuran nucleus, some of them having resulted
in medications which are endowed with valuable therapoutic properties [406].

I would like to express my gratitude to the entire Management of LaABAZ who
placed unreservedly at our disposal both the technical and financial means which
are required for good quality pharmacological investigation.

I would also express my appreciation of the help given by those of my imme-
diate collaborators who have assisted in the technical work.

My warmest thanks go to Mr. M. Corort for preparing the illustrations used
in this work and to my son for the drawings and graphs he provided.

I desire to thank Prof. Z.M. Bacq who has contributed over many years to
what is best in my scientific development and has been kind enough to read through
the manuseript and to suggest that it be submitted to the Editors of the Handbook
of Experimental Pharmacology.



Coronary Atherosclerosis:
General Considerations

The therapeutic aspects of coronary heart disease are of the utmost import-
ance because human atherosclerosis is electively localized in the coronary vessels,
and also because atherosclerosis results in a type of cardiopathy which is, at the
present time, the main cause of death for man.

World statistics relating to causes of death emphasize the growing importance
of coronary disease and its consequences in general mortality [237, 321, 720, 1985,
1986]. In a report which was submitted to the executive board of the World
Health Organization during the February 1969 session held in Geneva, the
following important warning appeared [253]: ‘“L’ischémie cardiaque, ou maladie
coronarienne, atteint des proportions fantastiques et s’étend & des groupes d’age
toujours plus jeunes. Il faut s’attendre & la voir augmenter et prendre les pro-
portions d’une des plus désastreuses épidémies! que I’humanité ait connues, &
moins que nous ne trouvions le moyen de renverser la tendance par des recherches
intensives sur la cause et la prévention de cette maladie”.

A reasonable estimate made for the United States in 1956 by GrEcG and
SaBiston [732] indicates that, among patients who die from heart disease, one-
third do so from a primary coronary insufficiency related mainly to athero-
sclerosis, one-third die from primary coronary insufficiency associated with
cardiac hypertrophy and increasing cardiac work arising from valvular lesions and
arterial hypertension, and one-third as a result of a primary myocardial insuffi-
ciency. At least two-thirds of all cardiopathies and cardiac decompensations in
man originate, therefore, from a disease of the coronary arteries which manifests
itself functionally by relative deficiency in the quantity of arterial blood, and
therefore of oxygen, supplied to the cardiac muscle by the coronary vascular system
[720]. In the United States alone [1946], the incidence of coronary heart disease
on mortality increased from 2195 t02746 units per million between 1951 and 1961.

The great majority of cases of coronaropathy are associated with a more or
less advanced state of coronary atherosclerosis [513, 104c], so that the incidence of
coronary heart disease in man, particularly in those who have passed the age of
forty, seems intimately linked with the progressive increase in arteriosclerotic
disorders. The arterial degenerative process does not, however, spare young
people since 779, of American male subjects under forty were found to present at

autopsy asymptomatic atherosclerotic lesions involving one coronary artery
[496, 497, 1786].

1 A comparison of male and female mortality trends in Ontario over the past few decades
provides strong additional evidence for the belief that the present high death rate from
ischaemic heart disease in middle-aged men constitutes a ‘“‘modern epidemic” [7¢c]. Since
about 1925, the death rate from all causes in females aged 45—64 has declined to half its pre-
vious level, while the corresponding male death rate has remained stationary, due largely to
an almost threefold increase in male deaths ascribed to diseases of the heart. As, during the
same period, the male and female death rates from cerebrovascular disease have remained
approximately equal and stationary, it is suggested that the rise in the male death rate from
ischaemic heart disease has been due to an increased tendency of the myocardium to infarction,
rather than to an increased prevalence of atherosclerosis, or to an increased tendency to intra-
vascular thrombosis.
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During the last decade, the mortality rate due to coronary atherosclerosis
increased steadily, exceeding by a wide margin the cancer rate, so that LENEGRE
could report in 1966 that coronary heart disease was responsible for almost
100,000 deaths yearly in France [1101], the corresponding figure being 500,000
for the United States [386, 1259]. It has been estimated that human mortality
due to coronaropathy exceeds a total of one million yearly for all the industrialized
countries [918]. Paradoxically, despite the undeniable gravity of the problem and
notwithstanding constant efforts on the part of biologists and clinicians striving
for improved knowledge as to the various aspects of coronary insufficiency, the
doctor is still very poorly equipped as regards coronary atherosclerosis since the
therapeutic means at his disposal to combat coronary heart disease at all its stages
are, on the whole, inadequate. The fundamental reason for this lies in the fact
that the clinical symptoms are extremely belated as compared with the onset of
the pathological process. It is only when the two major clinical manifestations
occur, myocardial infarction and the anginal syndrome, that the doctor must of
necessity take appropriate therapeutic measures, of which a certain number are,
even at this late stage, genuinely effective.

Of the two, infarction and the anginal syndrome, the latter is, if not the most
spectacular, the most frequent and the most chronically disabling of clinical
manifestations of coronary heart disease. Although medicinal therapy has an
unquestioned place in the treatment of angina pectoris, general measures must
first be adopted. The best attitude for the patient to take is that he must adjust
his activities to reduce the painful attacks to the minimum. It is up to the patient
to assess the limits of his tolerance to exertion and not to exceed those limits.
These must provide the guide-lines governing such restrictions on physical
activity as the doctor may need to prescribe for the patient and the latter’s
capacity for continuing his professional activities.

Once these limits of tolerance to exertion have been accurately defined, careful
rationalisation of daily activity may be sufficient to reduce to a considerable
extent the number and severity of the painful attacks. Weight reduction, the
lowering of high blood pressure, the correction of anaemia, treatment of thyro-
toxicosis or myxoedema are general measures which may be advantageous in view
of the fact that they are likely to increase tolerance to exertion. The use of an
hypnotic may be necessary to ensure adequate sleep; the use of sedatives or tran-
quillisers is helpful in combatting anxiety.

The most debated question is that relating to what physical exercise may be
permitted for the angina subject. Whereas up to a short time ago the medical
tendency was towards voluntary restriction, daily physical exercise whose inten-
sity and progression must be adapted to each individual case has been increasingly
advocated over the past few years. Since this attitude does not meet with general
acceptance, although it is based on suggestive experimental and clinical research,
we propose giving the biological bases justifying this change in opinion.

The advantages of physical exercises for angina subjects find their essential
experimental arguments in EcKsSTEIN’s work [473]. Subjecting 117 dogs to vary-
ing and more or less “controlled” degrees of constriction of the circumflex coronary
artery, he recovers them and splits them into two groups: one he allows to rest,
the other he exercises four times a day on an endless belt for 6—8 weeks. At the
end of this period, he anaesthetises them and proceeds to two rheological examina-
tions: firstly, the measurement of the retrograde coronary blood flow (which he
showed in a previous experiment to be in excellent correlation with the develop-
ment of anastomoses [472]) and then of the blood flow at the partly ligatured
artery. Following this, a coloured substance is injected into this coronary artery,
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downstream of the constriction, and microscopic examinations are carried out
for the purpose of assessing the extent and scale of such anastomoses as may have
developed. The basic results show that the retrograde blood flow (and so collateral)
is more considerable as the arterial constriction is severe, that the retrograde flow
at a given constriction is greater in the animals which have been exercised, and
finally that the exercise prescribed for animals with moderate arterial constriction
induces a more extensive development of collateral circulation than a severe
arterial constriction not followed by exercise. On the basis of his experiments,
EcksTEIN suggested that continuous and judicious exercise should increase the
collaterals in the angina subject and minimise the clinical manifestations of
coronary heart diseases.

Following upon this work, certain clinicians [1922] have assessed in angina
patients the haemodynamic and metabolic changes, both at rest and during an
ergometric test, occurring as a result of physical exercise consisting of a daily stint
for 4—6 weeks on an ergometric bicycle lasting for 30 min. They find that the
work capacity increases, that the clinical condition improves, that the amount of
work required to cause the cardiac pain increases considerably, and that the
cardiac output and work are reduced. Karrus and McALrPIN [948] show that a
training programme consisting of daily walking leads to an improvement in
physical condition, shown by an increase in capacity for exercise and by the
possibility of carrying out a given exercise at a lower cardiac frequency [946].
This improvement in physical condition, which has been pointed out by others
[808], is always accompanied by an improvement in the angina clinical condition
which, in some cases, can go as far as the disappearance of the pain symptoms and
of the electrocardiographic impairment [948]. The lessening of the exertion
tachycardia thus achieved is similar, incidentally, to that found with exercising
in a healthy person [397, 1875].

Both CLAUSEN et al. [334] and Frick [593] thus arrive at the conclusion that
physical exercise by the angina subject leads to an increase in the systolic output
[43a] and a reduction in cardiac work which they attribute to a lessening of the
generalised sympathetic vasoconstriction. In their case also, the haemodynamic
changes which they note constitute a rational physiological basis in favour of
physical exercise for the coronary subject. In further clinical studies carried out
on patients after several months of physical training, the following changes were
observed upon exertion compared to similar patients without any physical train-
ing: a decrease in heart rate, an increase in stroke volume, a decrease in tension-
time index and better left and right ventricular functions [62¢, 102¢]. CLAUSEN
considers that an increased oxidative metabolic capacity in the trained muscles
reduces the demand for sympathetic stimulation during exercise and, in conse-
quence, induces a redistribution of cardiac output and the observed reduction in
tension-time index [63c]. Specifically after myocardial infarction, the haemody-
namic evidence is suggestive that the circulatory response to training is superior
to the change occurring as the natural reparative process [102¢].

A detailed summary of the clinical developments which justify the recom-
mending of physical activity on the part of patients suffering from coronary heart
disease has been prepared by ScawALB [1699], who stresses the fact, however, that
although this activity certainly improves the heart condition it only applies to the
functional condition since it has not been demonstrated that it has a beneficial
incidence on the atherosclerotic process itself.

Thus we find objectified from the clinical and physiopathological angles the
decision of cardiologists who advocate continuous and judicious exercise for
angina sufferers with the object of improving the myocardial irrigation conditions,
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probably through the development of coronary anastomoses [95, 807, 854, 1341,
1757], although no new collaterals were visualised in any of ten subjects who were
examined following physical training [209 c]. This attitude has led, in the countries
of Eastern Europe, to a veritable explosion of centres for the treatment and pre-
vention of coronary diseases by reeducation and muscular training [1378]. Whate-
ver the biological reason may be, whether it involves the psychological effects of
group therapy, generally improved aptitudes, or even a genuine improvement in
the irrigation of the cardiac muscle, there no longer remains any doubt that the
angina sufferer benefits from this recent reversal in the medical attitude to exer-
cise [1897].

Although supervised exercise programmes should help in preventing severe
complications or death, cautions must be taken to adapt the amount of permitted
efforts since exercise in excess of cardiac capabilities may result in serious heart
disorders. Two patients suffered severe heart complications while jogging in
organised exercise programmes, an acute myocardial infarction developing in one
while the other had a cardiac arrest [21a]. A third case has been reported, the
subject falling to the floor with cardiac stand-still during simple calisthenics and
under direct medical supervision [101a]. According to REsNEROV [105a], subjects
should always be screened by a physician to determine the level of exercise to be
used and the rate of increase in the exercise loads to be undertaken. Supervised
physical conditioning can be used safely in selected subjects with atherosclerotic
heart disease [145¢].

Although all these general measures are unquestionably advantageous for the
angina subject, the proper administration of medicaments can enable him to
undertake certain activities without being restricted by the distressing pain which
would occur in their absence.

These therapeutic steps, whether medicinal or otherwise, can apply to different
stages and various causes, direct or predisposing, of atherosclerosis and its clinical
manifestations. With LENEGRE [1101], we can briefly sum up the weapons in the
existing therapeutic arsenal.

There are none for combatting the determining factors since these are unknown.

We are also completely powerless as regards formed anatomical lesions, since it
would be necessary to be able either to regenerate the arterial scar tissue into
sound tissue or remove the damaged myocardial tissue. Although myocardial
infarctectomy is now considered as an acceptable risk in acute infarction with
cardiogenic shock unresponsive to medical management [129¢], and resection of
a chronic infarct has been successful in some patients [143¢c], effective action is
still in the realms of the future.

One of the most effective palliative methods would appear to be the grafting
of the internal mammary artery into the myocardium as suggested by VINEBERG
[1941]. This operation ensures the provision of a considerable amount of blood
[376] and when the cases are carefully selected it brings significant symptomatic
improvement [535]. It can only be effective in cases which have been rigourously
controlled from the clinical angle and where the coronarography has revealed
arterial lesions of such a nature that their symptomatic manifestations cannot
within reason benefit from exclusively medical treatment [918]. The selection of
patients suited to this operation must necessarily be made on the basis of a selec-
tive coronarography [533], preferably associated with a left ventriculography whose
result provides the surgeon with an incontestable guide in that it shows him the
immobile areas of the ventricular wall (fibrous scar or aneurism) which must
definitely be excluded for the site of the graft [174]. It is desirable to add to these
a physiological assessment of the left ventricular function, as for instance a
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measurement of the end-diastolic ventricular pressure and a scrutiny of its
behaviour during an intravenous infusion of angiotensine [1152], any abnormal
rise reflecting the precarious nature of the cardiac function.

The merits of other methods, notably coronary endarterectomy, were reviewed
in 1967 by SaBisToN [1624] and in 1969 by BaAvE [111]; they are of the opinion
that we are still at the investigation stage and that the results of these operative
techniques call a greater degree of appraisement, particularly as regards the
long-term benefits. FRIEDBERG [597] and GriswoLD [743] add that the need for
controlled experiments is a must and that they have not yet been carried out.
GorLIN and Tayror [701], however, claim that, from a series of 100 patients
followed up for a period of 2 years following the grafting of the internal mammary
artery, they were in possession of objective criteria showing that angina had
decreased in 759, of cases, that the incidence of further infarction had been
reduced by 509, as compared with a series of check-patients, but that the vital
prognosis did not appear to be significantly improved. In their view, angina
pectoris is the main indication for this surgical procedure, which should be
rejected where there is severe decompensation, diffuse atherosclerosis and poor
physical condition. SPENCER [1805] has recently produced a fully documented
survey on revascularisation of the myocardium by systemic artery transplant.

Some twenty years since he first proposed his technique for internal mammary
artery implantation in the cardiac muscle, VINEBERG has given, in 1970, a general
survey of the results obtained and the experience acquired with 450 cases operated
on and subsequently followed up during this period [326c]. He has also shown
that a single mammary artery properly implanted is capable of permanent
revascularisation when half left ventricle is viable [327 c].

The long-term functional benefit arrived at in patients who underwent implan-
tation of the internal mammary artery by VINEBERG’s procedure has been assessed
last year in several biological and haemodynamic studies, which led to some con-
flicting results.

In dogs, the metabolic and physiologic contributions of an implanted internal
mammary artery have been assessed 24—34 months following internal mammary
artery implantation and concomitant ameroid constrictor application to coronary
arteries [167c]. All implants were patent angiographically prior to evaluation by
right heart bypass and continual assessment of myocardial oxygen, pyruvate, and
lactate extraction. Control internal mammary artery flow averaged 17.5 ml/min
per 100 g of left ventricle. Occlusion of the internal mammary artery failed signi-
ficantly to alter myocardial extraction of oxygen, pyruvate and lactate or ventri-
cular function, nor did these patent implants prevent significant changes in
oxygen, pyruvate, and lactate extraction and ventricular function during and
following occlusion of a remaining patent left coronary artery. These results
indicate that demonstration of angiographic patency of an internal mammary
artery implant does not necessarily indicate significant metabolic or functional
contribution of this extracardiac blood supply to the heart.

In man, blood flow measurements of internal mammary artery implant were
performed on 13 patients 2—b5 years after a single implant for coronary artery
disease [76c]. These flows were found to be relatively low, averaging 8.1 ml/min
(ranging from 4 to 19 ml/min). Occlusion of the implants for 5 minutes failed to
produce a significant change in the electrocardiogram. Such observations in
angiographically patent and well-functioning implants demonstrate that implant
contribution to resting myocardial blood flow seems to be modest and may be
inconsequential. In another clinical investigation, twenty-three subjects with
angiographically documented coronary heart disease were studied by means of
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arterial and coronary sinus catheterization before and one year after internal
mammary artery implantations [174c]. The pre- and postoperative patterns of
lactate extraction at rest and after isoproterenol stress have been determined and
correlated with clinical improvement and angiographic patency of the implant. In
a first group, 13 subjects had implants that were angiographically seen to fill some
portion of the coronary circulation. Eight of 11 who produced lactate preoperati-
vely reverted to normal lactate extraction. Two extracted lactate at both studies.
All but two had clinical improvement. No deaths occurred over a mean follow-up
period of 40 months. In a second group, ten subjects had implants with no visible
connection to the coronary circulation. Only one subject had reversion of lactate
production to extraction and two from extraction to production. Seven of ten did
not improve clinically. Three deaths occurred over a mean follow-up period of
39 months. Agreement has been found between reversion to normal lactate meta-
bolism, angiographic patency, and clinical improvement following internal mam-
mary artery implantation.

In a third clinical study, left ventricular haemodynamics at rest and during
supine exercise were assessed before and one year after internal mammary artery
implantation in 24 patients with severe coronary artery disease and angina pec-
toris [217c¢]. Fourteen patients had evidence of one or more implants providing
collaterals to coronary arteries, and ten had no evidence of collaterals from the
implant. Only two patients, both with functioning implants, showed a return to
normal of left ventricular end-diastolic pressure at rest and during exercise (see
Pp- 31 for the significance of these results). There was no correlation between clinical
improvement and haemodynamics at the time of the postoperative study. The
conclusion is that left ventricular haemodynamics may return to normal after
internal mammary artery implantation but this is uncommon.

A variation of the technic of VINEBERG has been recently proposed [124c].
Postmortem studies suggesting that distal segments of the left anterior descending
coronary artery measuring 1.5 mm are normal in most patients with myocardial
ischaemia (a fact which has been confirmed pathologically and clinically by
JoHNSON et al. [164.c]), anastomosis of the internal mammary artery to such distal
segments has been performed in 31 patients. Twenty-eight patients have had
immediate and complete elimination of the anginal syndrome and marked increase
in exercise capacity.

From 1967 onwards, newer procedures by means of autogenous saphenous vein
bypass grafts have been proposed for the revascularisation of the ischaemic
myocardium. Such procedures include those from the aorta to the right coronary
artery, to the left anterior descending coronary artery, to both, as well as to both
and the circumflex artery. A total of 677 vein grafts were performed in less than
three years by FavaLoro and his group [97c]. Other investigators reported 114
aorta-to-coronary artery saphenous vein bypass grafts in 70 patients [3c]. Thirty-
four single, 28 double, and 8 triple bypass grafts were used. They were taken to
the right coronary artery (38 times), to the left anterior descending coronary
artery (60 times), and to the circumflex coronary artery (16 times). There were
28 patients with three-vessel coronary disease (stenosis greater than 75%,) and
15 with two-vessel disease. In spite of this, the operative mortality was only 10%.
Relief of symptoms, which occurs without delay, hascontinued in 819 of the patients.

A third group of surgeons implanted autogenous vein bypass grafts in 75 pa-
tients from the aorta to the distal unobstructed coronary arteries [69¢]. All
experienced exertional angina, 50%, with rest or nocturnal angina. All were under
medical coronary programs with incomplete control of symptoms. Duration of
symptoms ranged from three months to six years. One-third had electrocardio-
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graphic evidence of a prior myocardial infarction. One-third had elevated left
ventricular end-diastolic pressure. Postoperative course was remarkably unevent-
ful. All living patients with patent grafts experienced complete or marked impro-
vements in symptoms from time of surgery with follow-up to one year.

Recently, JoHNsON and associates [164c and 333c¢] have been inserting vein
bypass grafts into coronary arteries as small as 1.5 mm. Ninety of their 216 pa-
tients who have undergone surgery had double or triple vein grafts simultaneously
inserted into all areas of the heart. 116 patients have been restudied for angio-
graphic evidence of vein graft patency, from 2 weeks to 14 months after surgery:
all vein grafts were patent in 104 and at least one was open in 110. The most
important determinant of patency was the size of the recipient vessel: anastomoses
to arteries of 2 mm or more were most likely to remain open. None of 30 cases
studied later than 5 months after surgery had occluded. Intra-operative flow in
the vein graft was measured in 88 cases towards the end of surgery, once the blood
pressure had stabilized. Mean flow in each vein ranged from 0 to 185 (mean 63) ml
per minute. Size of flow depended mainly upon the size of the vascular bed : by and
large, the highest flows were recorded in the grafts to the left anterior descending art-
ery, if the septal and diagonal branches were perfused. Immediate relief of angina
occurred in all patients, and in more than 80 %, of those who have been recathete-
rized the patency rate was 909%,. Early physiologic evaluation using exercise
ergometry and atrial pacing has shown functional improvement consistent with
the improvement in the clinical state. The death rate in this series which included
a number of very sick people was 149,.

In the opinion of surgeons, the use of aorta-to-coronary artery saphenous vein
bypass grafts is widely applicable, very effective, and the safest procedure available
for the surgical treatment of coronary artery occlusive disease. This procedure
offers the most positive approach to enhancement of the coronary circulation in
appropriately selected patients that is yet available. A vein bypass graft to a
suitable distal coronary artery provides immediate and prolonged blood supply
to ischaemic myocardium, the estimated flow being far greater than that expected
from indirect procedures.

The view of cardiologists on revascularisation surgical procedures of the
myocardium which are now currently used may be summarized as follows.
Although some consider that it becomes increasingly difficult to ignore surgical
myocardial revascularisation because it offers not only relief for angina but also
the hope of preventing recurrence of infarction [224¢], FriepBERG [103 ¢] is of the
opinion that internal mammary artery implantation is an experimental operation
of unproven value with a considerable risk of complications and surgical mortality.
The claim that chest pain is relieved in 70—809, of patients is essentially similar
to that claimed for a host of previous revascularization procedures which have now
been abandoned. There is no convincing evidence of substantial blood flow through
the implant and it is doubtful that the flow through the implant significantly
benefits the metabolism or function of the ischaemic area. Angiographically patent
implants in the dog with experimental coronary occlusion and similar implants for
clinical coronary disease were found to contribute little to myocardial blood flow.
Studies on myocardial extraction of lactic acid before and after implantation fail
to supply specific measurement data or to indicate that determinations were made
under identical haemodynamic circumstances, and no formal confirmatory reports
from other laboratories have been published. Neither exercise electrocardiographic
tests nor exercise performance following implantation showed the benefits claimed
by other criteria. Myocardial infarction remains the most important complication
reported to be as high as 25%, in various series [125¢], and implantation may
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accelerate rather than protect against myocardial infarction. There is no indication
that the operation increases longevity. At present, direct reconstructive coronary
surgery (aorta-to-coronary vein grafts) appears more promising, but the procedure
has not been performed in sufficient numbers over a long enough period of time to
enable proper evaluation to be made. Controlled studies, further experience, and
longer follow-ups are essential.

With the factors predisposing to atherosclerosis, the doctor enters the domain
of certain therapeutic possibilities.

a) In the forefront of these factors comes hypercholesterolaemia which increases
tenfold the risk of coronary atherosclerosis with effect from a proportion of
220 mg 9, [935, 1101]. Certain people are of the opinion that Aypeririglyceridaemia
is more correlated than hypercholesterolaemia to the frequency and gravity of
coronary diseases [212, 1668]. It has in fact been shown that not only the presence
but also the severity of coronary atherosclerosis are significantly correlated to the
rise in blood triglycerides level [527]. Others [1655] dissociate hypercholesterol-
aemia and hypertriglyceridaemia. They consider as hyperlipidaemic those sub-
jects who have either a total cholesterol level exceeding 350 mg 9, or a triglycerides
level exceeding 222 mg 9, or a simultaneous rise in total cholesterol above 300 mg %,
and in triglycerides above 126 mg 9,. These hyperlipidaemic subjects are open
to the risk of ischaemic heart disease to an extent of 3.5—5 times greater than
subjects whose blood levels in these lipides are normal.

Disturbances in the lipido-glucidic metabolism probably constitute the
predisposing factor for which therapeutic resources are least effective since they
call for constant application if a rapid return to the initial blood cholesterol levels
is to be avoided. These therapeutic measures are mainly a diet poor in lipides, and
hypocholesterolaemia-inducing medicaments.

Among therapeutic measures intended to combat the symptoms of coronary
affections, ever-increasing efforts are, in fact, being made to introduce dietetic and
drug treatments with the object of modifying the atherosclerotic terrain by action
on the factors, still for the most part little known, responsible for arterial sclerosis;
even now, however, the justification for these therapeutic measures still rests on
frail experimental evidence. These dietetic conceptions? are, in effect, based on
the still unproved assumption that reduction of a raised blood cholesterol level
could prevent the development of coronary atherosclerotic lesions and even cause
regression of such lesions. This assumption rests on experimental and epidemio-
logical arguments which suggest a direct relationship between the blood cholesterol
level and the extent of atherosclerotic lesions [976, 1861]. The aetiological signific-
ance of hypercholesterolaemia is still, however, extremely problematical. In the
case of man, no one has so far been able to prove that a diet designed to reduce
the level of blood cholesterol is capable of causing arrest or regression of the
lesions in atherosclerosis [498]. There is not yet any evidence that the diets and
medications which effectively lower high blood cholesterol levels do modify the
natural course of atherosclerosis in man [365, 1170]. However, it has been recently
shown that a special diet in which a large proportion of saturated fats have been
replaced by polyunsaturated fats lowers significantly the incidence of coronary
manifestations compared to a control group [327, 1527]. Such conclusions were
confirmed when the frequency of coronary modifications of the electrocardiogram
and the mortality due to coronaropathy were considered [1906]. It was incidentally
demonstrated that this type of diet provokes a very significant drop of the
cholesterol blood levels, triglycerides being reduced to a lesser extent.

2 Some detailed rules have been recently outlined [1878].
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Another important clinical study which has been performed in double blind
over a period of 8 years on a group of 846 male subjects [399] demonstrated that
a diet rich in unsaturated fats, providing only 609, of ingested cholesterol com-
pared to a control group, not only induced a quick, appreciable and sustained
reduction of the blood cholesterol level but was also accompanied by a statistically
significant decrease in those clinical complications linked to atherosclerosis which
have been considered, namely: myocardial infarction (asymptomatic or evident),
sudden death due to coronaropathy, cerebral haemorrhage, sudden death due to
cardiac infarction, although the incidence of the last complication taken by itself
was not significantly reduced. However, the authors consider that these results do
not warrant at this stage a radical change in diet to only polyunsaturated fats,
since the effect of these is not clear-cut and their possible harmful effects not
established [398].

Paee and STaMLER [1403] summarized the present consensus as follows:
“There are two extremes: diet is nonsense; and diet is crucial. No-one has irrefut-
able evidence of either. Thus, human beings currently are presented the choice of
following a daily special pattern of living, which is far from easy, or forgetting the
whole thing. A great majority of people follow the latter choice”. And ‘“Lancet”
added in a recent editorial [1913]: “Except for reduction of excess weight, the
facts at present indicate that they may well be right”.

Blood cholesterol level is certainly not the only possible atherogenic factor
[906, 976]. A hereditary element is certain [1886, 1987]; obesity [1636] and diet
[1391] enter into the picture; emotional stresses [1604, 1606, 1808], a markedly
sedentary mode of life, and possibly also tobacco? [1803] and alcohol are predispos-
ing factors, but it is extremely difficult at present to assess the part played by
these various elements [1596]. Neither blood cholesterol, nor any single dietary
factor is solely or mainly responsible for the development of coronary heart disease
which is a multifaceted disease of multiple aetiology in which dietary factors,
obesity, high blood cholesterol, triglyceride and other lipid levels, heredity, hyper-
tension, diabetes mellitus, mental stress, and physical inactivity are predisposing
factors [214¢]. Recently published results, based on the definition of coronary
heart disease by cinecoronary arteriography, show that definite relationships
existed among incidence of coronary heart disease, age, total cholesterol and total
triglycerides, with less definite ones between free cholesterol and phospholipids,
for a specific group of 450 male patients referred to hospital because of suspected
coronary heart disease [241c].

Even medication to reduce high blood cholesterol levels will still require many
more years of investigation before a decision can be reached on its ultimate
usefulness as an anti-atherogenic agent [1401].

There has been alternate praise for inhibitors of biosynthesis of endogenous
cholesterol, such as phenyl acetic acid [368, 370, 626, 1238], benzmalacene [135,
870, 1402], and MER-29 (abandoned because of its toxic effects), for inhibitors of
intestinal absorption of cholesterol (e.g. the vegetable sterols including §-Sitosterol),
for cholesterol catabolism accelerators, notably the thyroxine-analogues such as DT,
or dextrothyroxine [340, 64¢]4, triiodothyro-acetic acid or Triac and triiodothyro-
propionic acid or Triopron [152, 1060, 1092], for cholesterol excretion accelerators
(choleretics, resins) or for lipoprotein modifying agents (heparinoids, unsaturated
fatty acids). It would seem in order to base certain hopes on Atromid-S or clofi-
brate, a hypocholesterolaemia- and hypotriglyceridaemia — inducing substance

3 See also Cigarette smoking and cardiovascular diseases in Circulation, 1960, 22, 160.
4 Known under the names Dethyron and Choloxin.

2 Hdb. exp. Pharmacology, Vol. XXXI
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[809] which, at the daily dose of 1.5—2 g, effectively controls hyperlipidaemia
[796, 1388, 1389] without involving side-effects or any major counter-indications
[1625]. Two- to five-year monitoring of clofibrate use reveals no serious adverse
effects [324c]. BENDER [2] ¢] emphasises that clofibrate therapy is more suitable
for patients with types III, IV and V hyperlipoproteinaemia who have failed to
respond to dietary measures than in other forms. The actual effect of this form of
therapy on the incidence of atherosclerosis and its morbid and lethal consequences
will probably emerge from extensive clinical investigations being currently carried
out.

Despite the considerable and ever-increasing number of recent investigations
devoted to this major problem [298¢], we are driven to the conclusion that research
into the triggering and predisposing factors in coronary atherosclerosis, although
promising [369, 1635, 1733], is nevertheless only at its initial stage [298 ¢]. Unfortu-
nately, it is not yet proved that medication which is genuinely effective in reducing
hypercholesterolaemia reduces to any significant degree the advance of atheros-
clerosis, and even less that it can prevent its appearance. MopEe1LL [1307, p. 369]
recalls that 5 years clinical research has shown that the effective reduction, by
oestrogens, in the cholesterol level and in the cholesterol-phospholipide ratio does
not make any difference in morbidity and mortality over a large group of patients
who have had an infarction. He therefore considers that further clinical proof will
have to be awaited before the atherosclerotic or predisposed patient is put on an
unpleasant diet or given drugs of dubious effect.

b) The second predisposing factor to coronary atherosclerosis in order of impor-
tance is high blood pressure which contributes undeniably to the risk of coronary
atherosclerosis [1704, 55 ¢], being able according to some authors to go so far as to
quadruple it [1101]. Here the doctor has at his disposal, besides the salt-free diet,
an impressive choice of antihypertensive medications, too many perhaps but
generally of an active nature.

c¢) In third place come the metabolic diseases such as gout, hyperuricaemia,
diabetes, obesity and even the hypothyroid condition [101], all of them dysfunc-
tions whose incidence on coronary risk is less convincing, although that of hyper-
glycaemia would seem obvious to certain observers [499] and that of obesity
would appear marked by others [935, 20b]. These predispositions can be com-
batted by constantly developing therapeutic means. Prime choice should be given,
in the case of the hyperlipidaemic diabetic, to phenformine [1655] since this
hypoglycaemia-inducing agent considerably lowers the high percentages of serum
lipids in these patients.

d) In fourth place would come fobacco, in cigarette form only, which, according
to a survey lasting 4.5 years on 3000 subjects, would appear to treble coronary
risk as compared with non-smokers [896]. Atherosclerotic involvement of aorta
and coronary arteries is greatest in heavy smokers and least in nonsmokers [305 ¢]®.

5 It is not without interest to point out the fact that, for an angina patient who smokes,
to smoke a filter-tip cigarette with a high nicotine content shortens by 249, the duration of a
standard exercise on a cycloergometer required to trigger off a heart attack [6a]. If the nicotine
content is very low, this duration is still shortened by 149, [5a]. Simultaneously, the tension-
time index level at which the cardiac pain is triggered off is reduced by 36 and 179, respec-
tively [6a]. Conversely, if the exercise is carried out after smoking a nicotine-free cigarette, the
anginal pain occurs within the same periods as after an exercise done by the same subjects
without smoking a cigarette [7a].

In the same context, it has been reported that smoking two cigarettes during a 5—6 min
period, inhaling deeply, aggravates the existing ischaemia in cases with severe coronary
artery obstruction [121a].
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When the doctor finally finds himself faced with the obvious clinical symptoms
of coronary atherosclerosis, that is to say, in the very great majority of cases, the
anginal syndrome, his role becomes cheering.

To counter the acute attack he has nitroglycerin which up to now has still not
found any substitute.

He can use the anticoagulants of the anti-vitamin K type to ward off coronary
thrombosis: their long-term effectiveness has not yet been expressly proved [451,
597, 743]. As stated by JAFFE [158c¢], it is not possible at present to definitely con-
clude from the various published papers exactly what is the true value of antico-
agulant therapy in the treatment of coronary ischaemic disease because the majo-
rity of reports are not of controlled investigations. While earlier studies indicated
a significant decrease in mortality in patients given anticoagulants, later studies
have shown no such definite value. This could be due to earlier ambulation of
patients more recently which has decreased the risk of pulmonary embolism and
infarction even in those patients who do not receive anticoagulants. Whether
anticoagulants can also prevent thrombosis in coronary arteries is also now
disputed, as thrombosis is initiated by platelet agglutination, which is not affected
by anticoagulants. Therefore, the dogmatic opinion that anticoagulant treatment
ought to be applied to every person suffering from angina pectoris is not justified,
particularly in the light of the risks inherent in this type of therapy [451]. As for
heparin, this is particularly effective in cases of emergency.

Finally there remains the wealth of anti-anginal medications administered,
in a more or less episodical fashion, in the hope of reducing the number of angina
attacks, whatever the mechanisms with which these drugs act, and it will be seen
that they can be very different.

Most of these medications have been offered to the doctor on the grounds of
their effects as discovered by the pharmacologist, effects to which the latter
automatically ascribes the property of improving the conditions for oxygenation
of the cardiac muscle. It is in this field that increasing rivalry between applied
research laboratories takes on concrete form in the development of drugs whose
alleged clinical efficacy does not always carry convinction, far from it.

Despite the many uncertainties which burden both certain biological concepts
on the basis of which they have been developed and their clinical benefit, the
anti-anginal medications retain a dominant position in the treatment of the angina
syndrome. Although many medications have been recommended, few of them
have undergone the test of meticulously controlled and multi-centre clinical
trials. New medications are submitted periodically to practitioners, which shows
how inadequately armed they are to modify to advantage the course of this
syndrome.

In this monograph, we are trying to strike the balance of our existing know-
ledge of the pharmacological effects, the mechanisms which dictate those effects,
and the therapeutic advantages of the anti-anginal medications, conventional and
modern, even though amongst the latter there are some for which experimental
and/or clinical investigations are still too few to enable proper judgment to be
passed.

The very great majority, but not all, of these medications have a pharma-
cological property in common, that of increasing the coronary blood flow in
animals and, as a direct consequence, of increasing the amount of oxygen which
is made available to the cardiac muscle. This in no way means, as will be seen
again and again, that this pharmacological property is at the root of their anti-
anginal effect.

2¢
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This being so, two vital questions arise:

— does the angina patient suffer from myocardial hypoxia in a state of rest and
during his painful attack ?

— can the coronary vessels of the angina subject accept any speeding up of blood
flow ? If so, and as a corollary, is there any advantage from the therapeutical angle
in trying to increase this flow ?

A reply which is probably consistent with reality can be provided to these two
questions on the basis of the most up-to-date physiopathological findings as to the
haemodynamic and biochemical disturbances which characterise the patient
suffering from coronary insufficiency and which are dealt with in Chapter I.

The outline of the pharmacological characteristics and therapeutic properties
of the various medications dealt with, which forms the subject matter of Chapter
V, should rationally be based on a brief reminder of the essential aspects of
cardiovascular physiology in general and of coronary physiology in particular:
these make up Chapter II. Chapter III groups the experimental techniques
currently used in cardiovascular pharmacology, with a critical essay on their
potentials and their limitations. The methods which clinicians advocate and
apply in assessing the efficacy of anti-anginal medications for the patient seem
just as fundamental: these form the subject of Chapter IV.



Chapter 1

Pathophysiology of Angina Pectoris

An extensive amount of fundamental and clinical works have been devoted to
the patho-physiological mechanisms which underly the anginal attack. Many
conflicting opinions have been put forward since 1809 when Allen BURNS corre-
lated anginal pain and coronary sclerosis and suggested that precordial pain is due
to myocardial ischaemia, rather to relative inadaptation of myocardial irrigation
to cardiac work.

No formal proof that cardiac ischaemia is the cause of angina pectoris has ever
been produced but, on analogy with what happens in skeletal muscle, this logical
conception is accepted without discussion. In normal man, pain is produced in
voluntary muscles if their blood supply is reduced and the pain recedes again when
the arterial circulation is reestablished [1134].

It can readily be admitted that the causative factor in cardiac pain is ischaemia
(absolute or relative) developing in the myocardium [965, 1858, 1984]. The best
qualified authorities [191, 217, 721, 953, 1102, 1530, 1591] are unanimous in
considering that the production of pain arises not necessarily from ischaemia, even
relative, of the myocardium, but rather from imbalance in the heart between the
supply and demand of oxygen elicited by various causal factors. This means that
anginal pain is not necessarily due to reduction in the coronary arterial blood flow
but rather to insufficiency of the flow in relation to metabolic requirements or, in
other words, non-adaptation of the oxygen supply to the needs of the heart.

Thus, the term “coronary insufficiency” has a functional connotation. It is
synonymous with cardiac hypoxia. It is applied to a variety of pathological
conditions which do not necessarily involve an alteration of the coronary arteries,
although by far the most frequent type of coronary insufficiency is that caused by
coronary atherosclerosis ending in vascular obstruction, temporary or permanent
[1530]. At this point, it may be interesting to dwell briefly on those cases of angina
without coronary disease i.e. individuals with chest pain in whom no arterio-
graphic evidence of coronary disease can be demonstrated, which are discussed by
JamEs [159c¢]. This author, when dealing with this problem, intentionally omits
the differential consideration of pain due to other causes than ischaemic heart
disease. He considers that some alleged cases of angina without coronary disease
are wrong diagnoses of cardiac pain. He draws attention to the fact that in most
coronary arteriograms it is not possible to make any interpretations at all concern-
ing small coronary arteries which may be involved by the atherosclerotic process.
From his own experience based on examination of coronary arteriograms in cases
of angina “without coronary disease”’, which he was subsequently able to look at
post mortem, he has formed the opinion that the most frequent explanation for
angina without coronary disease is an incorrect interpretation of the coronary
arteriogram, the apparent paradox being most often explained by the presence of
abnormal large coronary arteries despite so called normal coronary arteriograms.

There may also be coronary insufficiency in severe anaemia as a result of
considerable reduction in the oxygen content of the arterial blood; hyperthyro-
idism can also engender coronary insufficiency as the excessive and prolonged
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effort made by the heart increases the work of the myocardium to an extent
disproportionate to the increase in coronary blood flow. LEviNe [1117] rightly
emphasizes that the conception of myocardial hypoxia as the primary cause of the
anginal attack, no matter how brought about, does give support to a number of
current clinical observations which would be difficult to explain satisfactorily on
the assumption of other mechanisms: first of all, the over-whelming frequency of
angina in disease of the coronary arteries; then the occurrence of the anginal
syndrome in some cases of severe pernicious anaemia with comparatively normal
coronary arteries, the cardiac hypoxia here being referable to a severe reduction
in haemoglobin; and thirdly, the disappearance of the anginal syndrome asso-
ciated with certain cases of severe hyperthyroidism when, as a result of adequate
treatment, the oxygen requirements of the heart are reduced in consequence of
the lowering of general metabolism [1480]; one might add the impressive improve-
ments that follow radioactive iodine application in euthyroid patients suffering
from intractable angina and which are consequent on the reduced functioning of
the thyroid [187, 188, 189, 489, 1713]. There are very few authors indeed [341]
who do not hold the view that angina pectoris indicates cardiac ischaemia.
Anginal pain can, of course, be provoked or precipitated by all the factors
which increase the work of the heart [24], and therefore its oxygen requirements,
such as physical exercise, emotions, digestion, generalized hypoxia and so on.
‘Whether this ischaemia is due, as some believe [1269, 1305], to a functional
cause, that is, temporary coronary arteriospasm? or, as others believe, more to an
anatomical factor (partial or total obstruction of the vascular lumen), or again to
the two processes in association, the exact mechanism whereby the hypoxia,
acting upon the sensory endings of the cardiac nerves, produces the pain is still
unknown?. At most one can reasonably assume that the hypoxia or ischaemia
does not act by itself as hypoxia induces a considerable increase in the coronary
blood flow [833]. It is probable that stimulation of the sensory nerve endings? is
the work of metabolites of unknown nature which accumulate in the cardiac
muscle when it functions in hypoxic conditions [1526]. Called “P factor” by
LEwis, this biochemical stimulus shares with lactic acid some characteristics: it

1 This conception of vascular spasm has recently received serious anatomical support in
the observations of SCHERLIS and ProVENzA [1472, 1473, 1666] who demonstrated the exist-
ence in man and in the dog of muscle sphincters at the level of the arterial capillary circulation
in the heart, provided with a nerve supply, which reacted by constriction to adrenaline and
noradrenaline, and by relaxation to nitroglycerin. The hypothesis of coronary spasm has been
evoked particularly to explain cases of angina pectoris and sudden death in which definite
disease of the coronary arteries could not be found at autopsy [1b]. Sphincter-like muscles
have been described at the orifice of the right coronary artery in man [4b], and it is conceivable
that their contraction could markedly impair blood flow in the myocardium supplied by this
vessel. Coronary arteriospasm has been proposed as a mechanism whereby angina might arise
without atherosclerotic coronary disease. Spasm of a major coronary vessel seems to offer a
logical explanation for attacks of angina pectoris that occurred at rest and were not asso-
ciated, as it is commonly the case, with tachycardia, elevation of the blood pressure or other
evidences of decreased coronary blood flow or increased cardiac work [1b]. In such cases, the
sudden occurrence and prompt subsidience of the episodes and the quick relief afforded by
vasodilator drugs seemed to support the theory of spasm. It is possible that spasm could
result from the direct effect of catecholamines or other circulating humoral substances on the
smooth muscle of the arteries or that it could be induced by vasomotor reflex impulses.
However, spasm of the coronary arteries has not been consistently associated with the occur-
rence of anginal pain in patients with either diseased or normal vessels [1b].

2 The intensity of the anginal pain may be explained by the extreme richness of the
coronary capillaries in nerve elements, which may also be provided with centripetal axone
nerves which are in direct contact with the capillary wall [988].

3 See RinzLER [1526] and particularly the reviews by WrrTE [1983] and by GorLIN [696]
for the anatomy of the nerve paths traversed by cardiac pain.
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is acid, is destroyed by both alcalis and oxydation, and it is formed the most
rapidly in conditions of anoxia and of carbonic acid accumulation [191]. The
present concept of pain holds that with ischaemia, various pain-producing sub-
stances or substances akin to or identical with the plasma kinins, are activated,
possibly by kallikrein released from ischaemic or inflamed tissue [754]. Con-
centration of such substances is intensified by stagnation of blood flow, and their
action to produce pain is augmented by heightened local concentration of H+ or
K+ [479], a likely interstitial consequence of cellular hypoxia. However, GORLIN
[696] points out that this theory does not answer three discrepancies:

a) pain is uncommon with acute myocarditis as opposed to myocardial
ischaemia, and inflammation is notorious in releasing pain-producing substances;

b) generalized ischaemia of the heart as a whole may not necessarily cause
pain, and yet a small area of ischaemia may result in major discomfort;

c) similar degrees of chemical ischaemia (seen in the same patient) may or may
not initiate pain. Moreover, it has been recently demonstrated that pain is not due
to the activation of bradykininogen, by muscular ischaemia, which would release
bradykinine [172].

Others suggest that adenosine (which probably plays an important role in the
autoregulation of coronary circulation, see p. 60) or ADP (which induces a severe
thoracic pain when injected in man [391]) could be the substance which is respons-
ible of the alarm pain [1253].

In the opinion of some investigators, the cause of anginal pain is most likely
electrical in nature and the electricity is created at the plane of contact between
ischaemic and non-ischaemic muscle [278¢]. While uniformity of blood supply is
not painful and electrical formation is stable, lack of uniformity is painful and
electrical formation is unstable. Although these data are based upon experiments
performed in open chest dogs under anaesthesia, and the relationship between the
experiment and the human is therefore only speculative, the authors think that
their data deserve consideration.

Myocardial hypoxia is associated with certain characteristic changes in the
electrocardiogram; there is depression of the S-T segment with, additionally,
depression or inversion of the T wave.

In angina these electrocardiographic alterations can often be produced by
physical exercise4, by an experimentally controlled hypoxia, and sometimes even
by a simple emotion [257]. In animals, large doses of pituitrine, which induce
coronary vasoconstriction, lead to electrocardiographic changes similar to those
seen in man in angina [1268].

These pathophysiological considerations have a logical therapeutic corollary.
The anginal syndrome is of course amenable to ordinary analgesic treatment and
anginal pain can be effectively controlled with drugs devoid of increasing effects
upon coronary blood flow [1591], such as analgesics (e.g. morphine), central
sedatives (e.g. alcohol), tranquillizers (e.g. meprobamate), euphoretics (e.g. MAoI)
or purely psychological remedies (e.g. a placebo). Rational angina therapy must,
however, aim to increase the quantity of blood supplied to the myocardium (see
P. 27). Again, it is essential that the action of the desired coronary vasodilator
should be unaccompanied by stimulating effects on the myocardium which are
liable to increase the oxygen consumption of the heart at a rate equal to or
greater than the increase in coronary blood flow, or by general hypotensive

4 A close relationship exists between magnitude of exercise S—T segment depression and
indices (tension-time index or Robinson’s index) expressing myocardial oxygen requirements
[81c]. Thus, like onset of exercise induced-angina, magnitude of S—T depression is usually
related to haemodynamic factors influencing myocardial oxygen needs.
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effects which could reduce the coronary perfusion pressure. It is not sufficient
that a drug to be used in angina improves the coronary flow; it is essential that
this favourable effect should not be marred by cardiac or systemic effects leading
to any considerable increase in the oxygen requirements.

The functional role of the coronary circulation is to adapt itself to the needs
of the myocardium and what matters is not so much the absolute value of the
increase of coronary flow produced by a particular substance as the manner in
which both the coronary flow and at the same time the oxygen requirements of
the myocardium are modified.

The essential point in favour of a substance as a coronary vasodilator must be
the coronary efficiency, now the relation between the blood supply to the myo-
cardium and the oxygen required by the heart to enable it to perform its work.
The coronary efficiency will only be improved if, when the arterial blood supply
increases, the nutritional requirements are reduced, unchanged or only slightly
increased. As it will be seen in the following chapter, assessment of changes in the
coronary supply alone is not an adequate criterion by which to judge the coronary
balance. It is therefore mandatory, when it is desired to make an accurate assess-
ment of the potential therapeutic importance of a substance, that at least simul-
taneous changes in coronary flow and in myocardial metabolism should be con-
sidered [953, 957, 1269].

Since anginal pain does not necessarily reflect reduction in coronary arterial
blood flow, one of the most fundamental deductions which derives therefrom is
that myocardial irrigation is not necessarily impaired in coronary atherosclerosis,
when the patient is at rest and during the acute anginal attack. As a matter of
fact, although JomnsoN and Severius [903] found in 1960, by using a radio-
isotopic method, that the coronary blood flow was only half of normal in coronary
patients at rest, it seems that these data do not correspond with reality because,
by using more precise methods, it has been showed since then, on several occasions,
that coronary blood flow is, at rest absolutely normal in the anginous patient [698,
1288, 1953]. Although the report of this fact surprised both clinicians and in-
vestigators, this finding was confirmed in 1968 by Bine [167], who, by using a new
isotopic method of clinical determination of coronary blood flow in man that
provides accurate and reproducible results (see p.82), measured a mean coronary
blood flow of 222417 ml/min for 31 normal subjects and of 245+ 17 ml/min for
17 patients with coronary artery disease. If such results seem astonishing at first
sight, this should not however surprise on further consideration since all evidence
points to the strict dependence of flow on the oxygen needs of the myocardium,
and the haemodynamic factors which govern this are unchanged in anginous
patients, even with severe coronary atherosclerosis [281, 1578]. Moreover, as
pointed out by Rowe et al. [1578], the real resistance to flow lies peripherally in
the coronary arterioles and precapillary sphincters, which are not affected by the
degenerative process, rather than in the region of the atherosclerotic plaques.

However, according to a very recent report published in late 1969 by Bma
himself [27a], a new dimension might be given to this important physiological
problem. Measuring the coronary blood flow with his coincidence counting tech-
nique and using rapid bolus injections of Rb8¢ (see p. 82) instead of Rb®* intra-
venous infusion at a constant rate for a prolonged period of time which gave him the
abovementioned results, he found that there was a significant difference (p<
0.001) in resting myocardial blood flow between normal and coronary patients:
flow was 28.7 per cent less in coronary heart disease patients than in normal
subjects, the figures being respectively for two groups of 24 subjects: 237+14.3
ml/min and 169+9.0 ml/min. The mean values for myocardial blood flow in
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paired determinations being reproducible within 2.19, under control conditions
in another group of 13 patients, it could be considered that the impairement of the
myocardial state caused by coronary atherosclerosis is accompanied by a signi-
ficantly reduced coronary blood flow.

At the last world congress of cardiology (London, Sept. 1970) two reports
have confirmed that resting coronary blood flow is reduced in human coronary
artery disease. The first one was by KLOOKE et al. [181¢]. Since conventional inert
gas measurements of coronary blood flow have shown no difference between
patients with and without coronary artery disease, the possibility that a difference
exists but has been masked by methodological difficulties was evaluated using
multiple gas tracers, variable saturation periods and chromatographic measure-
ments of blood tracer concentrations. Arterial and coronary sinus desaturation
curves were obtained after 2—20 minute exposures to various combinations of
helium, neon, hydrogen, methane, argon, krypton and nitrous oxide. It was found
that the ability to detect prolonged venous-arterial differences reflecting localized
areas of abnormally low flow was directly related to duration of saturation, sensi-
tivity of chromatographic techniques and duration of observation during desa-
turation. When prolonged venous-arterial differences were included, resting coro-
nary blood flow was found to be significantly lower in 23 patients with arterio-
graphically proven coronary artery disease than in 17 patients with arteriographi-
cally normal coronary arteries, values being respectively 55+9 ml/min/100 g and
77416 ml/min/100 g (p < 0.01). This difference was not apparent when the same
curves were analyzed using conventional criteria. Reduced coronary blood flow
in coronary patients at rest was also found by D1 MATTEO et al. [83¢c], by direct
measurement from intracardiac dilution curves of two isotopes (Rubidium and
Technecium) which were simultaneously injected into the sub-clavian vein, the
two dilution curves being recorded by the same scintillation detector connected
with two different electronic systems, and the coronary blood flow being obtained
as the difference between the two left peak surfaces of the dilution curves.

Facing these conflicting reports, the divergences arising probably from the
different methodological procedures which have been used, it is hoped that
subsequent investigations will throw more light on this fundamental question
and give a consistent answer to this aspect of the physiopathology of the coronary
circulation.

1. Pathophysiology of the Anginal Attack

What happens at the moment when the anginal subject has his attack ¢ The
balance which exists, when at rest, between the oxygen requirements of the
myocardium and the amount of oxygen supplied to it is abruptly upset, thus
creating the conditions of coronary insufficiency in the functional sense of the
term.

It has been possible to show that this balance is upset more by the fact of an

increased demand for oxygen than because of any incapacity of the coronary
circulation to increase its output, i.e. supply of oxygen.

It is during angina-inducing effort that the physiological differences between
the coronary circulation of the normal subject and that of the angina patient have
been able to be clearly demonstrated. It is known that effort increases the work of
the heart and its oxygen requirements by the combined action of three phenomena:
increase in cardiac output, the speeding up of the heart rate, and the rise in blood
pressure.
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During exertion, the normal subject and the angina subject react very dif-
ferently as shown in Fig. 1 drawn along lines indicated by MEssEr [1288]. In the
case of the normal subject, myocardial oxygen consumption increases, the coron-
ary flow increases, but the oxygen content in the coronary venous blood remains
remarkably unchanged. This stability of the coronary venous oxygen content
means that the increase in the oxygen requirements of the heart is fully met by
the rise in arterial flow without the extraction of oxygen by the myocardium becoming
more pronounced. It will be seen in Chapter II that, in the case of the normal
subject, there is a remarkable linear relation between the myocardial oxygen
consumption and the coronary flow, and that this can increase as much as fivefold
under conditions of violent exertion, a fact which demonstrates the existence of a
large reserve of myocardial hyperirrigation by vasodilatation (see p. 56).

Fig. 1. Effect of exercise on: A: myocardial oxygen consumption (ml/100 g). B: coronary blood

flow (ml/100 g). C: oxygen content of coronary venous blood (9, of saturation). N: normal

subjects. I.C.: patients with coronary insufficiency. R: values at rest. E: values during
exercise. (MEssER and NEILL, 1288)

Patients presenting coronary insufficiency reveal the following characteristics
during effort: myocardial oxygen consumption increases to a greater extent than
in the case of normal subjectss. Coronary flow increases largely in the same manner
as for healthy subjects, a fact important in itself which has since been confirmed
[855] and which, according to certain authors [695], is in fact characterised by a
greater increase than is the case for normal subjects®.

But, and this more than anything else distinguishes the anginal from the
healthy subject, the oxygen content of the coronary venous blood is over 20%, less
[1288, 1842, 1953]. This fact is of capital importance since it means that, unlike

5 This fact has been confirmed in late 1970 by Coxt1 et al. [3d] in patients with coronary
artery disease in whom artificial tachycardia induced by atrial pacing resulted in a typical
anginal attack: whereas myocardial oxygen consumption increased from an average of
6.31 ml/min/100 g at rest to 8.93 ml/min/100 g during pacing (non-significant difference) in
patients who did not develop angina, it rose from an average of 6.4 ml/min/100 g at rest to
11.03 ml/min/100 g during pacing (significant difference at p < 0.01) in patients who presented
angina.
nglg Again, this phenomenon has been confirmed in late 1970 by ConTI et al. [3d] in patients
with coronary artery disease in whom angina was provoked by pacing-induced tachycardia:
during pacing, myocardial blood flow (which was measured by the selective injection of 133Xe
into the left coronary artery) increased by an average of 12 ml/min/100 g in patients who did
not develop angina while it rose by 32 ml/min/100 g in patients who presented angina.
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what occurs in the healthy subject, the extraction of oxygen by the myocardium,
already at a very high level in the resting state (see Chap. II), is increased in cases
of coronary insufficiency during exertion. This phenomenon is indicative of an
inadequate coronary reserve and of the exhaustion of the reserve of arterial
dilatation, this despite the presence of an increased flow, this not being sufficient
to satisfy fully the increase in oxygen demands. COHEN et al. [346] have also shown
that, during the angina episode brought on by exercise, the cardiac output and
the stroke volume increase significantly less than is the case with the healthy
subject. This lowered efficiency of cardiac contraction would appear to be due to
a relative insufficiency of oxygen supply.

Another major characteristic of the angina patient relates to the metabolism
of lactic acid. We know that the normal heart uses lactic acid as an energy-
producing substrate [1667] and that during exercise its percentage increases in the
arterial blood. The heart of the normal person extracts it to a greater extent but
without every producing any, since its function is entirely aerobic. The reaction
of the anginal subject to effort is quite different. His myocardium produces
lactate [1033], as indicated by the fact that the latter is present in greater quantity
in the coronary venous blood than in the arterial blood [345]. This phenomenon
proves that the increase in oxygen extraction is not sufficient to meet the extra
requirement in oxygen. The metabolism of the myocardium becomes partly
anaerobic, and for this reason part of the glycolysis is diverted to the production
of lactic acid [488, 1667]7. It has also been shown that this production of lactate
on the part of the anginal patient is greater as the arterial lesions are more serious,
so much so that the measurement of the increase in lactic acid content of the
coronary venous blood during effort provides a means for quantifying the func-
tional metabolic deviation of the myocardium caused by coronary disease®.
Advantage has been taken of this fact to get an indication of the extent of coronary
functional capacity, in other words of the marginal state of myocardial oxygena-
tion which results therefrom.

With the quantitative determination of excess lactic acid, the clinician is able
for the first time, and this notion is a recent one since it dates from late 1966 [488,
696], to carry out a biological examination which makes it possible to assess the
gravity of coronary lesions, the extent of lactate production being bound up with
the morphological severity and location of the lesions [345]. It does however call
for the application of an exploration method which is not yet currently used: the
catheterisation of the coronary sinus of an angina patient subjected to a form of
exercise. It should be pointed out that it is preferable to use the expression
“standardized angina-inducing stress” rather than “exercise” since quite recent
research would indicate that it does not seem immaterial what method is adopted
for stimulating the myocardium to see lactate production occur in an angina
patient during an attack. Indeed, PARKER et al. [1417] consider that if physical
exercise is used to bring on an anginal attack, lactate production is very variable.

7 There is a striking analogy with observation on a dog: myocardial ischaemia generalised
at the left ventricle is accompanied by accelerated glycolysis as testified by an increase in
glucose consumption and the production of lactate [209]. Similarly, very localised ischaemia
caused by the ligature of a small branch of the anterior interventricular artery is reflected in
a discharge of lactic acid into the venous blood coming from this zone, with a considerable
increase in the lactate/pyruvate ratio and a reduction in glucose level [1394].

8 Since accurate measurement of the small changes which occur in the coronary sinus
blood should allow a more objective assessment of the presence and severity of ischaemia than
can be made by other existing methods, an improvement on the conventional enzymatic
method for lactate determinations has been recently proposed, the recovery of lactate being
virtually 100%, and linear over a range of prepared lactate standards [207 c].
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Although the cardiac pain brought on by the intravenous injection of iso-
prenaline more frequently leads to lactate production than does physical effort
[73, 346, 817], PARKER et al. [1414] find that it is tachycardia caused by atrial
pacing by the BarcoN and Frick method (see p. 99) which most frequently sets
up lactate production during the angina pain which thus occurs. NermL [1354]
arrives at an identical conclusion, since if the oxygen requirements of the myo-
cardium are increased not by muscular exercise but by artificially speeding up the
heart rate by sinus pacing, it is found that, unlike what occurs in the case of the
healthy subject where the lactate/pyruvate ratio in the coronary venous blood
does not vary, this ratio increases sharply in the angina patient by a rise in
lactate content, which indicates the presence of myocardial hypoxia without
oxygen desaturation of the coronary venous blood necessarily becoming more
pronounced.

The evidence that anaerobic metabolism characterises subjects developing
angina pectoris during right atrial pacing has been recently confirmed by HEL-
FANT et al. [60a] under convincing conditions. When pacing was performed in
39 patients with coronary heart disease, 18 developed angina. When data collected
from these anginal patients were compared with their own rest state and also
with the group which did not develop angina, it was found that there was highly
significant difference in lactate metabolism: in the anginal group, mean extraction
of 18.49, dropped to become 13.29, production, but no marked change occurred
in the other group. When angina was relieved by stopping pacing, lactate meta-
bolism returned to the at-rest levels in 4 subjects within a comparable period of
time. Furthermore, the cardiac index fell significantly during pacing in the anginal
group, but did not alter in the non-anginal group.

Myocardial electrolyte balance and lactate metabolism were studied in 30 pa-
tients before, during, and after a period of atrial pacing [243c]. Eight patients
with coronary artery disease who had no symptoms during pacing and four normal
subjects demonstrated myocardial potassium loss but no abnormalities in lactate
metabolism, the electrocardiogram, and haemodynamics during pacing. Myocar-
dial potassium loss was correlated with increments in heart rate and was followed
by potassium uptake during the post-pacing period. Eighteen subjects developed
angina during pacing associated with haemodynamic and electrocardiographic
abnormalities. This ischaemic group showed significantly greater myocardial
potassium loss during pacing than the non-ischaemic group, and this was closely
associated with myocardial lactate production at a ratio of 1 mEq of potassium
being lost for each 2 millimoles of lactate produced. Increased acidity of coronary
sinus blood also accompanied potassium loss during ischaemia. No significant
changes were seen in sodium balance in either group during the study. These
investigations show that potassium is lost by the heart during tachycardia
induced by atrial pacing in man. This loss appears abruptly after an increase in
heart rate and decreases progressively during the period of tachycardia. Whatever
the mechanism of potassium loss during tachycardia, the abrupt uptake of potas-
sium with the return to a normal rate is of considerable interest. This prompt
uptake also occurred in the ischaemic group following cessation of pacing. This
rapid restoration of potassium loss insures an early return to a normal intracellular
concentration of potassium.

The greater and more sustained increase of potassium levels in coronary sinus
blood in the ischaemic group than in the non-ischaemic patients suggests that
myocardial ischaemia leads to potassium loss in addition to that due to an increase
in heart rate. The possibility that anoxic red blood cells might contribute to the
high coronary sinus concentration of potassium should be ruled out because this
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factor was measured in experimental ischaemia [56¢] and was found not to be of
significance. The net potassium loss may have been even greater than that sug-
gested by the arterial-coronary sinus difference since coronary blood flow increases
by approximately 32 ml/min/100 g of left ventricle in patients with pacing-induced
ischaemia [67c]. These changes in potassium balance due to inadequate oxygen
supply are probably the result of interference with the ATP-dependent cation
exchange mechanism [292c].

The reasons for the differences which exist, as regards the rate of lactate
production by the myocardium, between muscular exercise, atrial pacing of the
heart rate and the injection of isoprenaline as artificial methods of triggering an
anginal pain in a coronary subject are not yet clear, and warrant the additional
research which PARKER proposes to carry out. He does point out however that
the increase in the level of lactate in the coronary venous blood resulting from the
induced tachycardia occurs very rapidly and before the cardiac pain, which would
suggest that, under myocardial hypoxia conditions, the lactate passes freely
through the membrane of the cardiac cell [1414], contrary to what occurs under
satisfactory oxygenation conditions [670].

It is interesting to point out that the mean resting transmyocardial lactic
dehydrogenase difference in coronary heart disease patients does not differ
significantly from non-coronary subjects [112a]. Furthermore, no correlation was
observed in coronary patients during isoproterenol infusion or stress-induced
angina between transmyocardial lactic dehydrogenase and lactate levels, despite
significant stress-induced lactate production. It was therefore concluded that
transmyocardial lactic dehydrogenase levels do not distinguish coronary from
non-coronary subjects, and have no value in quantifying the severity of coronary
artery disease [112a].

To return then to the question of the diagnosis of coronary diseases by arti-
ficial inducement of anginal pain, whatever the method used, this type of clinical
examination still deserves to be introduced into cardiological clinics — parti-
cularly in the form of atrial pacing of the heart rate which, in the Anglo-Saxon
countries, is assuming an increasingly important role in methods for cardiac
exploration (see p. 99) — when we bear in mind the inaccuracy of the quantitative
functional diagnosis suggested by certain people on the basis of purely clinical
criteria [944]: the carrying out of a “maximum” exercise on an endless track
would enable a distinction to be made between the normal subject and a clinical
coronary case by the fact that the capacity for exercise, maximum tachycardia
and maximum systolic blood pressure are ““less” in the coronary subject, the two
latter phenomena reflecting the weakening of the chronotropic and inotropic
cardiac reserves. As for the angina subject, he is “significantly more weakened”
than the asymptomatic coronary subject. As regards the functional assessment
of the gravity of coronary disease, we should point out here that, without resort-
ing to intracardiac exploration, SoLvay [1775] advocates another original tech-
nique whose details will be outlined later since it comes better under the methods
for diagnosing anginal pain (see p. 97).

All the features of the physiological behaviour of the anginal subject which
we have just mentioned provide a clear reply to the two fundamental questions
propounded at the end of the preceding Section ‘“Coronary Atherosclerosis:
General Considerations” (see p. 18).

a) There is in fact an advantage in increasing oxygenation of the angina
subject’s myocardium, either directly by increasing arterial irrigation, or n-
directly by reducing its oxygen requirements, or better still by combining the two
effects. It follows that, from the medicinal viewpoint, any substance which
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reduces the workload of the heart, and thereby its oxygen requirements, is in
theory likely to be effective for the angina pectoris subject [1571]. Even so, this
effect must stem from cardiovascular changes (e.g. reduction in peripheral arterial
resistance, slowing up of the heart rate) which lessen the work of the heart without
impairing its haemodynamic performance, and not from biochemical processes
which result in inhibiting myocardial cellular respiration. The potential advantages
of such a medicament are increased if myocardial blood irrigation is increased
simultaneously, since the oxygen supply to the cardiac muscle is thereby raised.

b) As far as the answer to the second question is concerned, it is obvious that
the coronary flow of the angina subject can in fact increase under certain con-
ditions. This is primarily the case during exercise, as we have just seen. It is also
the case under other circumstances. For instance, it has been shown that, as with
the healthy subject, the intravenous infusion of adrenaline at the dose of 2.5 ug/
min for 15—20 min causes in the coronary patient with significant stenotic or
occlusive lesions disclosed by coronary arteriography (whose indications are in
excellent correlation with post-mortem anatomical lesions, 1854), an increase in
cardiac output and myocardial oxygen consumption, together with a 379, rise
in coronary flow, secondary to the increase in the metabolic needs of the myo-
cardium [1854]. Since the increase in coronary flow is not accompanied by changes
in blood pressure, adrenaline may thus be considered as a vaso-dilator according
to the commonly accepted criteria [732]. These cardiovascular effects of adrenaline
are virtually identical to the changes in coronary circulation occurring during
exercise.

It has also been shown that the iniracoronary injection of nitroglycerin in-
creases by 509, the coronary flow of the angina patient where a coronarography
has revealed the presence of advanced stenotic atherosclerosis [146]. Again in the
case of nitroglycerin, BiNa [27a] has shown very recently that in 24 patients with
coronary heart disease (clinical myocardial infarction in 14, or typical angina
pectoris with appropriate resting electrocardiographic changes or abnormal post-
exercise electrocardiograms in 10, coronary involvement being confirmed by
coronary arteriography in 12 patients), the sublingual administration of nitro-
glycerin significantly increased the myocardial blood flow by 219, after 45 sec and
by 11.49, after 90 sec (see p. 126).

Finally, Contr et al. [3d] published in 1970 an interesting report dealing with
the behaviour of myocardial blood flow during angina which was provoked in
patients with coronary artery disease by speeding up the heart rate by atrial
pacing. Myocardial blood flow was determined by the selective injection of radio-
active 133Xe into the left coronary artery. While it seems logical to expect that
patients with myocardial ischaemia produced by pacing would not be able to
increase coronary blood flow to balance increased oxygen requirements, a totally
unexpected finding was the significantly greater increase in myocardial blood
flow in patients who presented angina during pacing compared to that of patients
who did not develop cardiac pain : blood flow increased by an average of 12 ml/min/
100 g in patients who did not develop angina whereas, in patients who presented
angina during pacing, myocardial blood flow increased by an average of 32 ml/min/
100 g, which represents an average augmentation of 50 %,. This finding is best
explained by a vasodilator response to acute ischaemia.

These many examples of increase in myocardial flow in the patient suffering
from coronary atherosclerosis do show that the opinion of those clinicians who
claim the fixed character of the sclerosed arterial network takes little account of
the functional tests which, on the contrary, patently prove that the sclerosed coron-
ary system can allow of a considerable increase in coronary flow by vasodilation.
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From the therapeutic angle, there is thus every advantage in trying to increase
the coronary flow in the anginal subject since a reduction in myocardial hypoxia
is thereby brought about. It would therefore seem desirable to have available
medications which, in addition to their other pharmacological effects, clearly and
selectively decrease coronary arterial resistance.

Recent clinical investigations have cast some light on the physiological
mechanisms of anginal pain, in that fresh facts have been brought forward
regarding the haemodynamic conditions under which anginal pain occurs. RoBIN-
SON [1544] has shown that, in a given patient, the anginal pain always starts with
a combination of cardiovascular disturbances which is remarkably constant
during each attack. These haemodynamic conditions are represented by the
product of the heart rate by systolic arterial pressure which both rise. In a given
patient, each anginal attack always corresponds to a given level of this heart rate
X blood pressure index, whether the painful attack is brought on by physical
exercise or by a mental arithmetic calculation, or whether it occurs spontaneously.
These observations suggest then that the development of the anginal episode can
be related to the attainment of a critical level in this index, the latter being
remarkably constant for each patient although varying considerably from patient
to patient. Furthermore, it is interesting to note that this relation persists even
when, with a given patient, there are wide variations in the characteristics of the
angina-inducing stress: type, intensity and duration.

A further important fact has been demonstrated by RoBINSON, namely that a
variation in tolerance to effort does not have any repercussion on the critical level
of the pressure x heart rate index at which the pain starts.

If we examine the physiopathological significance of these data provided by
RoBINSON, it is necessary to anticipate the notions of physiology which will be
developped in Chapter II, namely that the heart rate and systolic blood pressure
are amongst the essential determining factors in myocardial oxygen consumption
[644, 979, 1316, 1355, 1644]. It follows that the product of these two factors is in
strict correlation with the amount of oxygen consumed by the myocardium and
that it can be considered as the expression of the internal, metabolic, working of
the myocardium.

The constant nature of the heart rate x pressure index which is attained by a
given anginal subject at the moment he develops his pain, means therefore that
each painful attack occurs at an identical level of myocardial oxygen consumption.
Rosinson’s findings also show that the normal cause of the anginal attack lies in
an increase in the oxygen requirements of the myocardium to a critical level,
which is fixed for each patient.

A further consideration arises from these clinical observations, namely that
the anginal attack is conditioned by the extent of the work of the myocardium and
not by that of the physical work done by the patient. The relationship between
these two types of work is not necessarily constant. Indeed, the levels of heart rate
and blood pressure reached during physical exercise of a given nature are not
fixed: they may vary widely because of the interplay, to a varying degree, of
different factors such as emotion, ambient temperature, etc. It follows that the
same physical work carried out at different times can correspond to very different
levels of cardiac work. It is not then surprising that the triggering of the anginal
pain can often seem very capricious to the clinician [165 c] if he refers solely to the
extent of the external stress to which the patient is subjected.

In the same context, a further item of information is deserving of note. We
know that nitroglycerin has the property of increasing physical performance in the
angina patient: after taking nitroglycerin, he is able to accomplish much greater
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effort before the heart attack occurs. RoBINSON has shown that this improvement
in physical effort is associated with a lower level of the heart rate x pressure index
for a given work, whatever the amount of work done. These findings, which have
been confirmed by MacArrIN and colleagues [1244], indicate that the increase in
angina-inducing effort which reflects the beneficial effect of nitroglycerin can be
related to a reduction in the heart rate x pressure index. It goes without saying
that, under these conditions, the patient can produce more work before the
combined rise in his blood pressure and heart rate reaches the critical level at
which the painful attack occurs.

The proof that a clinically improved angina subject, whatever the method
used to achieve this, does not experience angina pain even at higher effort heart
rate because the critical level of oxygen consumption by his myocardium is not
reached has been provided by Frick et al. [592] who show that, during the speed-
up in heart rate produced by atrial pacing bringing the normal rate up to almost
double, the angina subject on nitroglycerin, whilst not suffering any heart attack,
does not reach the myocardial oxygen consumption level (measured by the
SARNOFF tension-time index) at which, in the absence of nitroglycerin, the angina
pain occurs.

2. Cardiac Dynamics During the Anginal Attack

In 1970, Cross [68c] rightly pointed out that until recently, little was known
about the haemodynamic and physiologic events which are associated with
angina [1568]. In recent years, however, far-reaching pathophysiological investiga-
tions have been devoted to this important question and they have demonstrated
that the functioning of the heart is depressed during the anginal attack.

According to PARKER et al. [1415, 1418], angina-inducing exercise causes a
marked rise in the left end-diastolic ventricular pressure (confirmed by McCarLi-
STER et al., [1245], and by O’BRIEN et al., [1384]) and in the pulmonary arterial
pressure. These findings corroborate others [431, 1213, 1328] but run counter to
those of CoHEN et al. [346]. PARKER believes that the divergences between his
findings and those of CoHEN are perhaps explained by the fact that his patients
were at a more advanced stage of their heart disease. In any event, he shares
CoHEN’s opinion in the sense that, during the attack of effort angina pectoris, the
left ventricular function is lowered?, as witness the subnormal rise in the cardiac
index, the increase in left end-diastolic ventricular pressure, and the increase in
pulmonary arterial pressure. This left functional deficiency is best reflected in the
relationship between the stroke work and the end-diastolic ventricular pressure,

9 From the experimental angle, this tallies with the findings of certain authors [1338] who
report a marked lowering of myocardial contractility at the ischaemic cardiac region drawing
its supplies from the coronary artery previously occluded with an Ameroid type device in a
dog kept alive. Similar findings are reported by ENrIGHT et al. [91 ¢] who evaluated the imme-
diate functional deficit resulting from acute regional myocardial ischaemia in 40 anaesthetised
dogs. Ventricular function curves, maximum dp/dt, isovolumetric force-velocity curves, and
peak systolic and resting diastolic length-tension curves were assessed at fixed heart rate and
constant aortic pressure before and during occlusion of the anterior descending coronary
artery 2—3 cm distal to its origin. Mild, moderate, or marked depression of the ventricular
function resulted from occlusion of the anterior descending artery, depending upon the ana-
tomy of the intercoronary collateral vessels. Maximum loss of function was apparent 2 min
after occlusion, and was quantitatively reproducible by reocclusion after an intervening period
of unobstructed flow. Resting diastolic length-tension relations were not significantly altered
by occlusion of the anterior descending artery. In 12 dogs, force-velocity relations were deter-
mined during the inscription of ventricular function curves and in every instance when depress-
ed function was evident from the ventricular function curve, the simultaneously determined
force-velocity curve also demonstrated impaired performance.
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since this work does not increase significantly in spite of a markedly increased left
ventricular filling pressure.

In a subsequent publication [1414] PARKER points out that stroke work of the
left ventricle decreases, which would indicate, in the light of the fact that the
end-diastolic pressure does not decrease in the same proportions, that the ischa-
emic ventricle of the angina subject works to a depressed functional curve as
compared with that of a normal ventricle. PARKER has also demonstrated that
similar haemodynamic changes occur in the coronary patient in whom an attack
of angina has been induced by atrial pacing of the heart rate [1416]: the left ven-
tricle contracts along a depressed functional curve, and this ventricular depression
can be reversed by stopping the stimulation and returning the heart rate to its
normal level.

In a further very recent study [179c], PARKER and his colleagues compared
and specified the haemodynamic response to exercise and atrial pacing in the same
patients. There were 20 patients with coronary artery disease and 7 normal sub-
jects. Angina developed in 13 patients during pacing and exercise, but was absent
in 7 patients during both tests. During exertional angina, the average left ventri-
cular end-diastolic pressure rose from 8 to 32 mm Hg and the stroke work fell. This
signifies that the ischaemic left ventricle was operating on a depressed ventricular
function curve. The elevated left ventricular end-diastolic pressure may have been
due in part to decreased compliance during myocardial ischaemia but was pro-
bably related more to an augmentation in left ventricular volume. Such a change
would increase myocardial fiber length which, by the Larrack relation, would
raise oxygen consumption. This rise would be in addition to the normal heighten-
ing in left ventricular oxygen requirements during exercise related to the catecho-
lamine release, increase in heart rate, systemic pressure and rate of fiber shortening
[1116, 1789].

There was also clear evidence of depressed left ventricular function during
myocardial ischaemia induced by pacing. Since there was no change in cardiac
index and only minor changes in systemic pressure, there was an associated decline
in stroke index and left ventricular stroke work inversely related to the change in
heart rate. In the normal subjects and in those without angina, the decrease in left
ventricular stroke work with pacing was accompanied by a fall in left ventricular
end-diastolic pressure according to the STARLING relation. In contrast, however,
the patients with angina during pacing showed no fall in left ventricular end-
diastolic pressure in the face of similar reductions in stroke work. This abnormal
pressure could be in part due to decreased compliance of the ischaemic ventricle,
but it is more reasonable to consider that it is operating on a depressed functional
curve. With interruption of pacing, the heart rate returned abruptly to normal
and, assuming no change in cardiac index, there was an increase in left ventricular
stroke work [1416]. In the groups with and without angina the left ventricular
end-diastolic pressure returned to normal, but in the presence of myocardial
ischaemia this post-pacing pressure rose to grossly abnormal levels. This is further
evidence that the ischaemic ventricle is operating on a depressed ventricular
function curve.

The performance characteristics of the left ventricle during pacing and exer-
cise for the three groups are shown in Fig. 2. The normal group and the group
without angina reacted similarly during pacing and in the immediate post-pacing
period. However, during exercise there was a distinct separation of these two
groups because in the normal group there was a shift to an augmented ventricular
function curve, but in the group without angina there was an upward movement
on the original curve: the increase in stroke work during exercise was thus accom-

8 Hdb. exp. Pharmacology, Vol. XXXI
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panied by increased fiber length implying abnormal left ventricular function.

Furthermore, it is also clear from this study that in coronary patients in whom

angina was not precipitated by exercise or pacing, that is, the group without

angina, functional abnormality of the left ventricle was demonstrated only during
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Fig. 2. Relation between the left ventricular end-diastolic pressure (LVEDP) and the left
ventricular stroke work index (LVSWI) in three groups of patients (PARKER et al., [1416] and
[179¢c]). Circles: normal group. Squares: angina group. Crosses: non-angina group. In the three
groups: 1: during control period. 2: during atrial pacing. 3: during immediate post-pacing
period. 4: during exercise. During atrial pacing: a) In the normal group, the decrease in
LVSWI accompanying the increase in heart rate during pacing is associated with a reduction
in LVEDP according with the Starling relationship. b) The group without angina reacts in the
same way as the normal group. c¢) The patients in the angina group, in spite of a similar
decrease in LVSWI during pacing, show no change in LVEDP and thus change from a normal
to an abnormal ventricular function curve when ischaemia develops. The abnormal relationship
between LVEDP and LVSWI in these conditions is illustrated by the dotted line showing the
movement to a depressed ventricular function curve. This concept is supported by the marked
elevation of LVEDP that occurs as LVSWI is suddenly increased by the abrupt fall in heart
rate at the cessation of pacing, and this second point outlines the upper portion of the depressed
ventricular function curve. Depression of ventricular function persists for a variable time
during the post-pacing period, but the gradual return of LVEDP to normal indicates that
depressed left ventricular function is a reversible phenomenon accompanying myocardial
ischaemia. During exercise: the normal group moves to an augmented ventricular function
curve, the patients without angina move upwards on the original curve, and the group with
angina moves to a more depressed ventricular function curve than during pacing

exercise. The patients with angina during the pacing and post-pacing periods had
a depressed ventricular function curve, but with exercise there was even further
depression of ventricular performance, probably due to the volume load.
Tension-time index, which has been shown to be representative of myocardial
oxygen consumption (see p. 93), and the importance of which in determining
the threshold of pacing-induced angina has been stressed (see p. 100), increased to
similar degree during pacing and exercise in the patientsin whom angina developed.
A closer analysis of individual factors responsible for myocardial oxygen consump-
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tion such as fiber length and rate of pressure development led PARKER to put
forward the following considerations. Left ventricular end-diastolic dimensions
decrease during pacing-induced tachycardia in patients presumably free of coro-
nary artery disease [1789]. However, an increase in the end-diastolic heart size
has been reported during pacing-induced angina in patients with coronary artery
disease [1798]. Since changes in left ventricular end-diastolic pressure can be used
as an index of changes in the end-diastolic fiber length [43 c], it appears that fiber
length was greater during exercise than during pacing in the group with angina.
This increase would be associated with increased myocardial oxygen requirements
during exercise. Consideration of tension-time index, which does not take the
fiber length into account, fails to demonstrate this disparity. The small increase
in dp/dt during both exercise and pacing which was noted by PARKER in the group
with angina in comparison to the normal subjects, despite the increase in volume,
suggests impaired myocardial contractility during ischaemia [215¢c].

From the above clinical observations, PARKER et al. conclude that in evaluating
the haemodynamic function of the left ventricle in patients with coronary artery
disease, pacing is of value only when ischaemic symptoms develop. This is in keep-
ing with their previous observations that pacing in patients with coronary artery
disease seldom induces lactate production in the absence of pain and that there
is close correlation between the development of pain and electrocardiographic,
metabolic and haemodynamic abnormalities [1417]1°. However, exercise is a
superior stress, usually demonstrating functional abnormalities even in the absence
of pain.

By studying left ventricular function, pressure-volume relationships and ven-
tricular wall motion during acute myocardial ischaemia induced in ten coronary
patients by atrial pacing and resulting in angina, DwYER [3e] also found that
there was a deterioration in ventricular function — expressed in terms of the rela-
tionship between stroke work and end-diastolic volume — as manifested by a
rightward shift of the ventricular function curve.

Other investigators also demonstrated that there is significant myocardial
dysfunction during exercise in patients with occlusive coronary artery disease [29¢].

WIENER et al. [1994] have on the whole confirmed these observations whilst at
the same time pointing out:

— that the sudden rise in left end-diastolic ventricular pressure occurs, as had
already been shown by RoUGHGARDEN et al. [1568], before the pain and the
electrocardiographic signs of ischaemia;

— that the rise in pulmonary arterial pressure is quite abnormal;

— that certain determining parameters in myocardial oxygen consumption rise
to a marked degree, heart rate by 439%,, left systolic ventricular pressure by 209,
and left ventricular dp/dt by 389%;

— that cardiac output would increase in proportion to the degree of exercise.
This latter point is however at odds with the findings of COHEN et al. [346] and of
Naswur et al. [1335] who note a subnormal increase in cardiac output.

Whilst certain authors [1328] have interpreted the sudden rise in the left
end-diastolic ventricular and pulmonary arterial pressures as obvious symptoms
of acute failure of the left ventricle during the exercise-induced anginal attack,
WIENER et al. [1994] consider that the combination of haemodynamic disturb-

10 In a study involving 41 subjects with coronary heart disease in whom right atrial
pacing was performed, which resulted in anginal pain in 509, of cases, HELFANT et al. de-
monstrated however that, although development of angina pectoris appears to be related
statistically to subnormal left ventricular function and abnormal lactate metabolism, there
is considerable significant individual variation [144c].

8*



34 Pathophysiology of Angina Pectoris

ances arising points in favour of a different physiopathological mechanism than
typical cardiac decompensation, because cardiac output and the velocity of
ventricular contraction increase simultaneously. Frick et al. [592] also believe
that it is not a question of ventricular failure because the rise in left end-diastolic
ventricular pressure seems to them to be due to a ventricle which does not adapt
itself to the increase in return blood flow resulting from muscular exercise. An
identical view is held by O’BRIEN et al. [1384] and by LiNHART et al. [82a] who
consider it to be a question of a lessening of myocardial compliance.

A more shaded opinion is put forward by GLaNcY et al. [51a] who studied the
effect of digitalis on left ventricular response to exercise in patients with angina.
After ouabain, left ventricular end-diastolic pressure increased abnormally with
exercise in only half of all the patients in whom it rose before administering the
drug. Furthermore, ouabain improved the left ventricular function in several
patients as assessed by the relationship of the stroke work index to ventricular
end-diastolic pressure. Such results suggest that in some angina patients, the
abnormal rise in left ventricular end-diastolic pressure during exercise is to a
large extent caused by left ventricular failure, whilst in others, decreased left
ventricular compliance appears to be a more important causal factor.

The same view is held by DwyER [3e] who studied left ventricular function,
pressure-volume relationships, and ventricular wall motion by sequential cineven-
triculography during acute myocardial ischaemia induced in ten coronary patients
by atrial pacing and resulting in angina. The observations made by this author
suggest that both interpretations (reduction in ventricular compliance or ventri-
cular failure) are valid, since both a change in end-diastolic compliance and a shift
of the ventricular function curve to the right were observed : an abnormal pressure-
volume relationship in the left ventricle was found during angina in five of the
patients, while an increasing or stable filling pressure was associated with a
declining end-diastolic volume in four other patients. Caution should be exercised not
to extrapolate these data to explain changes occurring during exertional angina.
Increased venous return occurring during exercise as well as increased sympathetic
tone may induce different alterations in wall motion and volume.

As has been stressed by DwYER [3e], many experimental studies lay emphasis
on the multifaceted picture of angina pectoris. A single view of this disorder will
not provide an adequate explanation of all the observed clinical and physiologic
alterations. The degree of ischaemia, the number of diseased vessels and the reserve
capacity of nondiseased myocardium are a few of the many factors which deter-
mine the overall response of the heart to stress.

As pointed out by Cross [68c] the riddle that remains to be answered is how
are depressed contractility and angina related now that it is known they are
associated. From simultaneous metabolic and haemodynamic studies carried out
in angiographically proven coronary heart disease cases in whom atrial pacing
resulted in angina, WIENER considers that the acute myocardial ischaemia thus
induced, and depicted by abnormal lactate and pyruvate metabolism, is not
directly responsible for angina; it is rather a sudden impairment of ventricular
compliance which is thought to constitute the mechanical basis for the anginal
syndrome [338c].

It is interesting to note that, at rest, without the stress of exercise or artificially
induced tachycardia, patients with coronary disease without definite left ventri-
cular dilatation often have abnormalities of ventricular performance. This was
shown by BrisTow et al. [46c], by calculating left ventricular volume and circum-
ference from cineangiocardiograms in 15 patients with arteriographically proven
coronary artery disease and five control subjects. The average end-diastolic
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pressure was found to be often abnormally high despite absence of significant left
ventricular dilatation (lack of increase in end-diastolic volume). They concluded
that significant abnormalities of diastolic compliance and of contractile performan-
ce of the myocardium were often present because they demonstrated a depression
of ejection fraction and of the extent and rate of circumferential fiber shortening,
i.e. variables which are considered as reasonable indicators of the competence of
the contractile elements [96¢, 154 c]. Similarly, in patients with refractory angina
pectoris due to severe coronary artery disease, measurements of left ventricular
chamber volume and mass indicated the presence of left ventricle dilatation and
a proportional hypertrophy, which are interpreted as manifestations of reduced
left ventricular performance [264 c].

Tocomplete the discussion on the cardiovascular disorders characteristicofangina
pectoris, mention may be made of the pulmonaryand cutaneous circulatory systems.

Regional distribution of pulmonary blood flow and ventilation was determined
with the 133Xe technic in the erect position at the bedside in 15 patients an average
of 6 days after uncomplicated myocardial infarction and in five patients with
severe angina. Follow-up studies were repeated within 3—25 weeks on six of the
patients with myocardial infarction [172¢]. There was marked reduction in per-
fusion to the lung base after myocardial infarction. Patients with severe angina
showed some underperfusion of the lower lung zones, but to a much less degree
than those with acute myocardial infarction. The pattern of pulmonary perfusion
reverted toward that seen in angina in the follow-up studies of patients with
infarction. Distribution of ventilation was normal in all patients. The results of
the study suggest therefore that there are probably chronic changes in the pul-
monary vasculature of patients with arteriosclerotic heart disease which lead to
redistribution of pulmonary blood flow toward the apex, and that the marked
underperfusion of the lung base demonstrated following acute myocardial infarc-
tion reflects an acute increase in the pulmonary venous and interstitial pressures
most likely due to occult left ventricular failure.

As far as the cutaneous circulation is concerned, liquid crystals, encapsulated
onto black Mylar tapes, were used as cutaneous temperature sensors in 50 male
patients, who had thermographic examinations while they were being exercised
on the treadmill, in an attempt to induce angina pectoris [255c]. Twenty-eight of
the group remained free of pain and the exercise thoracic thermogram was essen-
tially unchanged from the control or resting state. Twenty-two patients developed
angina pectoris during exercise, of whom 21 had associated S—T depression in the
electrocardiogram, and 17 thermographic abnormalities. When the pain was
unilateral (9 patients), skin coolness was invariable and was within the distribution
of the pain. When the pain was central (13 patients), skin coolness was present in
8 patients and was not always within the area of pain. When present, the skin
coolness was transient and settled within minutes of relief of pain. This study
therefore demonstrated that the majority of patients with exertional angina deve-
lop transient areas of skin coolness within or adjacent to the area of pain. In
patients with lateral pain, skin coolness was invariable, while with central pain,
about two thirds of the patients had regional cutaneous hypothermia.

3. Part Played by Hypersympathicotony
in the Anginal Attack

The incidence of hypersympathicotony in the anginal pain is a further major
aspect of physiopathology which deserves to be widely covered because of the
essential place which it occupies in the modern concept of the angina syndrome.
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It is obvious that the triggering factors in angina pain (effort, emotion, cold,
stress, digestion, rarefaction in oxygen of the atmosphere) increase myocardial
oxygen requirements through interplays of a nervous and/or biochemical nature.

Although no full explanation has yet been given on this point, the fascinating
theory had been put forward as early as 1940 by Raas [1478] that angina attacks
are due to the hypoxia-inducing metabolic effect of sudden discharges of adrenaline
onto a cardiac muscle whose sclerosed arteries are incapable of dilating sufficiently
to meet the increase in myocardial oxygen consumption. RasB shows the following
year that exercise causes in the angina subject an acute and intense rise in the
adrenaline level in the blood [1479]'1. This observation was subsequently con-
firmed [631, 1820]. Both adrenaline and noradrenaline increase [1523, 225¢]12,a fact
which has all the more clinical value in that it does not appear in the normal
subject undergoing identical muscular exercise [1523]. It thus provides the proof
that hyperactivity of the sympathetic system would appear to be a clinical
feature of angina pectoris.

These facts led RaaB to suggest that the triggering factors in angina set up a
condition of hypersympathicotony leading to the release of catecholamines from
the surrenal glands and the sympathetic nerve endings in the myocardium. These
catecholamines exert on the cardiac muscle a specific metabolic effect which is
likely to cause hypoxia in those muscular zones whose irrigation has become
marginal. Indeed, the increase in myocardial oxygen consumption which they
cause is excessive and partly superfluous, in the sense that only a fraction of the
oxydative energy is transformed into mechanical energy?!3. As a result of these
observations, both RaaB [1485, 1491] and RicHARDSON [1523] advocate anti-
adrenergic measures as a rational treatment for anginal coronary diseases.

The hypothesis by RaaB is supported by recent physiopathological data
indicating that a condition of hyperactivity of the orthosympathetic nervous
system does in fact appear to be one of the features of angina pectoris. Thus
Errrorr and Gorrin [488] note that the anginal attack is very often associated
with an abrupt rise in blood pressure by generalised vasoconstriction, and a rise
in heart rate, the two phenomena being due to a sympathetic discharge. These
haemodynamic disturbances have also been pointed out by PARKER et al. [1415].
Errrorr and GoruiN further point out that, during certain attacks, the coronary
vascular system takes part in this constriction, since the arterial supply of oxygen
to the cardiac muscle is reduced whereas its oxygen requirements are greater.
Incidentally, these phenomena are identical to those observed during an intrave-
nous perfusion of noradrenaline in man [2037], because the resulting increase in
myocardial oxygen consumption is not accompanied by a lowering of coronary
resistance but by a rise in the oxygen extraction coefficient, which indicates that
the oxygen requirements are not covered by an adequate increase in coronary flow.

11 This observation is all the more remarkable in that it was made by means of a colori-
meter, considered a posteriori as being insensitive as compared with current fluorometric
methods.

12 Adrenaline is much more active in its effect on inducing myocardial hypoxia than is
noradrenaline [1523].

13 It is interesting to note that with a conscious dog, various natural stimuli (food, sexual
stimulation, cold, audible stimulus, spontaneous excitement) cause similar hypertension and
tachycardia to those induced in the same animals by injecting intravenously adrenaline or
noradrenaline. For this reason, these natural stresses probably cause considerable activation
of the sympathetic system, leading to the discharge of catecholamines into the blood circulation
[1217]. GraNATA [706] and Prrr [1448] have also shown that excitement causes sympathetic
stimulation of the conscious dog, leading amongst other things to an increase in coronary flow.
According to Greaa [724] there is no longer any doubt that the sympathetic system is involved
in the response to different stresses by the coronary circulation.
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Thus, during the angina attack, myocardial ischaemia is in fact produced by
the existence of arteriolar constriction which occurs when there is a considerable
increase in myocardial oxygen requirements. These two phenomena aggravate the
prejudicial effects of the reduction in coronary perfusion pressure (due to ana-
tomical vascular stenosis) which may be found in particularly advanced cases
of obstruction where it is not unusual to find complete occlusion of two of the
three major coronary arteries [696].

In point of fact, the hypersympathicotony factor would come into play to a
different degree depending on the various clinical forms of angina pectoris. In a
treatise based on both clinical and physiological data at present available, GoRLIN
[696] has attempted to identify the factors which may come into play in the
development of the different clinical forms of angina pectoris. To start with, he
recalls that angina is not an inevitable consequence of cardiac ischaemia and that
it is not known whether certain factors recognised as capable of promoting angina
are likely in themselves, i.e. in the absence of morphological impairment of the
coronary arteries, to bring on the anginal pain: it is a case of a chronic reduction
in the oxygen content of the arterial blood as with severe anaemia, thyrotoxicosis,
and polycythaemia.

As far as the physiopathology of the different forms of angina pectoris is
concerned, we can summarise GORLIN’s opinion in the form of a table (see Table 1).

A further clinical proof, this time indirect, of the part played by the sympa-
thetic system in angina is that electrical stimulation of the carotid sinus nerve
brings to the sufferer immediate relief from the attack [501] and prevents it
occurring during exercise [215]%4: it involves a reflex reduction of the sympathetic
tonicity in the heart and arterial vessels which leads to an immediate lessening in
the heart rate, mean blood pressure and global vascular resistance [500].

If we consider the therapeutic implications which arise from the abundantly
supported role of hypersympathicotony in the origin of the anginal attack, it will
be understood why the supporters of this nervous effect — and they are becoming
more and more numerous — advocate the use of therapeutic methods capable of
moderating sympathetic activity [1148]. With this in mind, the fact that a medica-
tion which can reduce the work of the heart and increase its blood irrigation (see
P- 27) possesses in addition anti-adrenergic properties of a global nature can
only increase its therapeutic potential.

If by way of a synthesis we bring together all the notions on physiopathology
which have just been expounded, we can accept the aggregate pathogenic ideas
put forward by CoNporEerLI [352] which can be summed up as follows. The
anginal syndrome acknowledges two types of causes. The first is a predisposing
cause, consisting of the latent permanent ischaemic condition resulting from
atherosclerotic damage, stenotic and/or obstructive, to the coronary arteries. The
triggering cause of angina attacks, whether these be due to effort, emotion, cold,
digestion or lying in a prone position, consists of a stimulation of the orthosym-
pathetic system which is objectified under clinical conditions by the appearance,
before the painful attack, of a marked rise in blood pressure (systolic and diastolic)
and heart rate [352, 1245]. Hypertension and tachycardia unduly increase the
oxygen needs of the ischaemic cardiac muscle, with the result that the latent
chronic myocardial hypoxia turns to acute hypoxia, the cause of the angina attack.
These modern pathogenic concepts of the angina syndrome, which are based on
widely documented pathophysiological observations remarkable for their con-

14 This observation has encouraged certain surgeons [501] to implant a pacemaker on the
carotid sinus nerves, which the patient can bring into play whenever the need is felt (for
details, see p. 315).
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Table 1. Pathophysiology of cardiac pain (see ref. [696] )

Angina of effort Cardiac work increased.
Coronary blood flow slightly increased.
Inadequate elevation in cardiac output during exercise®.
Inadequate elevation in mean ejection rate during exercise.
Occasional abnormal increase in left ventricular end-diastolic
pressure.
Lactate production.

Angina with tachycardia Reduction of coronary artery filling time in diastole, and aug-
mentation of cardiac oxygen requirements, combining to produce
selective myocardial ischaemia beyond a stenotic coronary artery.

Spontaneous angina Cardiovascular hypersympathicotony leading to:
— Increase in blood pressure.
— Accelerated heart rate.
— Increased vigor of contraction.
— Elevation of cardiac work.
— Reduction in myocardial blood flow by coronary vaso-
constriction.

Angina of emotion Dual origin (generalized sympathetic stimulation and coronary
constriction) similar to that of spontaneous angina.

Angina of deglutition Poorly understood.
Most often: sign of advanced coronary disease or of the pre-
infarction state.
Occasionally: may serve as a clue to the presence of an asso-
ciated disease in the gastrointestinal tract (unrecognized vis-
ceral coronary reflexes ?).

Angina with cold wind Characteristic for angina related to coronary heart disease.
Mechanism unclear: perhaps hypertension and concurrent
coronary vasoconstriction®.

Nocturnal angina Mechanism unclear. Three possibilities:
1. May point to early heart failure.
2. Fall in blood pressure with inadequate perfusion of the
myocardium beyond a stenosed coronary artery.
3. Sympathetic discharge, as in spontaneous angina, brought
about as a reaction to a dream®.

Angina in aortic stenosis Little or no reserve for increased coronary flow.
(209, incidence)® Increased myocardial oxygen extraction during stress.
With coronary artery disease:
During stress: — increase in coronary flow (adequate overall
coronary reserve).
— abnormal lactate metabolism (evidence of regional ischaemia)

® GORLIN [696] believes that many patients with coronary heart disease have subliminal
cardiac failure, as evidenced by measurable deficiencies in the response of cardiac output [346]
and of velocity of cardiac contraction [1287] to stress and, in some cases, by an abnormal
elevation of left ventricular end-diastolic pressure [696]. PARKER et al. [94a] think also that
mild deficiency in left ventricular function is present in patients with coronary artery disease
because the administration of digitalis during an imposed exercise reduces significantly the
abnormal elevation of left ventricular end-diastolic pressure.

P See references [351] and [1816].

¢ Others admit tachycardia as possible cause [597].

4 See reference [521].

sistency and coming from different research teams, enable a definition to be
drawn up of the “ideal” pharmacological characteristics to which a medication
intended for the long-term treatment of coronary insufficiency should measure up.

Such a medication must firstly be able to neutralise the latent myocardial
ischaemia by correcting the imbalance which exists between the supply and
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demand of oxygen at the myocardium, the supply being handicapped by the fact
that the coronary vaso-dilation potential, though real, is limited by vascular
damage (see p. 25). This imbalance could therefore be resolved by a substance
which reduces myocardial oxygen requirements by lightening its work, and at the
same time increases coronary blood irrigation. This is also the opinion of MasoN
et al. [87a]. RowE [1570] in fact suggests to those attempting to develop anti-
anginal medications to get down to the job of finding substances which tempo-
rarily reduce the work of the heart. As for the increasing of coronary flow by
specific coronaro-dilatory effect, this is theoretically ideal in the eyes of MoDELL
[1307, p. 363] because the cardiac work does not increase, whereas the rise in
coronary flow which can be expected from a rise in cardiac output, for example,
must be rejected because it can only be the consequence of myocardial stimulation
and thus the work of the heart increases. It must not however be overlooked, as
stressed by Rows [1572] that in those cases where the increase in coronary flow
remains an isolated phenomenon, clinical experience has shown, in the case of
various medications of different chemical structure, that it was not of any advan-
tage to the angina patient.

The onset of hypersympathicotony which is the triggering cause of the heart
attack requires of such a medication that it also be endowed with antiadrenergic
properties affecting both adrenergic a- and S-receptors. Indeed, if the activity of
these receptors is lowered by the medication, it can be hoped to reduce the
intensity of all the haemodynamic disturbances provoked by the hypersympathi-
cotony, namely high blood pressure, tachycardia, increase in cardiac contraction
power and acceleration of the rate of this contraction. In this way there will also
be lessening of the excessive increase in myocardial oxygen consumption which,
as we have seen earlier, characterises angina pectoris patients subjected to angina-
inducing muscular effort or to angina-inducing artificial tachycardia (see p. 24).

4. Trends in Pharmacological Research
for the Development of Antianginal Medications

If we review rapidly the various criteria on which pharmacologists have
successively based themselves to find long term antianginal medications, we can
reconstitute the major stages in their development. By so doing, we find that the
tendency to connect together present-day pathogenic concepts has developed
progressively [306].

4.1 Coronary Vaso-Dilation

First it was the concept of coronary vaso-dilation which prevailed. This was
the case, in particular, with the derivatives of papaverine, the xanthines, khellin
and even with the long-acting nitrates, of which it was thought at the time that
the coronary dilating effect alone, and a real one at that, could provide a certain
degree of clinical benefit.

Although for a long time there had been doubts as to the therapeutic role of
the coronary-dilator effect of the nitrites, and that it is likewise known that the
clinical benefit obtained by the use of exclusive vaso-dilators is usually no greater
than that of placebo-therapy, the concept of coronary vaso-dilation has dominated
pharmacological research for over thirty years during which period a veritable
escalade towards the most powerful and longest-acting coronaro-dilator has
taken place. This tendency is seen especially in the successive developments of
prenylamine (see p. 165) and of benziodarone (p. 168), dipyridamole (p. 181),
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carbochromen (p. 188) and hexobendine (p. 192). Certainly, some of these
medications are endowed with special action mechanisms likely to cause favour-
able changes in the metabolism of an ischaemic myocardium. The fact still
remains that the goal originally pursued was to set up considerable and very
prolonged hyperirrigation at the cardiac muscle, since the first pharmacological
exploration took as a yardstick the effect on coronary flow. This tendency still
remains today, as witness the recent development of lidoflazine, described as a
coronary-dilating substance with a very lasting effect, which at certain doses
succeeds in increasing coronary flow to as great an extent as respiratory anoxia
[1660] (see p. 199). Witnesses also to this concept are new derivatives of dipyrida-
mole, more powerful [927], and in 1969, amoproxan (p. 292) which, whilst remain-
ing largely outside the field of certain existing drugs as regards the intensity and
duration of its vaso-dilator effect, is purely and simply a coronary-dilating
medication, being for instance without effect on cardiac work and on the adrener-
gic system.

Nevertheless the concept of exclusive coronary vaso-dilation seems nowadays
to be largely outmoded, and, in the light of what we know of the pathophysiology
of the angina syndrome, would not seem able by itself to exert any transcendent
therapeutic effect. This opinion also finds its arguments in the fact that drugs with
a powerful coronary-dilating effect have proved to be of doubtful clinical efficacy,
and also that drugs which are really effective for the angina patient probably do
not act by coronary vaso-dilation or that this mechanism is of secondary import-
ance. There are good reasons for believing that the ability to increase total
coronary flow in anaesthetised animals alone is largely irrelevant to the problem
of increasing oxygen availability in the anginal patient [245c]. It follows that the
fact of increasing the myocardial blood flow cannot, in itself, automatically lead
to the assumption that the medication producing such an effect will be effective in
man [1251].

4.2 Reduction in Cardiac Work

The efforts of pharmacologists were next concentrated on the type of drug
which would be capable of reducing the work of the cardiac muscle so as to reduce
its oxygen requirements. This aspect was dictated mainly by the results of clinical
experimentation with the nitro-derivatives, especially nitroglycerin. In point of
fact it was shown first that coronary flow does not increase in the angina patient at
the moment the therapeutic effect shows itself!?, and then that the work of the
heart decreases at that moment as a result of a lightening in the peripheral loads
and of various changes in the cardiac dynamics which lead to a reduction in
myocardial oxygen requirements (see details p. 128).

It was still necessary to achieve lightening of the cardiac work, not to the
detriment of the normal processes of cellular respiration, but by reducing the
haemodynamic loads imposed on the cardiac muscle, for instance by peripheral
vaso-dilation which lowers overall vascular resistance (this, by the way, is, in
order of priority, the type of activity by nitroglycerin in the anginal attack), and
also for instance by lowering the heart rate.

Such a rational approach to the long term treatment of angina by using drugs
which aim at reducing the work of the heart, and consequently its oxygen needs,

15 It may well be that this notion in turn must be revised and that it must be considered
that nitroglycerin does in fact increase coronary flow in the coronary atherosclerotic subject.
This is what Cowax et al. have just demonstrated by using a measuring technique enabling
them to quantify the very early effects of nitroglycerin, i.e. during the 45—90 sec following its
sublingual administration (see p. 126).
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has later found solid experimental and clinical support. It has been demonstrated
that when a coronary occlusion is performed in animals or occurs in a patient,
there is always an ischaemic zone (where the oxygen supply is marginal) surround-
ing the necrotic area of that part of the myocardium which draws its supplies
from the occluded artery [29a]. It is reasonable to suggest that since the blood
supply to this ischaemic segment of myocardium is markedly reduced, its survival
may depend on its oxygen consumption. Clearly, if the oxygen consumption of
the myocardium is stimulated by factors such as increased intraventricular
tension and/or augmented myocardial contractility, the viability of the ischaemic
area may be reduced and the extent of the infarct increased by occlusion of a
coronary artery at any given spot. Moreover, such an unfavourable change in the
relationship between myocardial oxygen supply and demand may impair the
contractile function of the myocardium at the margin of the infarct [15a].

When an occlusion occurs in a coronary artery, then it is likely that the
quantity of infarcted myocardium and the area of the malfunctioning ischaemic
zone will be increased. Conversely, reduction of myocardial oxygen demands
(produced, for example, by slowing the heart rate and/or counteracting the
augmentation of sympathetic influences) may reduce oxygen demands and
thereby the size of the infarction and of the segment of ischaemic, inadequately
functioning myocardium. Thus any augmentation of myocardial oxygen needs
in the presence of coronary occlusion may be expected to increase the size of the
necrotic zone and to impair the function of the ischaemic zone, while a reduction
of oxygen consumption may be expected to exert the opposite effect [15a].

4.3 Inhibition of Monoamineoxydase

About the same period, it was thought for a time that the inhibitors of mono-
amineoxidase were about to constitute a major therapeutic advance. It was in
1957 that CEsarMAN [287], whilst treating depressed patients with iproniazide,
noticed by chance that one of his patients suffering at the same time from angina
pectoris found his heart condition considerably improved. Subsequently, he
treated a large number of angina subjects with this medication, and he obtained
confirmation of its beneficial effect on the painful cardiac symptomatology. These
unexpected results were confirmed a year later. They encouraged organicists to
direct their efforts to the synthesis of other mMaor substances, and during the next
few years there was a veritable crop of increasingly active Maor medications
which were tested by cardiologists with encouraging results. It was, however,
found that the favourable effect on cardiac pain was only achieved at the cost of
highly unpleasant side effects, effects which were even hasardous for the patient.
Amongst these were three grave complications, namely: acute and unforeseeable
hypotension, particularly dangerous for the coronary subject since it can lead to
the incidence of myocardial infarct, toxic hepatitis or sexual impotence. It was
thus seen in no uncertain fashion that the therapeutic effect was merely sympto-
matic, in the sense that the conditions governing myocardial nutrition were in no
way improved, the imbalance between the supply and demand of oxygen remain-
ing unchanged since cardiac work was not reduced and probably also that myo-
cardial irrigation is not augmented, for in experiments on animals high doses of
Mmaor are needed to raise to a very moderate degree the coronary blood flow
(see p. 161).

The favourable clinical effect of the Ma0I’s was ascribed to a genuine euphoric
effect and to a probable action on pain perception, which might explain why the
angina subject, improved by this type of medication, is not longer put on guard
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by the feeling of pain and thereby allows himself to indulge in excessive physical
activity which may precipitate the incidence of infarction.

Despite their very real therapeutic effect on cardiac pain, the Maor’s are no
longer used nowadays except in a few cardiological centres which reserve for them
a role as a contributory form of therapy in particularly severe cases of angina
pectoris (see p. 164).

4.4 Blockade of Hypersympathicotony

As regards the anti-adrenergic properties of such a type of medication, these
were originally discovered incidentally and only in respect of the adrenergic a-
receptors. Pharmacologists who have demonstrated a-anti-adrenergic properties
in the case of substances otherwise possessing a coronary vaso-dilator effect have,
with good reason, held that inhibition of this part of the adrenergic system should
contribute to anti-anginal therapy. This is notably the case with prenylamine.
This agent does not however provide particularly transcendent clinical results
(see p. 168). Moreover, the therapeutic advantages of pure a-blocking agents in
angina pectoris are practically non-existent [301]. Fundamentally, the precarious
character of this transposition of pharmacology to the clinic may be explained by
the fact that agents opposing the a-receptors only induce very partial neutralisa-
tion of the adrenergic system, the activity of the §-receptors remaining untouched.
Although they inhibit the vaso-constricting effects of the circulating catechol-
amines, they neither modify their cardiac actions [1482] nor reduce their level in
the cardiac muscle [1488]. For this reason they are unable to help in treating
angina pectoris [1483] since the most harmful haemodynamic disturbances
occurring in the angina subject during his pain attacks are primarily of a cardiac
character and thus are ascribable to the f-receptors. This is why, in the anti-
adrenergic sphere, pharmacologists have tended over the past years to develop
medications able to block the activity of the f-receptors.

4.5 Blockade of the Adrenergic 8-Receptors

This concept by Brack [180] has made possible the synthesising of various
types of chemical structures whose essential biological feature is to antagonise the
adrenergic S-receptors. These medications however modify certain haemodynamic
parameters in such a way that, fundamentally, they provide a set-off which is
unfavourable to the angina subject in particular and to the cardiac patient in
general.

It must be stressed at the outset that they only partly meet the therapeutic
implications of current concepts of the anginal syndrome, the reason for this
being twofold :

a) Although they can in fact act on the latent ischaemia of the myocardium
by lessening the oxygen demands of the heart, they reduce coronary irrigation
(see p. 208) and thus the oxygen supply to the cardiac muscle. It follows that the
imbalance between oxygen supply and consumption is liable to persist, since the
decrease in oxygen supply seems to be parallel to the reduction in cardiac work
[394, 1241]. In addition, f-blocking medications can increase the oxygen extrac-
tion coefficient of the myocardium [1258, 2032] whereas, as we have seen earlier
(p. 24), what basically distinguishes the angina pectoris patient from the healthy
subject during muscular effort is in fact because his myocardium extracts an
additional amount of oxygen from the arterial blood, which is not the case with
the subject who has no coronary disease.
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b) If we consider the anti-adrenergic aspect of the f-blocking medications,
it is evident that the adrenergic haemodynamic disturbances bringing on angina
attacks can only be partly jugulated since only tachycardia and an increase in
power and velocity of cardiac contraction are likely to be neutralised, hyper-
tension arising from stimulation of the a-receptors on which the f-antagonists
have no effect. Now although the cardiovascular disturbances arising from
stimulation of the f-receptors mainly contribute to the excessive increase in
myocardial oxygen requirements as a result of sympathetic hypertonicity, the
fact remains that hypertension also plays a not inconsiderable part [352, 488,
1415, 1544].

The pS-blocking medications have a further disadvantage from the clinical
angle, namely a certain cardiac risk. It is currently accepted that their anti-
anginal effect calls for the administration of comparatively large doses and that,
this being so, decompensation symptoms may occur in subjects whose cardiac
function has not remained intact (see p. 215). This potential cardiac risk inherent
in B-blocking agents arises, pharmacologically speaking, from the depressive
effect which they exert on the myocardium and which has been demonstrated
under varied experimental conditions (see p. 215).

Other factors must however be taken into account, since they have major
therapeutic consequences. It would appear that it is not so much the direct and
non-specific cardio-depressor effect of the §-blocking agents which gives rise to the
cardiac risk, but essentially the fact that the activity of the adrenergic f-receptors
is suppressed by these drugs. Now adrenergic control of the cardiac function is an
important factor in the normal response of the heart to exercise [1361]. It has
been proved that f-blockade deprives the heart insufficiency patient (whether
potential or declared) of a physiological mechanism which he normally brings
into play in order to limit his circulatory deficiencyé. This was demonstrated by
GArFNEY and BRAUNWALD [620]: the patient with cardiac insufficiency partly
offsets this failure by a reflex mechanism whose efferent component follows the
path of the f-adrenergic system and, amongst other things, leads to an increase
in the power and velocity of myocardial contraction. It follows that if this sytem
is put out of action by pharmacological f-blockade, the condition of cardiac
insufficiency is thereby precipitated or aggravated. It is therefore logical to
consider that the use of a f-blocking agent always entails a cardiac risk, whatever
its chemical structure may otherwise be (see also p. 229).

4.6. Overall Inhibition of Hypersympathicotony

From the viewpoint of the anti-adrenergic properties which should be present
in any medication intended for the fundamental treatment of angina pectoris, it
would therefore appear desirable not to look for complete a-or f-antagonist pro-
perties, seeing the side effects which they can entail under clinical conditions. It
would seem more logical to aim at damping down rather than suppressing the
cardiovascular disturbances which characterise over-stimulation of the adrenergic
system in its entirety. In so doing, we partly preserve amongst other things the
major functions of the f-adrenergic system, and it can thus be hoped to maintain
the physiological compensation which the cardiac patient brings into play to
limit his functional deficiency. From the clinical angle, the cardiac risk should
thereby be reduced accordingly.

16 In this context, it has been reported that propranolol induces deterioration of ventri-
cular performance in calves with experimental heart failure [127a], and it is suggested that
adrenergic support is necessary to maintain the ventricular function, this support being
derived mainly from circulating catecholamines produced in the adrenal medulla.
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This progressive advance of ideation, based on lessons drawn from animal and
clinical experimentation, has led to the belief that progress could be achieved in
the fundamental treatment of coronary insufficiency by developing a type of
medication which, whilst reducing the work of the heart and increasing its blood
irrigation, would be able — thanks to incomplete but overall antiadrenergic
properties — to damp down all the adrenergic reactions of the cardiovascular
system which end up by producing excessive and undesirable increase in myo-
cardial oxygen requirements. It will be seen that a first attempt in this direction
was materialised by the synthesis of a medication partly opposing the sympathetic
system, which represents a new pharmacological type which we have called
“adrenomoderator”’ [307, 314] and for which several years of multi-centre clinical
research have confirmed the high hopes it had raised, thus proving the validity of
the experimental concepts on which the working assumption was based (see p.255).

To conclude this chapter, mention must be made of some very recent indi-
vidual opinions which draw attention to the fact that pharmacological research
should take more complex directions taking into account the vascular and meta-
bolic state existing in the myocardium of the coronary atherosclerotic subject.

4.7. Dilatation of the Coronary Conductance Vessels

McGrEGoOR [1251] emphasises the fact that the experimental pattern generally
used by pharmacologists, namely the normal coronary system formed by resist-
ances in parallel (arterial, capillary and venous segments), obviously does not
meet the conditions of human pathology, where account must be taken at least
of the existence of intercoronary communications and also of the fact that the
arterial segment could be made up of resistances in series [1251], the former
consisting of the large conductance arteries (particularly when they are the seat of
stricture) which are located on the heart surface, the latter of the small pre-capil-
lary resistance vessels which are in close contact with the cells of the myocardium.
It may well be that these two types of arterial segment have a distinet functional
role and react differently to pharmacological agents. Although this structural
pattern of coronary circulation in the atherosclerotic subject is only a supposition,
yet one which finds certain bases in the opposite reaction to the catecholamines
of the large and small coronary vessels [2053], MCGREGOR considers, as a con-
sequence of his hypothesis, that in the search for better vaso-dilators able to
provide more blood for the ischaemic zone of the myocardium downstream of a
complete obliteration of a large trunk, the tendency must not be towards sub-
stances which increase very considerably, and above all for a very lengthy period,
the global myocardial irrigation and thereby increase appreciably the oxygen
content of the coronary venous blood, but rather towards those which limit their
vaso-dilatory effect selectively to the large conductance arterial vessels or to the
collateral vessels, whilst at the same time respecting the normal function of
auto-regulation of the small resistance vessels. In his opinion, only the nitrites act
in this manner of the drugs he has used.

The pharmacological models to use in the study of vaso-dilators must there-
fore, according to MoGREGOR [1251], comprise not only the setting up of zones
of chronic arterial occlusion, but also the measurement, not of the fofal coronary
flow, but of the blood flow in the ischaemic zone. It would thus appear that an
interesting approach to the conditions of human pathology might consist in using
animals in whom a gradual chronic coronary occlusion has caused collateral
vessels to develop and in whom the retrograde coronary flow is measured, provid-
ing a good pointer to the collateral flow downstream of the occlusion [1240, 126¢].
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In experimental coronary arterial constriction, the peripheral coronary arterial
pressure (pressure distal to the point of constriction) appears also to be a good
index of collateral vessel development [26¢].

4.8. Improvement of Functional Coronary Microcireculation

In the opinion of WINBURY, it is the concept of the nutritional microcirculation
which should guide the quest for anti-anginal medicinal substances. Nutritional
circulation is that portion of the regional blood flow which supplies the tissues
with oxygen and substrates. In view of the fact that a certain part of the blood
can pass via arterio-venous by-passes or via non-functional capillaries (low
diffusion capacity), the total blood flow of a given region does not necessarily
represent the nutritional circulation. RENEKIN [1518] has shown that the trans-
capillary exchange of the nutritional substrates and oxygen by diffusion and
ultrafiltration is controlled by the vaso-motor adjustments in the capillary
system. The main adapting mechanisms are the variations in fotal blood flow
caused by the muscular cells of the arterioles, and the variations in the number of
open capillaries which are conditioned by the pre-capillary sphincters.

It can thus be imagined that drugs can directly modify this circulation in such
a manner that the measurement of fofal flow cannot provide any forecast of it.
WINBURY, for instance, has demonstrated that as regards the skeletal muscle and
the heart, the changes in regional vascular resistance caused by pharmacological
agents are not necessarily accompanied by similar directional changes in the
nutritive circulation, measured for example by the extraction of Rb8¢ [617, 2014].
He draws from this the conclusion that the pre-capillary sphincters, whose role is
important for regulating the distribution of the nutritive circulation, can respond
to drugs in a different way than the resistance arterioles, so that control of the
myocardial nutritional circulation seems to him to be independent of the control
of the arteriolar circulation [2008]. WINBURY considers that, under normal con-
ditions, 759, of the functional myocardial capillaries are open. The remaining
25%, may be open, either by direct action on the pre-capillary sphincters without
total coronary flow necessarily changing (which is the case with some nitro
derivatives), or by increase in total flow as a result of arterial dilation (such is the
case, for instance, with Persantine). He assumes that the ideal anti-anginal
agent is the one which would produce little arteriolar dilation, would have a
specific action on the nutritional circulation thus diverting the available blood to
the nutritional circulation by relaxing the pre-capillary sphincters, whilst at the
same time lessening the work of the heart [2008].

4.9. Development of a Collateral Coronary Circulation

The advantage of developing a collateral circulation is also advocated by
others, but under very different exploration conditions. Various German authors,
for instance MEESMANN [1262] and ScEmipT [1679], consider as a tavourable
indication for an anti-anginal substance the fact that it develops, after chronic
oral administration, a collateral anastomotic circulation in dogs which is disclosed
by X-raying the heart removed after sacrificing the animal and whose coronary
system has previously been injected with material opaque to X-rays.

The development of such vessels is especially convincing in the case of certain
substances, but no-one has yet proved the validity of the extrapolation to humans
of such an effect demonstrated on the healthy heart of a dog, for it so happens that
the few medicaments which effectively set up such a collateral system in animals
only develop this effect at very high doses, considerably in excess of the posology
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advocated for the angina patient (refer, for instance, to p. 183). Moreover, clinical
experiments with such medications have not given particularly outstanding
therapeutic results since they have failed by a long chalk to win the unanimous
verdict of clinicians.

The question of collateral coronary circulation has just been approached from
a different angle by ScEAPER [1657]. On the basis of anatomo-pathological
investigations, he considers that anastomoses, which constitute a potential
collateral circulation which can be mobilised in the event of coronary insufficiency,
form part of a functional arteriolar network. The transformation, in the case of an
ischaemic heart, of normally non-functional anastomoses into an effective collateral
circulation would appear to be based on a process of cellular growth leading to a
veritable neo-formation of the vascular wall [1658]. ScHAPER suggests the follow-
ing mechanism, for example from the heart of an animal which has been subjected
to chronic constriction, by means of an Ameroid ring, of a large coronary trunk.
Stenosis produces a pressure gradient between the poorly irrigated areas depend-
ing for their supply on the constricted artery and normal areas. The hypoxia in
the ischaemic zone causes an extreme rise in the parietal pressure in arteriolar
anastomoses, and this is the mechanical factor which speeds up cellular multi-
plication. After a certain time, the vascular wall thickens, which entails a drop in
parietal pressure. Thus by a morphological process of cell multiplication, the
anastomoses and arterioles are transformed into small functional arteries. This
hypoxia must, however, be sufficiently extensive and relatively constant: if too
little, it would be incapable of triggering off the mechanism of cell proliferation
since it is offset by the physiological vasodilation, whilst it produces irreversible
lesions of the myocardium if it is too severe and too sudden.

According to ScHAPER, the development of collateral coronary circulation
following artificial stenosis of a large coronary artery could be followed up ex-
perimentally in time by working out what he calls the “coronary quotient”, i.e.
the ratio which exists between retrograde coronary arterial pressure and aortic
pressure. The level of the retrograde coronary pressure downstream of the oc-
clusion would depend on the number and diameter of the anastomoses which
become functional. Where these are adequate, vascular resistance to the flow of
blood decreases progressively to the point where the retrograde pressure tends to
come up to the aortic pressure level. By working out the coronary quotient
therefore, it would be possible to measure the quality of the collateral circulation
development. According to SCHAPER, this coronary quotient would provide the
most sensitive indication of the development and nutritional efficacy of a collateral
coronary circulation.

By extending these concepts to practical application, he shows that in the case
of lidoflazine (see p. 203), dogs in a state of chronic coronary deficiency which are
treated daily with this medication show a statistically higher coronary quotient
than untreated animals, this quotient tending towards unity.

Although the process is a neat one, attention must be drawn to a major source
of possible error which the author [1659] appears to have overlooked (see also
p- 203). The comparison of the mean coronary quotients is only made between
two different groups of animals, some treated, the others untreated. Since the
ischaemia induced in the two groups by chronic obstruction of the coronary
artery would seem to be the cause of normal development of collateral circulation,
and since the drug being investigated can only speed up that development, the
validity of the comparison strictly depends on the identity between several
factors within the two groups, namely the rapidity and extent of the setting up
of ischaemia, and the degree of final ischaemia achieved. These factors have not
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been checked, nor is it seen how they could be with the technical means at present
available to us.

This being so, it would seem risky to compare two mean coronary quotients
when there are so many variables which cannot be checked.

To this must be added the fact that the animals are allowed to move within
enclosures of very different capacities, to the extent that physical exercise (whose
accelerating action on the collateral circulation is admitted by the author) is very
different from one animal to another.

It might also be wondered to what extent these experimental and very inter-
esting findings can be extrapolated for humans. Can we in fact liken the disturb-
ances in myocardial irrigation caused in man by atherosclerosis to the reduction
in coronary flow artificially induced in animals by fitting a constrictor ring ? This
latter is clearly an acute process by comparison to the atherosclerotic process.
Hypertrophy of coronary anastomoses of the order commonly found in coronary
heart disease appears to require a long time in human pathology [105¢]. Further-
more, in the specific case of lidoflazine, even if the favourable effect on the coro-
nary quotient were really due to the transformation of non-functional anastomoses
into neo-formed arterioles, it is difficult to understand why, as in fact it does
happen [39c], angina patients successfully treated with this medication suffer a
relapse in their clinical condition when the treatment is halted or a placebo sub-
stituted (see p. 204). In this case it must be admitted that, as a result of suppressing
the medication, the neo-formed arterioles degenerate and so lose their function.
Although such degeneration has in fact been observed in animals [1658], it has not
been evidenced in man [614], so that the objection remains valid.

Furthermore, the existence of secondary degeneration of the neo-formed
collaterals in an animal would appear to indicate that the neo-formation of
arterioles from pre-existing intercoronary anastomoses calls for the presence of a
continual stimulus. It could well be imagined in this case that this stimulus con-
sists in the hyperirrigation achieved by the medication, which is, in fact, the func-
tional mechanism suggested by ScHAPER [1659]. But then this favourable effect
on the collateral coronary circulation would have nothing specific about it and
could be the attribute of any so-called vaso-dilator substance with a powerful and
prolonged action. Another fact which further complicates the problem is that lido-
flazine would not seem to increase coronary flow in man [248, 282¢c] despite its
powerful effect on dogs. The neo-formation of collaterals which the drug is sup-
posed to achieve in the angina subject, and which is alleged to be at the root of its
therapeutic effect, cannot therefore be attributed to myocardial hyperirrigation.
Should it therefore be admitted that the chemical structure itself of the drug is the
stimulating factor in arterial neo-formation, a fact which remains in the realm of
hypothesis as regards man ?

It is clear that the interesting concepts advanced by ScHAPER deserve more
intensive investigation, but in our present state of knowledge they are not without
contradictions and do not provide an entirely satisfactory explanation of certain
facts. It seems premature, therefore, to take such observations as a basis for
arriving at a concept applicable to the perfecting of antianginal drugs.

4.10. Potentiation of the Endogenous Mediators of the Coronary
Autoregulation
To conclude with the criteria which pharmacologists have adopted to try to

perfect antianginal medications, mention must be made of attempts to modify
favourably the autoregulating system of coronary circulation.

4 Hdb. exp. Pharmacology, Vol. XXXI
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Attitudes to this concept still seem purely hypothetical and thus in complete
contradiction. For instance, special interest has been shown for some considerable
time in certain vaso-dilator drugs because, preserving the enzymatic degradation
of adenosine, they considerably potentialise its coronaro-dilator effect (see for
example p. 183). This property was considered as being very favourable because
it provided an explanation of the potency and lasting nature of their increasing
effect on coronary irrigation. Conversely, McGREGOR [1252] considers that the
quest for medications which considerably increase coronary flow must definitely
be avoided, since such an effect can only be achieved at the expense of disturbing
the mechanisms of autoregulation (see also p. 44).

Before proceeding to the development of antianginal medications on the basis
of currently held notions as to the autoregulation of coronary irrigation, it would
thus seem desirable to await additional information regarding this fundamental
aspect of myocardial physiology which has not yet been fully resolved (see Ch. IT).

4.11. Prophylaxis of Cardiac Necrosis

A specific experimental approach to the development of medications intended
to combat angina pectoris will be briefly considered. Truth to tell, it is aimed at
reducing the incidence of those myocardial disorders which can lead to infarct
and/or cardiac necrosis rather than at making a favourable change in the bio-
logical consequences of coronary heart disease which are responsible for the actual
angina attack.

It is based on facts which demonstrate that if, as is universally admitted,
atherosclerosis of the coronary vessels constitutes the largely preponderant
substratum of angina pectoris, the possibility cannot be excluded of the existence
of the angina syndrome which does not acknowledge any pathologically recognis-
able atherosclerotic cause. Indeed, post-mortem examinations [84, 1137] and
coronaro-arteriographic explorations [697, 967, 1139, 1470] have disclosed the
fact that 15—389,, depending on the authors, of patients suffering from angina
pectoris are free from any perceptible deterioration of the coronary vessels.

If we add that clinical manifestations of infarction are frequently diagnosed
as coronary thrombosis or coronary occlusion, whereas the autopsy reveals that
one or other of these conditions is absent in half the cases [481, 1802], it is not
surprising that RaaB [1486, 1487] considers that we overestimate the role of
coronary vascular disorders in the history of the ischaemic heart diseases and that
sufficient attention is not paid to myocardial metabolic disturbances as a possible
cause of the common forms of heart diseases, including angina pectoris. In RAaB’s
view, the so-called ““coronary’ heart disease is in fact often a “myocardial” heart
disease in whose pathogenesis three intricate factors play a combined predisposing
and causal role, namely: coronary atherosclerosis which is the predisposing
factor, whilst the causal factor consists of a disproportionate increase in myo-
cardial oxygen needs due to the catecholamines, these latter making a funda-
mental contribution to the vulnerability of the cardiac muscle [1484].

By acting on an atherosclerotic terrain which limits the possibilities of coronary
vaso-dilation and, consequently, the amount of myocardial hyperirrigation
required to meet the excess demands for oxygen, these catecholamines set up
myocardial hypoxia. To this is added the over-production of cortico-surrenal
hormones (cortisol in particular) which potentialise the cardio-toxic effect of the
catecholamines. These pathogenic concepts held by Raas are remarkably in line
with those of SELYE, based on animal experimentation. SELYE supports his view
on the results of observations he was able to make on an experimental heart
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disease pattern, necrotic electrolyte-steroid cardiopathy. He believes [1716] that
this type of experimental necrotic cardiopathy (which isinduced by the administra-
tion to a rat of steroid — possessing both gluco- and mineralocorticoid properties
— and electrolytes, to which may be added catecholamines and stress procedures
in an alternative to this pattern)is a good test for investigating a medicinal medium
which could prevent, or at least reduce, the incidence of myocardial infarction in
man.

SELYE stresses the fact that the agents used in producing experimental heart
disorders in an animal are not necessarily those which are responsible for myo-
cardial infarction in man. He adds, however, that these factors are precisely the
ones which are most frequently blamed by clinicians as probably being at the
origin of the infarct, namely the overproduction of catecholamines and of 17-
hydroxy-corticosteroids (especially cortisol) acting on a coronary atherosclerosis
terrain. The disastrous action of these three factors on the myocardium upsets
electrolytic balance, entailing the loss of cellular potassium and magnesium and
overloading in sodium. This creates a favourable ground for critical disturbances
of myocardial fibre which are probably the cause of impairment of myocardial
contractility and of derangements in the source and conduction of the nerve-
impulse in the specific system of the heart.

SELYE adds that the ease with which experimental infarctoid necrosis is
induced depends on the extra sodium administered, and that agents which
prevent the excretion of potassium protect the animal against these lesions.

He recalls that in his time he had suggested that the considerable number of
myocardial infarct cases discovered in hospital and in which no coronary thrombus
could be proved, might be due to a biochemical mechanism similar to that which
is found in necrotic electrolyte-steroid cardiopathy.

A further important item provided by SELYE is the fact that potassium and
magnesium have an anti-necrotic action [1716]. The same goes for certain anti-
kaliuretic medicaments such as amiloride [1715] which, when administered as a
prophylactic, is able to prevent this infarctoid necrosis in rats, whereas hydro-
chlorothiazide and ethacrynic acid prove inactive. This clearly shows that this
type of experimental infarctoid necrosis is sensitive to various medicinal agents
of the diuretic non-kaliuric type (amiloride) and recalcitrant to the diuretics which
are both natriuric and kaliuric (chlorothiazide derivatives).

4.12. Inhibition of Platelet Aggregation or Adhesiveness

Over the past few years it has been found that certain antianginal medications
have the property of inhibiting the behaviour of the platelets in the process of
intravascular thrombosis. This property probably offers certain additional pro-
spects for a future approach to the treatment of the clinical manifestations of
coronary atherosclerosis and its possible thrombo-embolic consequences.

The part played by the platelets in the origin of thrombosis seems to be well
established. We know little however of the origin and determinism of platelet
anomalies in the pathogenesis of thrombo-embolic disease. Platelet adhesiveness
is increased in patients with coronary sclerosis [158¢], and substances which affect
this activity (such as clofibrate and dipyridamole) are now being investigated.
Although platelet adhesiveness is increased in patients with ischaemic heart
disease, HampTON et al. [140 ¢] consider that measurements of platelet adhesiveness
are of little clinical value because such an increase is seen in a wide variety of
illnesses. Therefore, measurements of the changes in platelet electrophoretic
mobility induced by ADP provide more information, as it seems to exist a correla-

4
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tion between ischaemic heart disease and an abnormally increased sensitivity of
platelets to ADP but not to noradrenaline. On the contrary KarPPINEN [170c¢]
reported that in coronary patients, no significant differences in the surface charges
of platelets and erythrocytes (electrophoretic mobility measured by means of the
cell electrophoresis technique) were found when compared to healthy subjects, but
differences are more likely to be found in plasma and serum factors. The view that
the platelets of ischaemic heart disease patients are structurally and metabolically
different (increased phospholipid/protein ratios) from those of normal subjects, in
such a way that they favour thrombosis, is supported by Norpoy et al. [236¢].

Investigation of human platelets is virtually limited to artificial laboratory
situations. Several tests are currently used without any of them being specific to
the thromboembolic diathesis. The most they can do in certain cases is to provide
an element of diagnosis or provide a means for finding new anti-thrombotic
agents. The problem is rendered even more complicated by the fact that, for in-
stance, in both the rat and man (patients who had suffered a myocardial infarction
or presented signs of coronary heart disease), a high thrombotic tendency may be
associated with a platelet hypersusceptibility to thrombin-induced aggregation,
which, in turn, is related to changes in fatty-acid composition (ratio of saturated -+
monounsaturated to polyunsaturated fatty acids) of platelets [268c].

From the experimental angle, the main laboratory tests [138c] relate to
platelet adhesiveness and aggregation (see also ref. [229¢]).

Platelet adhesiveness is determined by the counting of platelets after passing
the total blood through a glass ball column. The agglutinant agent is the ADP
freed by the erythrocytes.

Platelet aggregation in platelet-rich plasma goes hand in hand with the reduc-
tion in optical density of this plasma. It is increased by ADP, ATP, adrenaline,
noradrenaline, 5-HT, and by thrombine and collagene.

The electrophoretic mobility of the platelets in diluted platelet-rich plasma
expresses the changes in their surface charge. Agglutinant agents increase mobility
at low concentrations and decrease it at higher concentrations. Dissociation of
sensitiveness to ADP and to noradrenaline would appear to be characteristic of
arteriopathy and hyperlipaemia (138c).

Various antianginal medications have been investigated for their effect on
the behaviour of platelets and on experimental thrombosis.

a) Laboratory research into human platelets

Persantine is by far the most extensively investigated antianginal medication
in platelet behaviour tests, but the results are not always in concordance with
each other. Aggregation by ADP is inhibited at a concentration of 10—4M, but
not at lower concentrations [90c], Persantine being less active than Intensaine
[139¢]. Spontaneous aggregation and that which is induced by noradrenaline are
not changed. When administered intravenously, Persantine reduces spontaneous
aggregation but does not modify the effects of ADP or of noradrenaline. For other
investigators, Persantine inhibits the ADP- and noradrenaline-induced changes in
human platelet aggregation and adhesiveness [87 c]. Adhesiveness is not altered in
normal men [90c] but it is reduced in post-operative states [51c]. The effects on
changes in electrokinetic mobility are complex: Persantine is inactive in the case
of diluted platelet-rich plasma, but it inhibits increase in the mobility due to
noradrenaline following incubation in the total blood or after systemic admini-
stration [139c¢]. There is a paradoxical potentiation of ADP-induced platelet
aggregation in the rat by adenosine and Persantine, which remains unexplained
[247 c].
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From the clinical viewpoint, the activity of Persantine has proved to be the
same as that of a placebo in three double-blind experiments, whether involving
post-operatory incidence of thrombosis in the deep veins in 650 cases [5lc],
myocardial infarct complications in 103 cases [109¢], or cerebral ischaemic
incidents during long-term treatment in 169 cases [2c]. On the other hand,
long-term treatment seems to reduce the frequency of thrombo-embolisms after
replacing heart valvules in a group of 100 cases [306¢, 307c]. When combined
with anti-coagulants, Persantine has a favourable influence on the development
of renal transplants by reducing the incidence of acute thrombosis and of progres-
sive stenosis of the arterioles of the renal cortex [180c¢].

Intensaine is a powerful and lasting inhibitor of aggregation by ADP and nor-
adrenaline. When administered intravenously, Intensaine suppresses the changes
in mobility induced by the agglutinants [139¢].

Nitroglycerin inhibits the aggregation induced by ADP but does not alter
that caused by noradrenaline.

Papaverine inhibits aggregation by ADP and by noradrenaline.

Ronicol inhibits aggregation by noradrenaline, but is inactive as regards ADP.

Ustimon and nicotinic acid do not change aggregation.

The following adrenergic blocking agents are active against aggregation by
noradrenaline : phentolamine, tolazoline, propranolol, isoxsuprine (Duvadilan) and
iproveratril (Isoptin). Only propranolol and phentolamine are active against ADP.
Changes in mobility induced by ADP and noradrenaline are eliminated following
intravenous and oral administration of propranolol [139c¢].

b) Investigation into experimental thrombosis

Persantine prevents the formation of platelet masses in the cortical arteries of
rabbits, induced by traumatising the vascular wall combined with the local
application of ADP or 5-HT [107¢c, 223c]. It has a temporary protective effect
against thrombosis caused by laser beams in rabbits ([10¢]. It reduces the extent
and duration of mesenteric occlusions induced by an electric current in rats [82¢].

Intensaine and propranolol are inhibitors of platelet masses in rabbits, but
just as with Persantine there is no parallel between the intensity of effect on
human platelet aggregation and the prevention of experimental thrombosis
[139¢, 88c].

As things stand at the moment, it is difficult to see — and even more so to prove
clinically — what possible therapeutic advantage might be offered for an antianginal
medication by the fact that it inhibits platelet adhesiveness and aggregation. For
the time being, the development of research of this nature would only appear to
be a subsidiary but indecisive line.



Chapter 11

Haemodynamic Basis
for Coronary Pharmacology

It would appear expedient, in opening this chapter, to anticipate the objection
in a very general sense that drugs which increase coronary blood flow in animals
are unsuited, for morphological reasons, to exerting their action on a sclerosed
coronary system in a human being.

Certain clinicians are often heard to say that the extent of vascular impair-
ment found in autopsies on angina patients excludes the possibility of a bene-
ficial effect from a long term medicinal form of treatment. The least that can be
said is that, for physiologists, this objection is not based on sufficient evidence
[217] since it is important not to lose sight of some fundamental notions.

1. Certainly it would appear impossible to modify the vaso-motor function of
a large coronary trunk which is atherosclerosed. It is nevertheless evident that it
is not at the large trunk level that a pharmacological agent works on a normal
coronary system, but rather at arteriolar and pre-capillary level. Indeed, the
resistance of the large arterial trunks only plays a minor part in variations in the
vaso-motricity, whereas this latter is maximal at arteriolar and minor vessel level
[488]. Arteriolar resistance is so high that it is necessary to reduce to one third
the diameter of the large vessels to see a significant drop in irrigation pressure
take place [488]. Now anatomical impairment affects the large epicardial branches
whereas the small intramyocardial branches are very rarely affected. In other
words, the atheromatous process is segmentary and only affects the first few
centimetres of the main arteries [1674], all authors being agreed on the fact that
the small arteries, and especially the arterioles, are never affected [279].

It has further been shown that in pathological situations, the normal regulat-
ing mechanisms of the coronary circulation are not always able to ensure, within
the limits of anatomical and physical possibilities, optimum adaptation of coronary
irrigation to myocardial requirements [217, 225, 226]. However, certain anatomo-
pathological and clinical findings show that a sclerotic coronary system may still
react from the functional angle at the small vessels located in the myocardium
which, since they are not affected by the degenerative process, represent a “coron-
ary reserve’’ [656, 1690]. In the central zone of an anoxaemic area, local regulation
causes what is probably a maximum vaso-dilation, whereas in the peripheral zones
there are still unused coronary “reserves’. It is therefore permissible to assume
that appropriate substances capable of reducing coronary arterial resistance can im-
prove the blood irrigation of the peripheral zones of a previously stenotic area [218].

2. Blood flow in a large coronary trunk whose diameter is considerably reduced
by the atherosclerotic process obeys, as in the case of a normal vessel, the laws of
fluid dynamics, i.e. it directly depends both on the velocity of blood flow and on
the section of the arterial trunk, to the formula:

flow = velocity X section
. (Perfusion pressure — capillary pressure) x R2? x # R?
o iln
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or yet again:
(Perfusion pressure — capillary pressure) X R4n
41n ’

where 1 is the length of the arterial segment considered, and n = blood viscosity.
It is obvious that if arteriolo-capillary resistance decreases with the intervention
of a pharmacological agent or of a natural biological mediator, arteriolo-capillary
pressure reduces and thereby the flow must of necessity increase. Now, as stated
by BRETSCHNEIDER [217], there is nothing to prove that a medicament is unable
to reduce, in the angina subject, the resistance of that part of the coronary
vascular system which is still intact, which has retained its capacity to react and
which is still subjected to nervous and humoral regulation.

We have pointed out in Chapter 1 that the myocardial blood flow of a coronary
patient with advanced arterial sclerosis which is clinically proved does in fact
increase during effort or atrial pacing, and subsequent to the sublingual intake or
intracoronary injection of nitroglycerin, or following an intravenous infusion of
small doses of adrenaline (see p. 28).

3. We know that the reduction by the stenotic process in the functional
reserve of the coronary vessels is partly offset by the development of a collateral
circulation. It has been proved that this development may be speeded up in
animals by means of pharmacological substances [623, 1261, 1659].

4. In the zones adjacent to a stenotic area, such physiological vascular dilation
as has developed by hypoxia probably does not reach its maximum level, and
there is nothing to prevent us thinking that we can further increase it by means
of substances which reduce coronary arterial resistance.

5. It has also been shown that there are many anastomoses in the heart of a
healthy subject. These are of two types: infracoronary, i.e. connecting two
branches of one and the same coronary artery, and intercoronary, i.e. connecting
branches of different major coronary arteries [89, 892, 1539]. These latter have an
average diameter of up to 40—200 microns [191]. In patients who have suffered
from coronary insufficiency, an autopsy reveals that the number and size of these
anastomoses are considerably increased [89, 191, 892] reaching as much as 2 mm
in diameter [89], and that their histological structure is in no way incompatible with
normal vasomotor function since they are free from atherosclerosis. Evidence was
put forward by stereoarteriography in support of the existence of coronary arterial
anastomoses as normal structures in man [105¢]. In the subendocardial layers of
the left ventricle, the anastomoses are commonly 100—200 x or more in lumen
diameter in normal hearts and they are capable of great enlargement in ischaemic
heart disease. In the latter case, the anastomotic vessels are more numerous but
chiefly of larger size [105¢]. The anastomotic reserve seems to be able to compen-
sate for the progressive evolution of the atherosclerotic coronary disease, as
demonstrated by the high incidence of cases with one or more occlusions and
stenoses with normal myocardium or with only minimal myocardial damage [16¢].

6. It is possible that under the effect of certain pharmacological substances,
some redistribution of intramyocardial blood flow may occur at capillary level,
from non-functional vascular zones to functional zones, thus increasing the
nutritive blood flow without it following that the fofal coronary flow necessarily
increases. According to WINBURY [2014], who is at present working on this
problem, such redistribution would arise from a dilator action exerted preferenti-
ally on the pre-capillary sphincters (see p. 45).

7. The possibility of an improvement in angina pectoris by pharmacological
media which increase coronary flow is still accepted by GorrLin [694], although

Flow =
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as far back as 1960 he disclosed the paradoxical fact that nitroglycerin does not
increase coronary flow in the subject suffering from angina pectoris.

In the light of all these facts, we are entitled to ask whether the increasingly
unfavourable attitude of clinicians as regards the use of vaso-dilator medications
in angina is based rather on arguments of a post-mortem character than on the
somewhat disappointing experience they have had with the use of older types of
medications, insufficiently investigated from the pharmacological angle and where
it was only necessary to demonstrate the existence of vaso-dilator properties for
them to be submitted for their medical assessment.

It is permissible to think that this attitude can change, since pharmacologists
are suggesting substances which are more and more active and with increasingly
lengthy activity, certain of which act by new mechanisms and which are even
better studied from the experimental angle in that technological methods are
rapidly improving, not to mention the fact that advances in clinical pharmacology
are constantly providing fresh information regarding the patho-physiological
aspect of coronary insufficiency. Medical disaffection to the vaso-dilators also has
a local character depending on the school of thought: for instance German clinic-
ians still believe in them.

Fashion also plays a part in the doctor’s opinion. The therapeutist does not
turn up his nose at innovations. Once it was a question of the ‘“‘coronaro-dilators”.
A little later it was the inhibitors of mono-aminoxydase. Today it is abstention,
the doctor too often restricting himself to nitroglycerin, sedatives, tranquillisers,
anticoagulants and an invitation to lead a quiet life, away from the stresses of
present-day living, ideally in a secluded spot, advice which is certainly wise but
which the majority of patients cannot put into practice.

Since therapeutic fashions are in a constant state of change, tomorrow will
perhaps see a return to new vaso-dilators, but on the strict understanding that
this is not their only activity and that they also meet certain criteria as regards
their other effects on the cardiovascular system. It is these criteria which we
propose to examine.

Any substance which increases coronary irrigation in animals does not ipso
facto offer a potential advantage for human treatment (see p. 40). From the
pharmacological angle, it should have certain haemodynamic features for it to
have any chance of being effective for man as a preventive medication for anginal
attacks!. Although they might not have gained unanimity of opinion, these
characteristics have attracted a sufficiently wide audience for them to be con-
sidered as essential, at least from the experimental viewpoint, and in the light of
our existing knowledge.

These essential criteria are as follows:

— Not to lower too much general blood pressure

— Not to increase myocardial oxygen consumption, in other words, not to
increase either the work of the heart, nor its output, nor its rate.

— Not to cause myocardial oxygen shortage by an uncoupling effect on the
oxidative phosphorylations (of the dinitrophenol type) or inhibition of cellular
respiration (of the cyanide type).

1 Tt goes without saying that such a substance must first meet other fundamental require-
ments, viz: its resorption as regards the methods of administration adopted under clinical
conditions, good tolerance, low toxicity and rareness of side effects. Specifically as regards
gastro-intestinal resorption, LENKE [199c] has demonstrated that in the case of several sub-
stances which are endowed with important coronary dilating properties following intravenous
administration in dogs, some of them had only a weak or no effect at all when they were

administered into the duodenum. He considers therefore that an early test of activity by
enteral administration is suitable.



Haemodynamic Basis for Coronary Pharmacology 55

— Not to disturb the metabolic mechanisms alleged to be at the basis of auto-
regulation of the coronary circulation [1252].

These characteristics find their justification in the multiple aspects of the phy-
siology of coronary circulation.

Blood pressure may not drop too steeply under penalty of seeing this hypo-
tension have a harmful effect on myocardial irrigation. This factor is too well
known to need further emphasising: it has for a long time been shown that, all
other haemodynamic factors remaining constant, any variation in blood pressure,
in either direction, entails a ltke change in coronary arterial flow [36, 44, 470, 715,
718, 791, 950, 954, 1222, 1398, 1682]. It is therefore obvious that any marked
hypotensive property in a substance which lowers coronary arterial resistance is
liable to harm myocardial irrigation.

The second haemodynamic characteristic required of a coronarotropic sub-
stance is that it should not increase myocardial oxygen consumption. This is vital:
it has, in effect, been shown that it is the myocardial oxygen consumption which
determines part passu the level of coronary flow.

This fundamental concept is comparatively recent since it was in 1950 that
Fovrrz [570] demonstrated the key-role played in coronary flow regulation by the
myocardial oxygen requirements. Obtained with an anaesthetised dog, this
notion was subjected to criticism until 1965, when GrEGa [979] demonstrated the
validity of the phenomenon on a non-anaesthetised dog.

The ingenious technique adopted by GREGG consists in implanting, by an
acute operation, a flow transducer onto the coronary artery, a second flow trans-
ducer onto the aorta root, a catheter into the arch of the aorta, and a catheter
into the coronary sinus, all these devices making possible the simultaneous
measurement of the coronary arterial flow, cardiac output, work done by the
heart and myocardial oxygen consumption. The animal is treated as a thorax
operation case, and after several weeks of patient training it is able to comply
with all the requirements of the experimenter; amongst other things, the myo-
cardial oxygen consumption can be modified at will be subjecting the animal to
muscular effort of variable and measurable intensity, consisting in making it run
on an endless belt. With this type of preparation, GREGG shows that there is a
linear relationship between the work done by the heart and its oxygen consumption.

SARNOFF [1644] and NEILL [1355] have clarified this concept by showing that
it is not the cardiac work as defined conventionally (i.e. the product of cardiac
output x mean blood pressure) which governs the oxygen consumption, but
rather what they refer to as the tension-time-index, viz: the product of three
haemodynamic parameters: — mean systolic blood pressure, duration of the
ventricular ejection and heart rate. It is interesting to note that this index can be
estimated clinically, the heart volume, measured by X-ray, being a valid expres-
gion of the duration of the ventricular systole [280].

GrEGG [979] has disclosed a second very important phenomenon, namely that
there is an equally satisfying linear relationship between myocardial oxygen
consumption and coronary arterial flow.

Thus there is no doubt that under physiological conditions it is the extent of
the myocardial oxygen needs which precisely conditions the level of coronary
arterial flow.

Thanks to the application of bloodless methods for measuring the various
parameters required, it has been possible to demonstrate that in man also the
coronary flow is directly dependent on myocardial oxygen demands [694, 1569]
and that, during exercise, it increases as a function of the myocardial oxygen
consumption [1171].



56 Haemodynamic Basis for Coronary Pharmacology

It therefore follows that if we attempt to administer to the angina pectoris
subject a medication which is liable to increase his myocardial oxygen require-
ments, there is the risk of setting up myocardial hypoxia since his coronary reserve
is considerably lowered.

It is easy to understand why any increase in the oxygen requirements of the
cardiac muscle urgently calls for an increase in blood flow, unlike what happens,
for instance, in the case of the skeletal muscle (Table 2). Here the amount of
oxygen extracted from the arterial blood only represents 259, of the amount
available. It follows that the oxygen content of the venous blood remains high,
viz. 759, of the saturation, and that any increase in work is covered by higher
oxygen extraction and not by a rise in blood flow.

Table 2
Rest Effort
Arterial Oxygen Arterial
oxygen content in oxygen Blood flow
extraction (%) venous blood (%) extraction

Skeletal muscle 25 75 Va -

Cardiac muscle 75 25 - /
(exhausting 4 max
work) (5 times)
/" 95%

In contrast to what takes place at the skeletal muscle, oxygen extraction by
the cardiac muscle is, under normal conditions, exceptionally high. It is 759,
[471] which explains why the coronary venous blood is very poor in oxygen, the
level of the latter only reaching 25%, of the saturation. It therefore follows that
the coronary oxygen reserve is very low. If the subject is given considerable muscular
effort to do, it is found, as stated in Chapter I, that the oxygen extraction rate by
the myocardium does not change, which means that the increase in myocardial
oxygen demands is fully covered by an increase in blood flow. It is only when this
reaches its maximum — it can be increased up to fivefold [1706, 35a] — that the
oxygen extraction rate from the blood becomes more marked, reaching as high
as 959, under very severe work conditions [1706]. This is the reason why the
myocardium depends to such a critical extent on its temporary blood irrigation.

To return once more to the pharmacological criteria, it is therefore obvious
that in order not to raise the oxygen demands of the cardiac muscle, a given
substance must not increase the work of the heart since any excess work can only
be accomplished at the cost of increased oxygen consumption [979].

This concept also implies that cardiac output must be only slightly altered.
The work of the heart is, in effect, directly dependent on cardiac output and mean
blood pressure. It follows that in order not to increase the work of the heart, a
substance, even with minor hypotensive properties, may only very moderately
increase cardiac output, barely in an identical proportion to the drop in pressure,
under penalty of increasing the work load.

The repercussion of changes in heart rate on coronary flow can only be clearly
seen if account is taken of the coronary flow distribution in relation to the two
phases of cardiac contraction, systole and diastole.

In 1940, GrEGa [727] showed as a result of observations on anaesthetised dogs
that the coronary blood flow was always very low during the systole, even to the
extent of being retrograde, and that in fact what really counted for the regulation
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of coronary flow was what happens during the diastole. Taking these observations
as a basis, the conclusion was reached that there was an advantage for an anti-
anginal medication to slow up the heart rate, since by so doing it extended the
diastolic period which could only improve coronary flow.

Back in 1963, GrREGG used a more accurate technique for measuring the phasic
coronary flow enabling him to work with an unanaesthetised dog, as a result of
which he completely revised his opinion and showed that in fact the coronary flow
during the systole amounted to 25—609%, of the flow during the diastole [722],
that it could increase by from 300 to 4009, during intensive exercise, at which
time it would be equal to the diastolic low [723, 724, 728]. These later facts show
that it is illusory to want to lower the heart rate of the angina subject in the hope
of increasing his coronary flow. The fact still remains that a lowering of the heart
rate can be an advantage since it contributes to a lowering of myocardial oxygen
needs [118a]2.

The above physiological considerations thus stress the need, when making a
pharmacological study of a substance which reduces coronary resistance, to take
a close look also at its effect on myocardial oxygen consumption. It should be
added that an analysis of the elements thus gathered provides highly informative
additional information, because the direct quantification of oxygen consumption
calls for the measuring of three factors, viz. coronary arterial flow, the oxygen
content of the arterial blood and the oxygen content of the coronary venous blood
(see p. 93).

A comparison of the variations occurring in these four parameters will provide
five interesting additional indications.

1. The first of these concepts is the determination of the type of effect in the
case of a substance which increases coronary irrigation. If this substance does
not increase the oxygen needs of the cardiac muscle, its “benign’ character is
demonstrated at the same time along the lines of GREGG’s definition [732]. The
substance with a benign character is, in fact, the one in which the increase in
coronary flow which it causes is not conditioned by an increase in oxygen require-
ments. Conversely, the substance which increases flow by an inevitable increase
in oxygen consumption is of a “malignant” character.

2. The second concept gathered is the behaviour of the oxygen content of the
coronary venous blood. Its interest lies in the fact that it enables a relationship to
be established with variation in flow. For instance, where we find ourselves faced
with a substance of the benign type (i.e. one which increases flow without chang-
ing the oxygen consumption), it is found that the oxygen content of the coronary
venous blood increases. This phenomenon is logical since the excess oxygen sup-
plied to the myocardium by the speeding up of the blood flow is not used by the
muscle.

3. The third notion, which derives directly from the foregoing, is the behaviour
of the oxygen coronary arterio-venous difference. Let us take the case of a benign
type substance which thereby increases the oxygen content of the coronary
venous blood. If the oxygen content of the arterial blood does not alter, which is
usually the case, it follows that the oxygen coronary arterio-venous difference
drops correspondingly. If during the investigation of a substance it is shown that,
at different doses, there is good correlation between the increase in blood flow and

2 In normal human subjects, myocardial blood flow increased with cardio-acceleration by
atrial pacing to an average rate of 130 beats/min. With average rate of 150 beats/min, myocar-
dial flow fell significantly after the initial rise at 130 beats/min [182c]. In man with abnormally
low heart rates (idioventricular rate), myocardial blood flow was found to be positively related
to the increase in heart rate induced by pacing [141c].
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the reduction in the oxygen coronary arterio-venous difference, a second element
is introduced, as GREGG points out [732], which provides an experimental check
on the benign nature of the coronary dilator effect.

4. A fourth item of information provided by this type of investigation lies in
the fact that it is possible not only to exclude the malignant character of a sub-
stance which improves coronary irrigation, but also to make it clear why it does not
act in the same way as substances of a malignant nature, whether they be in-
hibitors of tissue respiration like cyanide or uncoupling agents of the oxidative
phosphorylations such as dinitrophenol.

Cyanide causes a very sharp rise in the oxygen content of the coronary venous
blood (it becomes almost on a level with the arterial blood), which is the direct
consequence of inhibition of tissue oxidation which leads to a marked drop in
oxygen consumption by the myocardium [1086, 1165, 1284]. Furthermore, there
is a simultaneous production of lactic acid by the myocardium (which reflects the
transition from the normal phase of aerobic metabolism to that of anaerobic
metabolism) in such a quantity that there is found an inversion of the lactate
arterio-venous difference.

Dinitrophenol increases very considerably the myocardial oxygen consump-
tion, and this increase in needs is only partly covered by the increase in coronary
flow. For this reason, the myocardium increases its coefficient of extraction of
oxygen from the arterial blood, which entails oxygen desaturation of the coronary
venous blood [222, 223, 1168].

5. If we establish the relationship which exists between the variation in blood
flow and the variation in myocardial oxygen consumption, we define the coronary
efficiency, a concept which corresponds to what GOLLWITZER-MEIER [686] calls
the “quality of coronary irrigation”. It goes without saying that this efficiency
increases in the case of a substance which increases coronary irrigation whilst not
at the same time increasing myocardial oxygen needs, whereas it does not alter
or decrease in the case of a malignant type substance.

A final aspect of the physiology of coronary circulation deserves some enlarge-
ment: this is the automatic regulation of coronary irrigation.

We have seen that there are very close correlations between cardiac work,
oxygen consumption, and coronary arterial flow. This dependence proves that the
level of the blood flow is strictly conditioned by the myocardial oxygen require-
ments, and that there exists an intramyocardial system of regulation for coronary
vasomotor functions. This regulating system must obviously be very sensitive,
instantaneous and of a permanent nature [1252], as witness more especially the
extraordinary constancy of the oxygen content of the coronary venous blood and
the considerable reactive hyperaemia which occurs immediately on the restoration
of a coronary arterial circulation which has been temporarily arrested.

As far back as 1880, the question arose as to whether there was not an inter-
mediary of a metabolic nature which might play a predominant role in this
automatic regulating system. Although a large number of physiologists have bent
their efforts to this important question, it has still proved impossible to find a
completely satisfactory answer as regards the nature of the metabolites or of the
transmitters involved. On the other hand, there is no doubt whatsoever that
local myocardial factors play a vital part in changing the tonicity of the coronary
vessels which is very high — and which is directly subordinated to the ortho-
sympathetic nervous system [488] — and thereby adjusting the blood flow to
allow it to meet the myocardial oxygen demands. A study of these intramyo-
cardial mediators has involved particularly interesting investigation work.
Several lines have been suggested.
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Let us first take a look at hypoxaemia. It has long been accepted that hypoxia
is the most powerful physiological stimulus in relaxing the coronary vessels, a fact
which has also been demonstrated in man [805]. But although the effect of hypo-
xaemia is disputed by no-one, there is no general agreement as to the mechanisms
involved in this effect. It would seem, however, that unlike the conclusions of
Hriuron and EicamovTz [833] it is not the oxygen content of the arterial blood
which is the critical factor, but rather the oxygen content at the myocardial cell.
Indeed, BERNE [143] has shown that whatever the amount of oxygen supplied to
the myocardium by the arterial blood, coronary flow does not alter as long as the
oxygen content of the coronary wvenous blood remains in excess of 5.5 volumes9,.
He proceeds as follows. A heart is first perfused at a pressure of 160 mm Hg with
arterial blood containing 18.5 volumes 9%, of oxygen. During a second phase,
pressure is maintained but use is made of blood with a low oxygen content, 12.5
volumes 9%,: it is seen that coronary flow increases by 609, the oxygen content
of the venous blood then being 2.5 volumes %,. If for a second experimental
sequence the same conditions of arterial oxygen concentration are adopted, viz.
18.5 and 12.5 volumes 9%, but at a higher perfusion pressure to ensure an oxygen
content of more than 6 volumes 9, in the coronary venous blood, it is found that
coronary flow no longer alters on transition from normoxaemia to hypoxaemia.
BERNE pointed out these facts by showing that the coronary flow increases from
the moment when the oxygen content of the coronary venous blood drops below
5.5 volumes %,, and also that the increase in flow is proportional to the reduction
in the oxygen content of the venous blood.

This observation by BERNE was likewise confirmed by Katz [950] who, during
the hypoxaemia phase, finds a satisfactory correlation between the oxygen con-
centration in the coronary venous blood and coronary arterial resistance, this
relationship being completely independent of the oxygen content of the arterial
blood [143]. These experimental data do not therefore bear out the idea that
coronary dilatation caused by hypoxaemia is due to the diminution of oxygen in
the arterial blood as such. It suggests on the contrary that arterial hypoxaemia
sets up tissue hypoxaemia which triggers the release mechanism of vaso-dilator
metabolites from the under-oxygenated myocardium. A similar argument lies in
the fact that the increase in blood flow caused by hypoxia persits for some time
after the reestablishment of a partial oxygen pressure exceeding that available
prior to the setting up of the hypoxia. CRONIN et al. demonstrated that the coro-
nary arterioles are directly insensitive to hypoxaemia or acidaemia of the blood
within the lumen of these vessels but respond to factors which affect the aerobic
metabolic state of the contracting myocardial fibers, notably reduction in the rate
of oxygen delivery or reduction in intracellular pH [71c].

The nature of these metabolites has formed the subject of considerable re-
search in the field of fundamental physiology.

Although CO, and lactic acid are products of cardiac metabolism, aerobic or
anaerobic, and that they possess vaso-dilator properties, their role appears to be
a minor one in the automatic regulating system in view of the fact that con-
centrations exceeding those found in the coronary venous blood during hypoxia
only result in very much less coronary vaso-dilatation than that caused by hypoxia
[833].

Recent works have shown [1035] that the level of blood pH appears to play
a critical role, since several drugs known for their property of increasing coronary
flow have only seen their activity displayed in a restricted pH zone of 7.0—7.8,
to disappear at 7.9. Within the same context, the hypothesis has recently been
advanced that, although the pH level does in fact play a major part, it is not a
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question of the extra-cellular pH, viz. the blood pH, but rather of the intra-
cellular pH at the myocardial cell level [467].

In 1935, ANREP [42] suggested histamine as a regulating substance, but
various researchers including Copk [338] were unable to repeat his results, so
that the hypothesis was abandoned.

Although Dawss [395] had suggested that the potassium freed by the cardiac
muscle during its working could contribute to the local regulation of coronary
circulation, Driscor. and BERNE [450] demolished this hypothesis by showing
that intra-coronary infusion of KCl causes mediocre vaso-dilatation which is not
related to the dose, and also that various experimental manipulations which lead
to a considerable increase in coronary flow do not trigger the release of potassium
by the cardiac muscle.

The nucleotides of adenine, which have long been known as powerful vaso-
dilators, have attracted attention as possible regulators of coronary circulation.
This hypothesis is of special interest because of the important role played by
these substances in the energy-producing metabolism of the myocardium. Now
despite their powerful coronarodilator action, there is no evidence that the
phosphorylated derivatives of adenine, viz. ATP, ADP and AMP, are capable of
passing through the membrane of the myocardial cell to reach the resistance
vessels. But it is quite the reverse with adenosine, which easily passes through
this membrane [883]. If we add that this substance is a powerful vasodilator
[2028], that it is quickly rendered inactive by deamination in inosine, and that it
has a great potential source in the form of the adenine nucleotides, we see that
adenostne would seem to be a serious challenger for the role of biochemical mediator.

BerNE [141] has added suggestive arguments in favour of this theory by
showing that, during experimental myocardial anoxia, there is observed in the
coronary venous blood a considerable freeing of inosine and hypoxanthine,
products of the degradation of adenosine caused by the splitting up of the intra-
myocardial adenine nucleotides in the presence of hypoxia.

If we take it as agreed, with BERNE, that the adenosine formed in the myo-
cardium during hypoxaemia passes in ifs entirety through the cellular membrane,
we can accept the regulating pattern which he suggests [142] and which is seen as
follows. Any reduction in oxygen pressure in the myocardial cell, caused either
by a drop in coronary arterial flow or by hypoxia or by an increase in myocardial
oxygen consumption, leads to the degradation of the adenine nucleotides into
adenosine. This spreads through the cell membrane and brings about arteriolar
dilatation, which in turn increases the blood flow. The increase in flow has two
consequences: firstly it speeds up the elimination of the freed adenosine, and
secondly it reduces any additional intracellular formation of adenosine by raising
the intratissular oxygen pressure. Thus a new steady-state is reached, which is
maintained for such time as fresh changes in the initial factors do not take
place.

This attractive assumption can only be valid if it is shown that the adenosine
is not de-aminated prior fo leaving the myocardial cell, since its two breakdown
products, inosine and hypoxanthine, do not possess any vasodilator properties.

Quite recently, BERNE [945] has provided experimental proof of the last link
in his hypothesis: by operating with an inhibitor of adenosine deaminase, 8-aza-
guanine, he detects the presence of adenosine in the coronary venous blood of
hearts which are given a perfusion extremely low in oxygen.

These experimental facts are therefore compatible with the idea that adeno-
sine is formed during myocardial hypoxia and that it spreads from the myo-
cardial cell into the blood before being broken up there.
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This concept finds a further argument in the fact that, in 1967, BERNE found
adenosine in the coronary venous blood during the phase of reactive hyperaemia
which follows removal of occlusion of a coronary artery which has previously
been occluded in an animal [1581].

Finally, in 1969, BERNE [109a] recalls that before being able to accept the
hypothesis of the role of adenosine in the physiological regulation of coronary
irrigation, three things must be shown: 1. that there is a continual release of
adenosine from the normal myocardial cells into the interstitial fluid ; 2. that the
substance released is in fact adenosine and not one of its precursors; 3. that there
is a precise quantitative cause and effect relationship between the adenosine
content in the interstitial fluid and the diameter of the coronary resistance vessels.
He provides at the same time a positive answer to the first of these three require-
ments by showing that the normal myocardium releases adenosine into the
pericardial fluid and that this releasing action is speeded up by asphyxia. BERNE
stresses the fact that the assumption as to the regulating role of adenosine does
not imply that adenosine is the sole determining factor in vascular resistance, and
he suggests that adenosine modulates the effects of the other known or accepted
factors, thus adjusting the coronary flow in such a way as to maintain a correct
supply of oxygen to the cardiac muscle. It still remains to be shown, however,
that the basal concentration of intramyocardial adenosine is in fact reduced
where there is excess coronary irrigation.

Consonant with this hypothesis, the adenosine content of the left ventricular
muscle has been shown to rise sharply during acute occlusion of the left coronary
artery in anaesthetised dogs [28Db]. The increase is the more important as the
duration of occlusion is long (from 5—15 sec), but it appeared to be more closely
related to the number of beats occurring during occlusion than to its duration.
This evidence suggests that adenosine production is somehow linked to the meta-
bolism of the heart, as heart rate is an important determinant of myocardial
oxygen consumption. The myocardial content of the sum of inosine and hypo-
xanthine also rose, though at a slower rate; the limited data on individual nucleo-
side content would suggest that the increase in the sum of the two compounds
was largely due to an increase in inosine content, as the hypoxanthine content
did not appear to change during coronary occlusion.

Among the several chemical changes initiated by myocardial ischaemia and
capable of producing arteriolar dilatation, only adenosine can account for the
entire coronary dilatation observed. However, other factors, such as reduction in
pO,, increase in pCO,, increases in the concentrations of lactic acid and potassium
in the interstitial fluid of the myocardium probably contribute to the relaxation
of the vascular smooth muscle [26¢ and 27¢]. A further step has been recently
made by Sxow and OrssoN [295c¢] who demonstrated that in dogs, adenosine is
readily extracted by the myocardium and they have given evidence in support of
an hypothesis that adenosine is actively transported by the heart. It has also been
suggested by RABERGER et al. [263 c] that a primary step in the coronary dilator
action of adenosine could be concerned with the myocardial uptake of adenosine
and the production of 3'—5"AMP leading to an increase in myocardial glycolysis
and lipolysis.

Other indirect arguments in favour of the key-role played, according to
BERNE, by adenosine in the regulation of coronary circulation are to be found.
These are supplied by BRETSCHNEIDER [221, 224] who shares BERNE’s notions.
To start with, the dilator effect of adenosine on the coronary vessels is specific,
since it takes effect at very low dosage, and it is vaso-constrictive as regards other
areas, the kidney for instance [220, 790]. Next, certain coronaro-dilator drugs —
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with particular reference to Persantine—would seem to owe their coronarotropic
action to the fact that they considerably potentialise the dilating effect of adeno-
sine at this level [220, 790], one of the possible mechanisms being the inhibition
by Persantine of adenosine deaminase [256]. Persantine does in fact exert a
competitive inhibition effect ¢n vitro on adenosine deaminase [422], a fact which
in the view of those responsible for such findings bears out the idea that the
coronaro-dilator effect of Persantine results from the action of endogenous adeno-
sine accumulated in the myocardium. These results (see p. 185) would therefore
suggest that adenosine plays the part of mediator in coronary dilation due to
hypoxia.

The fact that intracoronary injection of Persantine potentialises both the
coronaro-dilator effect of adenosine (but not that of bradykinine and acetyl-
choline) and the intensity of the reactive hyperaemia following arterial occlusion
[1302] is likewise in favour of the mediator role of adenosine.

Certain facts however argue against the hypothesis as to the mediator role of
adenosine :

a) potentialisation of the coronaro-dilator effect of adenosine by Persantine is
not found 7n toto with animals when adenosine is injected into the coronaries
[1694]; it is also non-existent on the isolated heart of dogs and guinea-pigs [1694]
although it is found in the case of cats [1813];

b) the said potentialisation would seem to rest, to a considerable extent, on a
process, having the blood as its seat, of inhibition by Persantine of the permeation
of the erythrocyte membrane as regards adenosine [256, 1049, 1050];

c¢) Intensaine, a coronary vaso-dilator with powerful and prolonged action,
does not intensify the coronaro-dilator effect of adenosine [226, 1694];

d) the findings of BERNE are not proof against criticisms of an experimental
character, in view of the fact that prolonged anoxia leads to membrane lesions and
increased cellular permeability, and that the discharge into the coronary venous
blood from the myocardium of products of adenosine breakdown has only been
demonstrated under conditions of anoxia and not during hypoxia of a physiologi-
cal nature.

These facts lead ScHOLTHOLT et al. [1694] to dispute the regulator role of
adenosine in myocardial blood circulation, and favour instead bradykinine
(see p. 63).

Another mediator has been advanced, in the context of the adenosine hypo-
thesis. BRETSCHNEIDER [226] offered the suggestion that in the action mechanism
of certain vaso-dilator substances there comes into play a specific “sympathine”
for the coronary vessels which is discharged by adenosine at the myocardium and
which stimulates the adrenergic f-receptors. This could be isopropylnoradrenaline
(isoprenaline) which, in a very small quantity, causes a considerable increase in
coronary flow [837, 1087] which is merely ascribable to a reduction in vascular
resistance without there being any increase in myocardial oxygen needs [837]. The
validity of this hypothesis has been examined by KraUuPP using a dog previously
treated with reserpine, and by HircHE with a dog previously treated with a
B-blocking agent. Kraupp found that, in the case of various long-acting coronaro-
dilators (Persantine, Ustimon, Isoptin), there is no significant shift in the dose/
activity relation after reserpine; the action of Intensaine is however suppressed
at therapeutic doses, but reinforced at higher doses. HIRcHE [837], for his part,
found that prior treatment by a f-blocking agent suppresses the coronaro-dilator
action of isoprenaline but leaves that of adenosine practically unchanged. These
facts would therefore appear to contradict the sympathine hypothesis, although
the individual behaviour of Intensaine is remarkable.
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However, according to BRETSCHNEIDER [225], the known fact that the func-
tionally important fractions of the cardiac catecholamines are not rendered
inactive by reserpine, and also that the f-receptors of the myocardium and of the
coronary vessels probably do not react functionally in the same manner, would
seem to lessen the significance of these results arguing against the sympathine
hypothesis.

BRETSCHNEIDER’s arguments do not seem to have carried the day, and it can
be taken as valid that metabolic regulation of the coronary circulation functions
independently of the sympathetic innervation, of a § nature, of the coronary
vessels, an intrinsic innervation whose reality has been amply demonstrated [999,
1280], which is independent of the adrenergic receptors of the cardiac muscle
[1449], and which would seem to be exclusive to the small arteries [197, 1894],
whereas it is of a mixed nature, a and B, in the case of the large trunks [197]3

A third transmitter has been suggested as a biochemical regulator of coronary

circulation. This is bradykinine, which is one of the most powerful endogenous
vaso-dilator substances known for humans and animals [1133]. It is the natural
biochemical mediator for functional vaso-dilatation in the case of certain glands
[834, 835], and it could play a preponderant role in the regulating of blood pressure
at the periphery [575]. Moreover bradykinine is the most powerful reducer of
coronary vascular resistance [47, 1169, 1419, 1423]. It exerts its effect by direct
action on the smooth muscle of the vessel itself and not by increasing myocardial
metabolic requirements, since at the active doses it does not change the heart
rate, intraventricular pressure, or myocardial contractility in dogs [1169], and
it leaves practically unchanged the frequency and amplitude of the cardiac con-
tractions of an isolated heart [47].
These harmonious findings led PARRATT [1419] along with LocENER [1169] to
suggest that bradykinine could be implicated in functional vaso-dilatation in the
myocardium and play a preponderant part in the local automatic regulation of
the coronary arterial flow, not only because of the very high reactivity of the
coronary system to bradykinine, but also because the latter is considerably more
active than adenosine as regards its coronaro-dilator effect, in the region of 50 to
a 100 times greater [1694].

In support of the hypothesis as to the role played by bradykinine in coronary
irrigation regulation, recent observations by PITT et al. [98a] must be mentioned.
Having recalled that it is from the kallikrein in the plasma that bradykinine is

3 No evidence has been found by KaBera and co-workers [67a] indicating the presence
of a-receptors in the coronary circulation of the isolated dog heart, since a-receptor blocking
agents did not antagonise the effects of adrenaline, noradrenaline and phenylephrine upon the
a-receptors in isolated heart preparations, although they were effective in the whole animal.
The fact that butoxamine, a g-blocking drug with vascular specificity (see p. 237) reduces
myocardial blood flow and increases myocardial vascular resistance can be taken as evidence
for the existence of myocardial vascular g,-adrenoceptors [246 ¢]. Furthermore, histochemical
studies on the binding of perfused catecholamines by vascular smooth muscle suggest a
predominance of f-adrenergic receptors in small coronary arteries [8c]. However, LUCCHESI
and HopGEMAN [7e] suggest that the f-adrenergic receptors in the coronary vascular bed
represent f,-receptors and not f,-receptors because practolol, which is a cardioselective
p-blocking agent, produced, along with a significant reduction in the cardiac positive inotropic
and chronotropic response to adrenergic stimulation, a marked decrease in the coronary
vasodilator response to intracoronary injections of isoprenaline while it did not affect the
isoprenaline-induced vasodilator response in the hind-limb (see p. 235). The hypothesis has
been recently raised that there is only one type of adrenergic receptor, a-receptor, which could
be transformed in f-receptor when cardiac activity is increased, by the release of a modulator
substance which, it is said, has been extracted from the plasma of the coronary sinus blood
while cardiac sympathetics were stimulated and was also found in high concentration in
myocardial tissue homogenate [310¢].
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formed in man, these authors take venous blood samples from the coronary sinus
of 7 angina patients in whom myocardial ischaemia (marked by cardiac pain or
the appearance of electrocardiographic symptoms of ischaemia) occurs spontane-
ously or by atrial pacing of their heart rate. They find that there occurs in five of
these patients considerable activation of the kallikrein system which is manifested
by an abnormal increase in arginine esterase activity, a lowering of the kalli-
kreinogen level and the absence of kallikrein inhibitor. The interest of these
findings lies in the fact that activation of the kallikrein system does not appear in
two patients who do not develop cardiac ischaemia. Since myocardial ischaemia
is associated with activation of the kallikrein system, the authors suggest that
plasma kallikrein could play a major role in the response to ischaemia and could
be the mediator in the coronary vaso-dilatation which is triggered off by myo-
cardial ischaemia.

A new substance has recently been proposed, hyperemine, which is said to
condition the response of reactive hyperaemia to the temporary interruption of
coronary irrigation [1869, 1870]. Its structure has not yet been defined, and no
confirmation of its mediator role has been provided by other authors.

If we take a close look at the notions regarding the mechanisms which govern
the regulation of coronary circulation, it is clear that a complete picture will only
be obtained by an investigation, of both a physiological and biochemical nature,
on a non-anaesthetised animal. Recent advances in technology give room to
believe that this question could find a satisfactory answer in the fairly near future.
The importance of these methodological advances will emerge in the following
chapter where it will be seen that the point has been reached where research can
be carried out, both on animals and humans, into many aspects of coronary
circulation under fundamentally physiological conditions which exclude, for
instance, having recourse to general anaesthesia and to damaging surgical opera-
tions.



Chapter 111

Pharmacological Methodology for Testing
Antianginal Drugs

In this chapter will be described the experimental methods which are now
available for measuring the various haemodynamic parameters which are necessary
to determine the profile of the pharmacological properties of a given compound
which may be recommended for clinical use as an antianginal drug.

The nature of such biological parameters is of course closely related to the
haemodynamic properties which such a substance should possess if it is to be
considered of therapeutic interest. It follows, therefore, that such methodology
applies chiefly to the quantitative measurement of coronary blood flow, of cardiac
output, of heart work and of oxygen consumption by the myocardium. Other
special methods will also be described namely the techniques which are advocated
to study the nutritional myocardial microcirculation and the collateral coronary
circulation. The procedures used to create chronic coronary insufficiency in animals
will also be given some attention.

Coronary Blood Flow

The correct quantitative evaluation of coronary blood flow is hindered by
certain anatomical factors. This accounts for the fact that a good many of the
techniques which were initially proposed reflect the ingeniousness of the investi-
gators concerned in getting round obstacles.

Because progress in methodology has been very rapid during this last decade,
certain of the older procedures with only historical interest will be briefly commen-
ted so that greater attention can be paid to the more elaborate methods evolved
in recent times.

To begin with a few words about the procedures which operate with isolated
heart.

In 1895, LANGENDORFF [1074] published a method for perfusion of the isolated
mammalian heart, which he used on dogs, cats and rabbits to study changes in the
rate and amplitude of the cardiac contractions produced by various means. By
reason of the principle on which the perfusion was based, which was the intro-
duction of an irrigation cannula into the aorta in such a manner that it did not
pass the aortic valve, the nutrient fluid (normal saline) entering the coronary
vessels, this technique also implied the possibility of collecting the fluid leaving
the venous system and measuring the changes in the coronary flow. In 1898,
PorTER [1463] used an arrangement closely resembling that of LANGENDORFF to
record changes in the flow from the coronary veins occurring in response to
experimental modification of the cardiac contraction, particularly in force and
rate.

The original apparatus of LANGENDORFF rapidly became the object of diverse
and numerous technical improvements, the most outstanding of which were the
work of HEUBNER and MANCKE [825] whose object was to obtain constant per-
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fusion conditions (pressure,”rate and temperature) and to be able to use con-
tinuous perfusion, the duration of which could be controlled, with drug solutions
of known concentrations for pharmacological investigation, instead of simple
injections. The satisfactory settlement of this method is due to UnLMANN and
NosiLE [1910] who were apparently the first to use it for measurement of the
coronary flow. These authors advanced the technical features of the perfusion
apparatus to a high degree of precision, endeavouring above all, by means of
arrangements which were sometimes complicated but effective, to obtain stable
experimental conditions, particularly in regard to the physical constants of the
perfusion and the chemical characteristics of the perfusates. The apparatus of
UHLMANN and NoOBILE is still currently used, as initially intended, by pharma-
cologists concerned with coronary circulation problems [1899, 1900].

Another variant of the LANGENDORFF technique, which has been used exten-
sively on the cat and dog by KaTz and his co-workers [958], is perfusion of the
coronary system by means of a pump, under a constant pressure of 100 mm Hg
with defibrinated heparinized blood. The animal whose heart is to be perfused is
first heparinized, after which all the mediastinal vessels are ligatured with the
exception of two: the aorta, into the root of which the irrigation cannula is
inserted, and the left pulmonary artery, which is used for the introduction of the
drainage cannula into the right ventricle. All the coronary venous blood that
discharges into the two right cavities is thus collected and measured in a graduated
vessel, and is then returned to the pump after oxygenation. The heart is kept in
permanent fibrillation by means of a faradic current so that coronary flow changes
brought about by injected drugs are solely the result of their direct action on the
musculature of the coronary vessels.

The system proposed by BAKER [72] improves the stabilization of temperature.
Finally, the apparatus produced by ANDERsON and CRAVER [32] and subsequently
improved [31, 1096] is merely a commercial form of Langendorff’s arrangement,
rendered practical, constructed in Pyrex and suitable for use with small hearts
(guinea-pig) or large (dog). The fact that substances are administered by injection
and not by perfusion necessitates a complicated rinsing system which may give
rise to errors. Considering that the injection principle is unsatisfactory, parti-
cularly as the effects produced by test substances vary with the rapidity of their
injection, which is difficult to control, TrurrT [1901] has modified this apparatus
to make it suitable also for the perfusion of drug solutions.

Believing that the normal coronary flow of the perfused heart was, in most
c¢ases, too large — and this would made comparative tests difficult — some
authors introduced a vasoconstrictor substance into the perfusate: polyvinyl-
pyrrolidone [777] or privine, which, in strengths of 1—2 mg per litre, reduces the
coronary outflow by almost 509, without altering the rate or amplitude of the
cardiac contractions [272].

Equally open to criticism, in our opinion, is the idea expressed by these
authors that the dilator effects of pharmacological substances, when recorded by
the Langendorff technique with a perfusion fluid to which a vasoconstrictor has
not previously been added, are of short duration and difficult to measure, and
that this tends to limit the importance of the method ; this is probably due to the
fact that these experimenters injected the test substances into the aortic cannula;
if the substances are administered as perfusions, dilator effects, significant both
in size and duration and easily measurable, are obtained even with very low
concentrations [301].

Whereas the original Langendorff technique measures the flow of perfusion
fluid entering or leaving the coronary vascular bed under constant perfusion
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pressure, some authors, supporting the conceptions of Karz [951] recommended
that, instead of measurement of changes in coronary flow under constant per-
fusion pressure, changes in perfusion pressure under constant rate of perfusion
should be recorded, as these would reflect the changes in tone of the coronary
vessels. According to LUDUENA et al. [1191], the importance of this procedure
lies in the fact that pressure changes are much more sensitive than changes in flow,
so that very slight reductions in vessel tone, incapable of causing any technically
appreciable increase of flow, are registered by significant falls in the perfusion
pressure.

Ryser and WiLBrANDT [1621] have applied a variant of Luduena’s method
to the guinea-pig. LARSEN [1075] suggested another variant, the beating isolated
heart of the cat or rabbit being perfused with defibrinated blood, the volume of
perfusing fluid per unit of time being constant. While the author’s intention was
to study the direct activity of different substances on the musculature of the
coronary vessels, he was working with the beating heart and was therefore making
a summated assessment, without recording, of the effects on the vessels of con-
comitant changes in the extravascular support. It becomes difficult under these
circumstances to dissociate direct and indirect effects.

The principle of recording variations in perfusion pressure, on which the
preceding systems are based, has no major advantage over measurement of the
flow of fluid. Therefore, it is in this latter form, whatever technical variants are
favoured, that the Langendorff technique has been most widely employed on
various animal species — the rabbit, guinea-pig, cat, dog, and even the resus-
citated human heart [1023].

One may reasonably question the value of the results derived from pharma-
cological investigations carried out by the Langendorff technique and the validity
of the extrapolation of these results to the whole organism.

Although one certainly cannot claim that the values, relative or absolute,
furnished by this method can be extrapolated to the coronary circulation of the
intact animal, the figures obtained on the isolated heart do, however, give rela-
tively exact indications as to the activity relations existing at the level of the
coronary system in the intact animal. Comparing the coronary vasodilator
activity of khellin with that of aminophylline, ANREP et al. [45] found an activity
ratio of 4—1 in favour of khellin by the Langendorff method, and they obtained
the same coefficient in the whole dog by the heart-lung preparation method.
HaNNA and SHUTT [779], comparing the coronary vasodilator effect of 65 analogues
of papaverine, found that the respective activities were the same, whether they
worked by the Langendorff method or on the whole dog, the coronary arterial
flow being measured by means of a rotameter. WINBURY et al. [2015] also reported
good correlation, in respect of 25 compounds belonging to the same chemical
series, between the figures furnished by the Langendorff procedure and those
obtained by a technique applied to the heart in situ in the dog, the coronary
inflow being measured with a sensitive rotameter. We ourselves have found, in
respect of various substances, coefficients of coronary vasodilator activity close
to those we established by employing the much more complex method of GrEGG
on the heart in situ in the dog [301].

All these facts indicate that the investigation of the coronary circulation on
the isolated heart, perfused by techniques derived from Langendorff method,
has made an extensive contribution to our present knowledge of the pharmacology
of the coronary circulation. The data they furnish acquire particular significance
when one works under experimental conditions which, whatever they may be (for
example with permanent ventricular fibrillation [956, 958]), ensure constancy of
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the extravascular support during the tests, as the effects recorded can then be
regarded as the expression of a pharmacological activity exerted exclusively on
the intrinsic resistance of this vascular bed.

Needless to say, the quantitative results which have been obtained in wvitro
must be carefully analysed since the physiological conditions have been in many
ways altered. According to some investigators, some correlation could however
exist between the quantitative data recorded in vitro and those which result from
intracoronary injection in the whole dog [925]. Nevertheless, it stands to reason
that this route of administration is only experimental and far removed from the
usual therapeutic modes of administration.

Although perfusion techniques on isolated heart fall in particularly well with
investigations on cardiac metabolism because the nature and the concentration
of the substrates may be modified at will, they are at the present time largely
superseded by the in vivo procedures for measuring coronary irrigation, which
enable experiments to be carried out in conditions where all the determinants of
the coronary flow play their normal role.

Methods working on the anaesthetized entire animal, with the heart in situ,
may be grouped into two general categories: some measure the quantity of blood
issuing from the venous territory, or the coronary outflow; the others measure the
coronary inflow, that is, the quantity of blood that enters the coronary system.

1. Measurement of Coronary Outflow

It is chiefly for reasons of anatomical disposition that many workers have
chosen to measure the venous coronary flow since the coronary sinus can be
reached more easily than the coronary arteries, and very often without opening
the thorax, which is not the case when measuring the arterial coronary flow,
except when indirect procedures are employed, involving radioisotopes for exam-
ple. Unfortunately, the flow from the coronary sinus cannot be in any way
compared with the arterial blood flow.

The procedures which collect the venous coronary blood flow admit of serious
sources of error which throw doubt on their validity. The main objection that can
be made is that they only measure the sinus outflow, which is a fraction of the
total coronary outflow as only a part of the coronary venous blood returns to the
general venous circulation by the coronary sinus, the remainder discharging into
the cardiac cavities by the anterior cardiac veins and the thebesian vessels.
According to physiologists who have given serious attention to this problem,
only 609, of the coronary venous blood drains off through the sinus [43, 1067]. If
this proportion remained fixed under all haemodynamic conditions, then measure-
ment of variations in coronary flow by cannulization of the sinus, although only
partial, would naturally be valuable. While, unfortunately, as a result of early
investigations the most recent of which dates back to 1929 [43, 512, 1222], the
ratio of the coronary venous outflow through the sinus to the total coronary
venous outflow has long been considered constant, even when wide variations in
cardiac output, in heart rate and in intra-aortic pressure are present, it becomes
more and more apparent in the light of subsequent investigations by the more
exact methods which have been made possible by certain technical advances,
that there is no fixity in this relationship [705, 954, 955, 959, 1308, 1965].

The method is based on the assumption that every change in the total coronary
venous outflow finds constant proportional reflexion in the outflow from the
coronary sinus. JOENSON and WiceERS [902] have shown that the relative
outflows from the sinus and from the thebesian veins exhibit considerable varia-
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tions in the cat and the dog, the ratios going from 1:1-3 to 1:4-8 in favour of the
thebesian outflow; these facts confirm both WEARN’s conclusions [1965] for the
human heart and the observations of Katz et al. that the proportion of venous
blood passing through the coronary sinus varied greatly in different animals of
the same species [955] and still more in the same animal under different haemody-
namic conditions [954], particularly when the strength of the cardiac contraction
was modified, which is a very frequent occurrence in connexion with substances
acting on the coronary circulation. According to JoaNsoN and WIGGERS’ experi-
ments, the distribution of the venous return between the sinus and the thebesian
system is determined not only by the respective anatomical vascular resistances of
these two systems, but also by the height of the pressure in the right ventricle in
each systole, rise of this pressure alone (produced experimentally by mechanical
compression of the pulmonary artery) being capable of increasing the sinus outflow.
They attributed this phenomenon to the fact that the increased resistance against
which the thebesian vessels drained into the right ventricle caused diversion of
the blood from these vessels towards the coronary sinus so that a fraction of the
blood in the cavity of the right ventricle came to be added to the coronary sinus
blood, after passing in the reverse direction through the thebesian vessels. It is
true that this opinion of JorNsoN and WIGGERS on the suggested action mecha-
nism has not been confirmed experimentally in the course of subsequent in-
vestigations by WIGGERS himself [634, 1995]: the increase in the sinus flow is not
a mechanical phenomenon because it is delayed, is preceded by reduction of
outflow, and because the outflow remains increased after the intraventricular
pressure has returned to normal, regaining its control values only slowly. Whatever
may be the mechanism or mechanisms involved in these conditions, it never-
theless remains a fact that a slight increase of systolic pressure in the right ven-
tricle causes the sinus blood flow to increase to an extent very close to that very
frequently reported in the literature as resulting from administration of various
substances when the coronary flow is measured by collection of the venous blood
from the sinus only [902]. These changes in the outflow from the coronary sinus
cannot therefore be regarded as reflecting vasomotor effects upon coronary vessels
unless it is proved that the systolic pressure in the right ventricle remains un-
changed. This, however, is never taken into consideration by the pharmacologists
who use such a procedure. Sharing the opinion of the authors quoted on the
absence of any constant relationship between sinus outflow and thebesian outflow,
GragAM [705] has shown that the ratio may vary from 40 to 809, which likewise
proves that the outflow of the coronary sinus cannot be taken as an index of total
coronary flow, and that changes in the sinus outflow may well represent changes
in the distributian between coronary drainage by the sinus and coronary drainage
by the thebesian vessels, rather than changes in the total coronary flow [957].

In an attempt to reconcile these divergent opinions, GrREGG and SHIPLEY [720,
734] made simultaneous determinations of the coronary inflow and outflow in the
entire animal and showed that, under a variety of experimental conditions, the
relationship between inflow in the left coronary artery and the sinus outflow was
constant in a given animal as long as reasonably normal haemodynamic conditions
prevail; it follows that, for GREG@, the changes in the outflow from the coronary
sinus in a given experiment can probably serve as purely directional but not
quantitative indications of changes in the flow in the left coronary artery and
presumably also in the total coronary arterial flow. GELLER et al. [634] and
WicaERS [1995] do not, however, agree with this reconciliatory view, as their
experiments indicated that the right coronary artery is concerned in the venous
flow from the coronary sinus to a much greater extent than is stated by Greaa,
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because the flow from the coronary sinus increased when the right ventricle
increased its activity as well as when the left ventricle increased its activity. The
fact is that considerable areas of the myocardial musculature supplied by the
right coronary artery drain into the coronary sinus in the same way as those
receiving their blood from the left coronary artery.

It would appear, then, to be well established that the magnitude of changes in
venous flow from the coronary sinus cannot be taken as a measure of changes in
the coronary arterial flow. Until a satisfactory answer to this veryimportant
question of the fixity of the ratio between coronary sinus venous outflow and
total coronary venous flow is obtained, it must be considered that any technique
for measurement of the coronary blood flow based solely on cannulization or
catheterization of the coronary sinus is vitiated by a serious source of error and
that quantitative results arrived at by this method must be accepted with the
greatest reserve, the main reason for this being that the distribution of the venous
coronary blood between the coronary sinus and the other vessels is extremely
variable, a fact which has been once again confirmed recently [97].

1.1. Morawitz Technique

Morawrrz and Zauw [1321] suggested cannulization of the venous coronary
system. They drained the coronary sinus by means of a special type of cannula
which they inserted into the large venous trunk through an opening made in the
right atrial appendage, the cannula passing through the right atrium. This
method was much favoured because of its relative simplicity [667, 912, 913, 914,
915, 1390]. A recently proposed modification [22¢] which measures coronary
venous flow by means of an electromagnetic sensor does not seem to offer any
advantage.

1.2. Heart-Lung Preparation

Very commonly employed, especially on the dog, this classical method, which
we owe to Starling, allows of measurement of the coronary sinus outflow by
means of a special cannula introduced into the sinus through the right atrium.
This is a denervated preparation. This technique has made a powerful contribution
to our knowledge of many aspects of the coronary circulation and it is still extre-
mely useful for studies on cardiovascular physiology by reason of the possibilities
it offers for control, in the investigation of a variety of circulatory problems, of all
the haemodynamic elements affecting the coronary flow, and consequently for
demonstration of the effects of one determinant factor, all others being main-
tained constant. In the sphere of pharmacology, it thus allows assessment of the
contribution to a given overall effect upon the coronary outflow made by each
of the factors influencing this outflow. It also facilitates approach to the investiga-
tion of intimate mechanisms in the activity of a substance on the coronary circula-
tion.

1.3. Rodbard Technique

With a view to overcoming the inaccuracies of techniques which collect the
venous blood from the coronary sinus only, RODBARD et al. [1548] have suggested
an ingenious method whereby, in the anaesthetized dog, the total coronary venous
outflow can be continuously measured at the same time as the cardiac output. The
procedure is to divert all the venous blood returning by the two venae cavae into
a reservoir, whence it is pumped out through a flowmeter into the right pulmonary
artery and then to the lungs. The coronary venous blood entering the right atrium
and ventricle, that is, 959, of the total coronary venous outflow, is driven by the
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right ventricle into the pulmonary trunk and then into the left pulmonary artery,
where it is measured by a second flowmeter before reaching the lungs. The sum
of the flows measured simultaneously by these two flowmeters gives the value of
the cardiac output. Although the heart is functioning under conditions which are
relatively different from normal conditions (the right ventricle particularly is
only contracting on a reduced mass of blood represented by the coronary flow),
this technique has the advantage, from the coronary point of view, that it main-
tains the general arterial circulation intact while measuring almost the total
venous outflow.

1.4. Busch Technique

BuscH [263] reported on a method which can be applied only in the rabbit and
does not require cannulation of the coronary vessels as it takes advantage of a
special anatomical arrangement of the venous system in this animal species
namely that, as a result of peculiar embryological growth, there is a direct com-
munication between the left external jugular vein and the coronary sinus. Thus,
avoiding the opening of the thorax, it makes use of a specially designed cannula
introduced in the jugular vein in order to collect only the coronary venous blood
from the sinus without draining any blood from the two venae cavae. The method
is difficult to apply and causes considerable loss amongst the experimental
animals. It has since been abandoned.

1.5. Catheterization of the Coronary Sinus without Thoracotomy

From the moment the radioopaque intracardiac catheter was developed, it
became easy to enter the coronary sinus without thoracotomy, the catheter being
introduced into the right external jugular vein and inserted into the coronary
sinus under fluoroscopy. This technique was applied more particularly by WEsT
et al. [1978, 1980], who designed, for this purpose, a special catheter, the intra-
coronary end being provided with two additional side holes. Coronary venous
blood flowed through the catheter, was measured by different devices, and then
generally reinfused into the general venous circulation.

It was soon realized that this procedure was capable of providing very inac-
curate values for sinusal flow because the existence of additional resistance to
venous flow, created by both the catheter and the flowmeter, altered the normal
distribution of flow between the coronary sinus and the thebesian vessels to the
advantage of the latter and thus to the disadvantage of the sinus.

In order to reduce to the minimum the undesirable variations of sinus flow due
to artificially increased resistances, BRETSCHNEIDER [219] proposed in 1960 a
special catheter of original design which allows the blood issuing from the coronary
sinus to be measured and thereafter to flow into the right atrium as in normal
conditions. The catheter is bent 20 mm from its intracoronary tip. It is passed
along the external jugular vein, the bent portion being guided into the sinus. An
inflatable small balloon permits firm fixation. Blood coming from the sinus enters
the catheter, is then measured by a sensitive device located in the tip, goes out by
a large hole located at the external curve of the bend, and finally returns via the
right atrium.

A slight variation to this catheter has been constructed by LocHNER [1162]
who uses an electromagnetic sensing element, supplied by a square wave current,
instead of the measuring device adopted by BRETSCHNEIDER.

Ganz and FrRONEK [624] elaborated a method for measuring blood flow in the
coronary sinus by local thermodilution method [608], which makes measurement
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of blood flow possible by injecting and mixing an indicator (glucose or physiologi-
cal saline at a temperature of + 20°C) with the coronary venous blood and then
detecting the resulting change in the immediate neighbourhood of the site of
mixing. The injecting orifice and the detector (thermistor) are located near the
tip of a specially designed catheter which is introduced by the way of the jugular
vein into the coronary sinus.

The validity of the method has been checked in animal experiments by com-
parison with the volumetric values. The method has been recently applied in man
[152¢].

2. Measurement of Coronary Inflow!

There are many procedures for measuring the coronary arterial blood flow.
They may be classified in three main groups according to whether they are based
on extra-arterial cannulation or intra-arterial cannulation, or do not involve any
arterial cannulation at all.

2.1. Techniques With Extra-Arterial Cannulation

As they require the partial or total section of a coronary artery, they are being
progressively abandoned. Only two of them are described.

2.1.1. Melville Technique

Utilizing the principles enunciated by STEELE [1827], MELVILLE and his
co-workers [1184, 1276] have devised an ingenious variant of the perfusion
technique and recording devices in the Langendorff method which enabled them
to observe the coronary inflow and the characteristics of the cardiac contractions
simultaneously.

It has been used on the heart in situ in the dog [1182], the animal being
heparinized, the blood perfusing the heart from the apparatus coming from one
of the animal’s carotid arteries and entering the coronary system by the anterior
interventricular artery, which is previously dissected out and cannulized. One
disadvantage of this technique seems to be a certain inertia in the recording
system which entails some asynchronism between the development of pharma-
cological phenomena and their graphic recording.

2.1.2. Schofield Technigque

With the object of rendering the coronary flow independent of arterial pressure
so that fluctuations in the latter would not alter it in a manner which could not
be controlled and measured, ScHOFIELD and WALKER [1692] proposed a technique
for artificial perfusion of the coronary arteries whereby they were able to measure,
in the dog, changes in flow due purely to pharmacological effects produced upon
the vascular system of the heart beating in situ.

The method, conceived by Dawes, MotT and VaNE [396, 1917], is itself an
improved version of the procedures of GApDpUM et al. [619] and of BiNET and
BurstEIN [163] which, despite their simplicity and the advantage of using a
relatively small quantity of extracorporeal blood, present, in the opinion of
Dawes et al., certain disadvantages, mainly deriving from the fact that the
perfusion pressure is not independent of the animal’s systemic arterial pressure.

1 Much technical information about arterial flowmetry can be found in a recent mono-
graph published by Chr. CAPPELEN Jr.: ‘“New findings in blood flowmetry” Universitets-
forlaget, AAS and Wahls Boktrykkeri, Oslo, 1968.
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ScHoFIELD and WALKER’S procedure is to perfuse the anterior interventricular
coronary artery by means of a Dale-Schuster pump, which ejects into a rotameter,
and then into the coronary artery, arterial blood from a femoral artery, kept at
37°C. In this way the coronary flow is independent of the level of the animals’
general arterial pressure, and changes in the flow reflect changes in resistance
developing in the coronary vascular system following the intracoronary injection
of drugs. With the heart beating normally, the method does not, however, permit
detection of those among the cardiac factors which are responsible for the changes
in coronary flow recorded or differentiation of active changes in the calibre of the
vessels from changes due to variation in the compression exercised on these
vessels by the cardiac extravascular support. Although it offers the advantage
that the pharmacological reactions of the coronary system can be examined
without interference from concomitant changes in the arterial pressure, the
method is open to one major criticism, namely, that the pulsatile rhythm of the
pump differs from the rhythm of the heart perfused; the artery cannulized is
irrigated artificially at the arbitrary rate of the pump while the rest of the coronary
arterial system (circumflex and right coronary arteries) is subject to a different
rate (that of the heart) as well as a different pressure (that of the animal), parti-
cularly when the systemic arterial pressure is altered by the substances injected.
In addition to this major disadvantage it may be mentioned that the preparation
of the artery for perfusion necessitates section of nerve fibres in the arterial wall,
which may modify vasomotor control.

2.2. Techniques With Intra-Arterial Cannulation

Three of them are described.

2.2.1. Gregg Technique

The technique employed by GREGG and his co-workers [731, 733] allows of
correct measurement of the coronary arterial blood flow in conditions which
approximate closely to the physiological state, apart from the general anaesthesia
and artificial respiration. It provides for normal irrigation of the left coronary
artery in the dog from the animal’s own carotid artery, the blood passing through
a measuring apparatus interposed between the carotid and the coronary.

The thorax is opened at the level of the fourth left intercostal space. The left
subclavian artery is dissected out from its origin in the arch of the aorta for the
insertion of a cannula of special type which, travelling in a retrograde direction,
is brought into the ascending part of the aorta so that its tip enters the left
coronary artery, where it is maintained in position by a ligature. The blood from
a common carotid artery is diverted to the inlet of a flowmeter from which it
emerges to perfuse the territory of the left coronary artery, travelling by way of
the cannula. The drug injections can be made as desired, either into a peripheral
vein or into the stream above the arterial cannula in intracoronary administra-
tion.

The apparatus used originally by GREGG et al. [735] for measurement of the
flow was a SHIPLEY and WILSON type rotameter [1747]. It consists essentially of
a vertical tube tapering towards the base and containing a small float moving
freely in the vertical direction, the position of which varies with the rate of flow
and is picked up by an induction mechanism connected to a recording system. The
GrEGG’s procedure requires heparinization of the animal and allows the measure-
ment of the mean blood flow only. Any of the following three flowmeters can be
used as measuring apparatus in place of the rotameter:
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a) the bubble-flowmeter as finally designed by Soskin et al. [1796], which was
used by EcKENHOFF et al. [470] and improved by DuMkE and Scumipt [461], is
based on the principle of the displacement of a bubble of air injected into the blood
stream which travels through a glass tube of known volume and special shape
inserted into the circulation under study; the mean blood flow is measured by
timing the speed of the air bubble. This instrument has been only occasionally
used because it cannot provide continuous measurement;

b) the electromagnetic flowmeter of DENISON et al. [414], applicable to intact
vessels, which is an improved and modified version of the flowmeter of RIcHARD-
SoN et al. [1522] which could be used only on cannulized vessels;

c) the drop-meter of VERA et al. [1936], which consists of a transit chamber
for insertion into the continuity of a coronary artery; a photoelectric cell counts
the drops at the entrance into the chamber and recording is effected electronically.

2.2.2. Pieper Technique

This method, which was proposed in 1964, has undeniable advantages com-
pared to the preceding one. PIEPER [1441] has designed a particularly ingenious
catheter-tip flowmeter for measuring coronary arterial flow in closed-chest dogs.

It is a rigid catheter which is inserted through the right carotid artery and
pushed into the aorta till the intracardiac tip enters the orifice of the left coronary
artery. When the tip is wedged in place, it is kept from slipping out by an outer
oversized rim which provides also a positive seal preventing any blood flow past
the rim. Three side holes, near the proximal end of inflow cannula, and spaced
120 degrees apart, provide for the entrance of blood. Blood flow is measured by a
miniaturized flowmeter which is attached to the tip of the catheter, and the signal
is then amplified. The flowmeter is placed in the ascending aorta where it measures
the inflow into the left coronary artery. A brass sleeve is attached to the main
tube. By sliding the main tube, one may occlude the inflow openings during a few
seconds; this allows the establishment of zero flow whenever desired during an
experiment. Performance tests showed the reliability of the instrument for the
measurement of pulsatile flow: the relationship between actual flow velocity and
flow signal gives a curve which is slightly parabolic. This may be made linear by
passing the flow signal through a function generator.

Use of this catheter offers two important advantages: it does not require
thoracotomy and phasic as well as mean flow may be measured.

2.2.3. Berne Technique

BEerNE [139] employed an elegant and rather complex technique whereby, in
the dog, simultaneous recordings could be made of inflow in the circumflex
coronary artery, outflow from the coronary sinus, the oxygen tension in the
coronary venous blood, the intramyocardial pressure, the whole being completed
by measurements of the oxygen consumption of the myocardium from deter-
minations of the oxygen content of the arterial and venous coronary blood. The
technique was to introduce an ECKSTEIN cannula [475] by the endo-aortic route
into the left coronary artery and to perfuse the vascular area with the blood of a
dog donor, distributed by means of a perfusion pump [143], the pressure of which
could be regulated very exactly in relation to the arterial pressure of the recipient
dog. The coronary flow was measured with a SHIPLEY and WiLsoN rotameter
[1747] and the oxygen tension in the coronary venous blood was recorded contin-
uously by the polarographic method of CLARK et al. [331], while a GREeG and
ECKSTEIN apparatus gave the intramuscular pressure in the myocardium [725].
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This method is applied by its author to both the beating heart and the fibrillating
heart.

The experiments on the fibrillating heart appear to be particularly interesting :
as the cardiac extravascular support is constant and pharmacological changes in
the systemic arterial pressure do not affect the coronary flow, the flow is deter-
mined solely by changes in the intrinsic resistance of the vascular bed. In the case
of the beating heart, the simultaneous recording of the various functions mention-
ed above allows of rational analysis of the respective roles of the factors concerned
in a change of flow, namely, the tone of the smooth muscle fibres in the coronary
vessels, the intramyocardial pressure (extracoronary cardiac support) and the
metabolism of the cardiac muscle.

BerNE’s technique has constituted an advanced experimental attempt to
measure the changes occurring simultaneously in the coronary flow and myo-
cardial metabolism; thus, the combination of data collected in the case of ad-
ministration of a substance which increases the blood flow makes it possible to
follow the evolution of the coronary efficiency and to assess the importance or
unimportance of a coronary vasodilator activity in accordance with whether the
metabolism of the myocardium shows very little change or increases in parallel
manner.

One criticism can unfortunately be formulated, not against the measurement
of the coronary inflow, but in relation to the estimation of cardiac metabolism.
This is, in effect, regarded as being the metabolism of the left ventricle, which
presupposes that the coronary sinus blood is necessarily that returning from the
left ventricle and can thus be used for venous oxygen determinations and con-
sequently for metabolic determinations in respect of the left ventricle. According
to GELLER et al. [634], there is here an erroneous interpretation of the opinion
of GrEaaG [720], who considers that the venous outflow from the coronary sinus
can reasonably be used to estimate directional (not quantitative) changes in the
arterial flow in the left coronary artery, on the assumption that the latter, which
supplies the left ventricle, contributes 80—909%, of the venous outflow from the
coronary sinus. Now, the right coronary artery, which supplies the right ventricle,
also contributes to the venous outflow of the sinus and, as a result of the findings
of WiceERs and his co-workers [634, 1995], it is even very probable that this
contribution of the right coronary artery is considerably in excess of the 10—209,
accepted by GrEaa. It would follow, therefore, that the coronary sinus drains a
not inconsiderable fraction of blood from the area of the right ventricle, so that
the arterio-venous oxygen difference, as calculated by use of venous blood from
the coronary sinus, does not express the quantity of oxygen taken up solely by
the left ventricle. The values for cardiac metabolism calculated from this arterio-
venous difference are not, then, exclusively those of the left ventricle as the
arterial circulation of the left ventricle and that of the right both contribute to
the venous flow in the coronary sinus, and do so in an irregular manner, impos-
sible to foresee.

Moreover, it must be stressed that according to more recent investigations
[1067], the oxygen content of the blood in the coronary sinus could not be repre-
sentative of the miwed coronary venous drainage.

2.3. Techniques Without Arterial Cannulation
They can be gathered into direct methods and indirect methods.

2.3.1. Direct Methods
Four of them will be considered.
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2.3.1.1. The Thermostromuhr

The first thermostromuhr was constructed by REeN [1517] in 1928. The
apparatus comprises a small diathermy unit (which supplies a small and constant
amount of heat) and two thermocouples. When the instrument is applied firmly
around an intact blood vessel, part of the heat supplied by the diathermy unit is
removed by the blood stream and this produces a difference of temperature
between the two thermocouples which is a function of the speed of the blood flow
and is recorded by a highly sensitive galvanometer. REIN’s thermostromuhr was
modified slightly in 1934 by BaLpEs and HERRICK [81], who used direct current
instead of high frequency current.

This method has inestimable advantages; while allowing continuous recording
of the mean coronary flow, it is applied to the normal, unanaesthetized animal
for, although the fitting of the device around a coronary artery requires a major
surgical operation under anaesthesia, the procedure can be performed under
conditions of asepsis and the animal can be permitted to recover, the leads
connecting the thermostromuhr to the galvanometer emerging from the thorax
through the operation wound. The animal can naturally be used over a number
of weeks.

The thermostromuhr offers the great advantage of experimentation under
conditions exactly similar to those existing in normal man, that is, experimenta-
tion on a coronary circulation which is still an integral part of the whole circu-
latory system and is subject to the influences of the various physiological factors
which can modify it. It thus furnishes information on the overall pharmacological
effect at this level. Unfortunately some very exact investigations by GrEce and
his co-workers [730, 1746] ended in the conclusion that this procedure could not
be used for quantitative estimations under most experimental conditions. The
physical proof of this produced by these authors has no place here. Briefly, the
flow values established in chronic experimentation from preliminary calibration,
carried out either in vivo or in vitro, can be grossly incorrect as the relationship
between the blood flow and the galvanometer deflection varies with a number of
variables which cannot be estimated and the existence and magnitude of which
cannot be anticipated ; these are the degree of stretching of the artery, the position
and degree of angulation of the instrument in relation to the artery on which it is
applied, the presence of backflow in the flow measured, the nature of the tissues
in the immediate neighbourhood, the movements of extravascular and intra-
vascular fluids in the tissues, the viscosity of the blood flow measured and changes
in the temperature of the blood.

2.3.1.2. The Calorimetric Method

This method for measurement of the intramyocardial blood flow in animals,
which we owe to Krese and LaNGE [980] is based on the technique employed by
HENSEL et al. [815] to effect continuous measurement, by means of a calorimetric
probe, of the blood flow in the skin and the muscles in man.

The method employs a differential thermo-element, which is introduced into
the cardiac muscle, consisting of two metal needle points, one of which measures
the temperature of the muscle, the other being heated, and its temperature will
vary with the blood flow as the heat transmitted to it is carried away by the blood.
The difference between the two thermal currents is recorded continuously by
means of a highly sensitive mirror galvanometer. After thoracotomy, the thermo-
element is fixed through an opening in the pericardium in the cardiac muscle so
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that the tips of the probes penetrate the muscle 3 mm under the epicardium. The
flow values obtained by this method would appear to correspond to those afforded
by the nitrous oxide and the heart-lung preparation techniques. The calorimetric
method has the advantage that it leaves the vessels undamaged as it does not
require any vascular cannulization; moreover, the estimation of the coronary
blood flow in an experimentally infarcted area of the heart is made possible.

One drawback inherent in the method is that the calibration of the measuring
device is critical, the results being therefore more or less quantitative. Some
technical progress has been recently made in this field [1421].

The calorimetry method has been slightly modified so as to record myocardial
metabolic heat production at the same time as blood flow [1421, 245¢].

2.3.1.3. Method Using the Electromagnetic Flow Transducer

The third method for getting a direct reading of coronary arterial flow without
resorting to vascular cannulation is due to GREGG and dates from 1963. It uses
small electromagnetic flow transducers which are implanted around the artery.
The method has several advantages:

— precision of measurement, since the blood flow is measured to within 59%,;

— the possibility of measuring simultaneously the mean flow and phasic flow,
the electromagnetic sensor providing the best method for phasic flow [1248];

— the possibility of measuring, at the same time as the coronary flow, the flow
at several other arteries, including the aorta, whatever their diameter may be
providing they are anatomically accessible;

— the possibility of working out simultaneously the cardiac output;

— its applicability to chronic, non-anaesthetised animals.

The principle behind this method was described by Korin in 1936 [1012,
1013, 1016]. When a blood vessel is located in a magnetic field whose lines of force
are at right angles to the blood flow axis, the latter develops a difference in
potential whose amplitude is a direct function of the velocity of the blood flow
and thus a direct function also of the flow (FARADAY’s law). From the technical
viewpoint, therefore, all that was needed was to produce solenoids which were
small enough to fit the usual arterial diameter, to find a method for implanting
which would not injure the vessel, and to design amplifiers capable of contin-
uously picking up the electromagnetic signal both for phasic flow and mean flow.
Although the principle is simple, the technical manufacture of miniature flow
transducers proved highly complex. In point of fact it needed 25 years, since it was
only in 1963 that GrREcG and KHOURI [977] managed to perfect them.

The miniature flow transducer is in the shape of a horseshoe. It consists of a
solenoid contained in a plexiglass sheath and powered by a sine-wave type
current. The artery is inserted through the slot, then the flow transducer is closed
by fitting a small plexiglass plug. The measuring and amplifying apparatus also
enables the datum zero to be determined, which must of necessity be a mechanical
zero. It is arrived at experimentally for each artery by placing around the latter,
downstream of the transducer, a plastic slip-knot (snare) which is fully closed
when it is wished to check the flow zero [728]2. Only one vessel does not lend
itself to occlusion: the aorta, whose flow zero is taken as coinciding with the
diastolic moment of the phasic flow.

2 In chronic experiments, on conscious dogs, it is advisable to use a pneumatic occlusive
cuff which is placed around the blood vessel. Air injection causes inflation and closure of the
lumen [979].
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Once the test is finished, readings are taken of the flows recorded by referring
to the calibration curve previously established in witro for the transducer used,
such calibration enabling the construction of a scale of flows which is linear in
character3.

In order to implant a flow transducer on the left coronary artery, it only
requires a left thoracotomy after which the artery is freed at its source over a few
millimetres to provide sufficient space for fitting a sensor and the “snare”. If the
aortic flow and mean systemic arterial blood pressure are measured simultane-
ously, a set of recordings is obtained which makes it possible, by means of a single
type of experiment on one and the same animal, to establish a very wide picture
of the essential haemodynamic changes which have occurred, since in addition to
the three parameters measured it is possible, by combining them in various ways,
to arrive at four more: cardiac output (see p. 92), the work of the left ventricle
(see p. 92), coronary arterial resistance by dividing the arterial pressure by the
coronary flow, and total arterial resistance by dividing the arterial pressure by
the cardiac output.

Electromagnetic transducers are currently applied in reconstructive arterial
surgery during intervention [563c].

Recently [1017], an electromagnetic transducer of this type has been fitted
at the end of a catheter (intravascular flow sensor). This new device has the advan-
tage, amongst other things, of not requiring the isolation of the artery, but its end
shape makes it more likely to damage the arterial endothelium than would the
usual type of catheter, so a technical improvement is still being sought [1015].
Physiological intravascular flow sensors emerged from three types of physical
intraluminal velocity meters developed two decades ago, one of which consists of
a large magnet which is external to the conduit, and only miniature electrodes are
introduced. Devices of this type offer the most effective means for probe miniaturi-
sation because the magnet is eliminated from the artery lumen and placed outside
the experimental subject. Flow probes as small as 0.5 mm in diameter passing
through a small intravascular catheter have been designed [186¢]. In an external
magnetic field, they permit measurement of total rate of volume flow and offer the
possibility of percutaneous introduction into the vascular tree [222¢].

2.3.1.4. Method Using the Ultrasonic Flowmeter

The ultrasonic flowmetry based upon the Doppler effect has been designed
very recently. The ultrasonic flowmeters are true volume flow instruments in that
they measure flow velocity integrated over the circular area involved. The Doppler
flowmeters are very sensitive and they possess good zero stability. Because of the
small size and light weight of most ultrasonic flow transducers, they lend themsel-
ves well to chronic implantation and are potentially superior to the electromagnetic
type for this kind of application. Clinical applications of the directional Doppler
flowmeter are twofold: transcutaneous and intravascular or intracardiac [168c].
By transcutaneous application, the Doppler lowmeter makes it possible to record
the flow velocity curves of the superficial arteries (especially femoral, brachial,
subclavian, carotid) and to determine the normal pattern of peripheral flow. It
can contribute to assess the flow velocity variations under the influence of physio-
logical factors [234¢] and of drugs. The flowmeter can also record the peripheral

3 Whereas the blood flowmeter suggested by GrREGG powers the transducer by means of a
current of the sine wave type, the supply by square wave current has recently been perfected.
Tts principles are exactly the same. Under certain application conditions, measurement of the
flow could be done without it being necessary to prepare calibration curves in vitro for each
transducer.
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venous flow. By intravascular and intracardiac application, the catheter tip
flowmeter can record in man the flow velocity curves in both venae cavae as well
as in the right atrium and right ventricle.

2.3.2. Indirect Methods

One method uses nitrous oxide, whilst the others use radio-isotopes. T'hese are
the only methods applicable to humans, and in fact are being used on an increasing
scale, especially the isotope techniques which have now reached, as will be seen
on p. 81, a high degree of accuracy.

2.3.2.1. The Nitrous Oxide Technique

Recommended by Kery and ScaMipt [973] and originally used for measure-
ment of the cerebral blood flow, this technique was applied by ECcKENHOFF et al.
[469] for calculation of the coronary blood flow through the left ventricular
muscle. It is based on Fick’s principle that the blood flow through an organ per
unit of time is equal to the amount of a substance (oxygen or foreign gas ad-
ministered) extracted from the blood by this organ in a unit of time divided by
the difference between the concentrations of the substance in the arterial blood
and in the total venous blood leaving the organ at the same moment.

In the method as applied to measurement of the coronary flow, the concentra-
tion of nitrous oxide in the arterial blood is estimated on blood drawn from any
artery, and the venous blood concentration is determined for blood taken from
the coronary sinus, preferably by catheterization [690, 691].

The quantity of coronary blood passing through the part of the myocardium,
venous drainage of which is effected by way of the coronary sinus, is equal to the
amount of nitrous oxide taken up by the cardiac muscle divided by the arterio-
venous nitrous oxide difference.

The numerator in this fraction is calculated from the weight of the heart
(determined after the experiment in the anesthetized sacrificed dog, or derived
according to the usual standards for the conscious dog or man) and the con-
centration of nitrous oxide in the myocardium, the latter being assumed to be
identical with the concentration of the gas in the venous blood after equilibrium
has been established between the blood and the myocardial tissue; a coefficient
for the partition of nitrous oxide between the blood and the myocardial tissue
enters into the calculation. The denominator of the fraction is obtained by graphic
integration of the clearance from the myocardium and of the coronary arterio-
venous difference for nitrous oxide [1707]¢ during the period of equilibration, a
period during which the subject inhales a mixture of 159, nitrous oxide, 219,
oxygen and 649, nitrogen under uniform standard conditions. From the formula
it is easy to obtain the value of the coronary flow per minute and per 100 g of
myocardium, or more exactly, according to the advocates of the method, of left
ventricle. The dangers of contamination of the venous blood taken from the
coronary sinus with atrial blood and of mechanical occlusion of the coronary sinus
would appear to have been eliminated by the technical conditions under which
(G00DALE et al. [690, 691] perform the catheterization of the coronary sinus.

This procedure has the advantage that it can be used in lightly anaesthetized
or even unanaesthetized animals which are therefore in states approximating clo-
sely to the normal condition. Another important advantage of the method is that

4 An improved technique for measuring blood N,0 levels by gas chromatography allowed
myocardial concentration/time clearance curves to be plotted more precisely [59a].

6 Hadb. exp. Pharmacology, Vol. XXXI
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it determines myocardial metabolism and left ventricular efficiency as well as the
coronary flow; an idea of the coronary efficiency can be derived from it.

While it is suitable for employment when it is desired to determine the value
of a steady coronary flow, the limitations of the nitrous oxide method become at
once obvious when an attempt is made to measure even relative changes in terms
of a reference value, as is always done in pharmacological work. In effect, it can
only be used in conditions in which the flow remains constant for at least the
10 min required for the carrying out of the procedure; it cannot, therefore, be
applied in circumstances in which rapid fluctuations occur in the coronary blood
flow. Another disadvantage, inherent in the procedure itself, is that measurement
is periodic and not continuous; the various determinations required to demonstrate
a pharmacological effect and the repetition of which is limited by the time required
by each of them can only be carried out at moments chosen empirically by the
experimenter.

In 1953, GoopaLE and HackEL [688] modified their technique and measured
the coronary blood flow from the rate of desaturation and not in the phase of
saturation of the myocardium with nitrous oxide, that is to say, on the basis of
the elimination of nitrous oxide from the myocardium from the moment the
animal or subject, who had first been saturated, was returned to breathing room
air. The authors showed that the desaturation procedure affords definitive techni-
cal advantages as it avoided the real danger of leakage from the respiratory
apparatus during the phase of saturation. Moreover, desaturation technique
reduced the source of error in the saturation procedure noted by Grraca et al.
[729], and on the existence of which GoopaLE and HACKEL expressed their
agreement; this was that nitrous oxide could diffuse outward through the peri-
cardium into the thoracic cavity at a rate which increased the closer the myo-
cardium came to saturation. Furthermore, as the nitrous oxide levels in the
arterial blood and in the venous blood often approximate to one another more
quickly during desaturation than during saturation (a fact which supports the
occurrence of external gas loss noted by GrEca), the period of observation
required to obtain arterio-venous nitrous oxide equilibration is so reduced that
the determination actually requires only 5 min instead of 10.

Making on several occasions two successive determinations on the same
subject (animal or man), first by the saturation method and then by the desatura-
tion method, GoopaLE and HACKEL obtained values which were in perfect
agreement, the indication thus being that the desaturation procedure was valid
in comparison with the saturation technique.

A criticism has been formulated by WicaERs and his co-workers [634, 1995].
The nitrous oxide method is claimed to measure the coronary arterial low and
the oxygen consumption of the myocardium for the left ventricle, on the basis of
GREGG’s observations [734] that 90—959%, of the venous flow in the coronary
sinus comes from the left ventricle. Now, WiacaERs et al. have shown that the
right coronary artery, which is the main supply of the right ventricle, contributes
much more to the venous flow in the coronary sinus than was found by GrEGG.
According to WiceERs, the nitrous oxide method cannot, therefore, claim to
measure the coronary flow and the oxygen consumption of the left ventricle as the
arterio-venous difference in nitrous oxide is calculated on the basis of the nitrous
oxide content of venous blood taken from the coronary sinus which also drains,
and probably to quite a considerable extent, myocardial areas belonging to the
right ventricle.

On the whole, however, it can be assumed that the nitrous oxide method
constitutes an important approach to determination of the coronary flow under
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conditions which are peculiarly physiological as it necessitates no surgical inter-
vention or anaesthesia.

The accuracy of the data it affords is, however, conditioned by the number of
tests made for a single study, and it is greater in the anaesthetized animal because
the method requires a steady state which is sometimes difficult to obtain in the
waking animal, even when it is trained to remain still [570]. In spite of the major
disadvantage of necessitating a steady state during the entire period of collecting
blood samples, the method has nevertheless some outstanding advantages:
neither thoracotomy nor general anaesthesia (at least in man) is required, the
haemodynamic state is not altered [1574] and the results obtained in man and
dogs concord [1571]. Owing to its relative simplicity, the procedure has been very
often applied in man. It is in the course of being superseded by the more recent
isotopic methods, although these require far more expensive equipment.

2.3.2.2. Methods Based on the Employment of Radioactive Substances

During recent years, advantage has been taken of the development of equip-
ment for detecting radioactivity in the blood and the tissues to elaborate many
methods which are based on the use of radioactive tracers. Several isotopes have
been proposed: non-diffusible substances, diffusible substances, and finally
diffusible inert gases.

2.3.2.2.1. Non-Diffusible Substances

The chief isotopic method which is based on the principles of the dilution of a
non diffusible tracer makes use of radioactive iodine [1723]. Radioactive iodinated
human serumalbumin is injected into an antecubital vein in dosage of 0.2—0.4 ml
(0.05—0.1 ml for dogs). The passage of the radioactive tracer through the heart
is rated by a gamma-ray detector placed on the precordium and measuring the
chronological change in counting rate. The curve produced during the first
circulation of the radioactivity is known to consist of two well-defined peaks
representing the passage of the radioactivity through the right and left sides of the
heart. SEVELIUS and JoENSON have recognized that the typical curve is composed
of three peaks, the second classical main peak being closely followed by a third
peak, the onset of which coincides with the appearance of the radioactivity in the
periphery (detected and recorded by a second detector placed over a carotid
artery). That this third peak is, for JOENSON and SEVELIUS, related to myocardial
blood flow and that the area beneath the peak may be taken as a measure of the
coronary blood flow is demonstrated by the fact that, in dog experiments, the
third peak of the curve which may be seen in normal conditions disappeared
completely when both main coronary arteries were occluded. The third peak thus
appears at a time which could represent myocardial blood flow. Unfortunately,
because of an insufficient time lag, it is difficult to differentiate the peak of pre-
cordial radioactivity related to myocardial flow from other rapid changes in
precordial activity, such as that resulting from the preceding passage of blood
through the left side of the heart, or that due to subsequent recirculation from
the most rapid noncoronary circuits [213¢]. Until the true coronary precordial
peak in radioactivity can be more sharply defined, it is difficult to place reliance
on data obtained with this method as representing coronary flow [726].

2.3.2.2.2. Diffusible Substances

Amongst the most widely used diffusible tracers are potassium (K42) and
rubidium (Rb®). The principle behind the method is as follows. The isotope
administered into the arm vein as a slug injection has a large volume of distri-

6*
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bution within the myocardium. Over a period of at least 1 minute, coronary
venous drainage of the isotope is negligible as compared with its initial deposition.
In view of the fact that the isotope extraction rates by the heart and by the body
are identical, it is possible to calculate the coronary flow since the uptake or the
clearance by an organ of a rapidly diffusible substance depends on the flow of
blood through that organ.

At the outset, the limitations of such methods were very real. For instance, in
1966, Mo1r [1309] considered that the method using the rubidium then available
only gave a very inaccurate quantitative measurement and only gave a guide as
to variations in coronary flow. Later on, the technical procedure was improved
to such a degree that at least two teams of research workers [167, 1008] were able
to demonstrate the reliability of the method (see further).

Rubidium quickly took preference over potassium since, whilst metabolically
behaving in the same way as the latter because its turnover rate is identical, it has
an advantage over it in that it has a longer half-life. Rubidium has been used in
two forms, Rb%¢ and Rb84. Love and BurcH [1179] used Rb8¢ on animals, which
calls for continuous intravenous infusion so as to keep constant the concentration
of the isotope in the arterial blood; it does not enable measurement to be made
of any changes in coronary flow in the same subject. A few years later, DoNaTo
et al. [438] adapted the method for use in man, but the use of Rb%® has two
drawbacks: firstly, because of the low percentage of gamma rays emitted, that
of requiring comparatively heavy doses, which limits to two the number of
assessments which can be made for a given patient [437]; secondly, it presents
the difficulty of differentiating between the specific activity of the cardiac muscle
alone and that of the surrounding tissues and of the blood contained in the cardiac
cavities [438, 1203], with the result that the relationship between coronary flow
and extraction of the isotope by the myocardium is not close. It was to mitigate
this drawback that DonaTo [438] used two isotopes at different times, adding to
the diffusible Rb8® a non-diffusible substance, 1131, which enabled him to dissociate
the radioactivity of the cardiac muscle from that of the intracardiac blood.

Other authors then chose Rb®4, which emits positons (i.e. free positive elec-
trons). Bing [165] was the first to use it in 1964. With his colleagues, he perfected
a technique known as the ‘“coincidence counting technique’” which measures the
disappearance of the Rb84 as a function of the coronary flow in man. This method
was not strictly quantitative, but it did provide information as to changes in the
clearance of the Rb%* by the myocardium. Its main advantage lies in the fact that,
by monitoring the right hemi-thorax by a second counting system, it makes it
possible to arrive at a distinetion between the radioactivity of the cardiac muscle
and that of the surrounding tissues and of the blood in the heart cavities. It still
had the drawback of not being able to detect rapid changes in flow, because
statistical error is too great when periods under 5 minutes are considered.

In 1968, i.e. after 4 years of experimenting, BiNa provided a clear definition
of the technical conditions and improved the method [167]. There are two methods
of injecting Rb8¢ and determining coronary blood flow using this technique.
The first is by constant intravenous infusion of Rb®¢ chloride over a 30 min
period. A distinct drawback in constant infusion is that a long steady state is
required, rapid changes in coronary blood flow being obscured. Moreover, the
accuracy of flow measured is difficult to ascertain because the long steady state
period is not compatible with simultaneous direct Fick principle determinations.
The second variant of the method is rapid intravenous injection of Rb%4 given as a
bolus; its theory and principle are described in a very recent paper by Bina and
colleagues [27a). The development of coincidence counting and rapid bolus
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injections of Rb84Cl has the advantage of allowing determination of myocardial
blood flow over short periods following administration of a drug. The calculation
of coronary blood flow from rapid injections is much simpler than in the case of
constant infusion, and it does not require a computer. In addition, the accuracy
of the figures can easily be ascertained by direct Fick principle measurements. It
must be stressed that as this method determines clearance of the radio-isotope by
the myocardium, nutritional blood flow concerned with active myocardial uptake
is measured, rather than total flow. The reproducibility of the values for coronary
blood flow in man is excellent since two determinations, five minutes apart in
resting individuals, revealed no significant difference, values being reproducible
within 2.19, [27a].

Using the same method, KNOEBEL et al. [1008] obtain with a dog normal
coronary flow values comparable to those given by the Fick method [1254]. Like
Bing, they show the reproducibility of two measurements made consecutively on
10 normal subjects at rest, which are respectively 243+ 64 and 236 +62 ml/min.

2.3.2.2.3. Diffusible Inert Gases

Two diffusible inert gases have been used: krypton®® and xenon!33. The flow
measuring techniques using them would appear to be more deserving of con-
fidence in that these two indicators freely diffuse through the cell membranes
[1078]. They can be administered either by inhalation or (in saline solution form)
by injection into the left ventricle or directly into the coronary artery. Inhalation
and intraventricular injection call for catheterisation of the coronary sinus but
dispense with external counting. Selective injection into the myocardium via the
coronary artery calls for catheterisation of the latter and precordial count.

The intracoronary selective administration of krypton has been used by
HanseN et al. [780] and by HEerDp et al. [816] on dogs. Left intraventricular
injection following left catheterisation has been used by GorLIN [344] on man
and dogs: the normal coronary flow values obtained are comparable to those
provided by the nitrous oxide method.

As regards Xe!33, this has been used for intracoronary injection in humans by
Ross et al. [1562] and by BERNSTEIN et al. [146]. Xe!33 was used in preference to
krypton because its gamma emission is greater [1562] and its lower emission
energy means less irradiation hasard for the patient. The advantages of this
technique over the foregoing method are:

a) delivering the isotope selectively to the myocardium so that all immediate
precordial radioactivity comes from the myocardium and the speed of its dis-
appearance from the precordium is a dependent variable of the coronary blood
flow: 909, of what returns to the right side of the heart disappears from the blood
during a single pulmonary passage, and it has also been shown that coronary
venous drainage into the right auricle plays no part in the precordial radioactivity
curve [493]. It follows that recirculation presents no significant problem. Moreover,
the method allows repeated measurements to be taken since these do not require
more than 2—3 min.

b) enabling separate investigation of right and left coronary circulation,
depending on which artery is catheterised. It has thus been possible to demonstrate
that, in relation to the weight of cardiac muscle, left coronary flow is considerably
greater than right coronary flow, the respective values being, per minute and per
100 g of muscle, 86 and 40 ml for dogs and 76 and 48 ml for men [1447]. The
accuracy of the method can be considered as satisfactory since the values for
total coronary flow obtained in the case of dogs are in agreement with those
provided by direct rotameter measurement [1504], and furthermore [146], with
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12 dogs where two measurements were taken at 3 min interval, the mean differ-
ence between the two measurements amounts to 17%, of the actual mean value
for the coronary flow, this mean difference being 14.5%, in 22 human subjects.

By way of concluding this survey of the methodology used for measuring
coronary flow, it would seem pertinent to round off by summarising the methods
which can be adopted under conditions which do not call for general anaesthesia,
that is to say on conscious dogs and humans.

1. For the non-anaesthetised dog. Two methods can be recommended. The first
uses miniature electromagnetic flow transducers (see 2.3.1.3.). Under an ana-
esthetic, a transducer is fitted to the coronary artery and the cable connector is
attached to the skin. The thoracic opening is closed up and the animal is treated
as a thorax operation case. After 4—6 weeks, one animal is available for measuring
variations in coronary flow under the influence of a wide variety of agents. This
method allows the simultaneous chronic implantation of other transducers,
particularly on the aorta, and various catheters — for instance in the aorta and in
the coronary sinus — with the result that the same animal can be used for a whole
set of measurements of a fundamental nature making it possible to assess coronary
flow, cardiac output, the work done by the heart and myocardial oxygen con-
sumption. It is difficult to see how physiological conditions could be more closely
approximated for simultaneous measurement of the major haemodynamic para-
meters.

The second method enabling coronary flow to be measured in a non-ana-
esthetised dog is the most recent one. Perfected by FraNgrin [582], it uses
ultrasonic waves and measures the flow by telemetry on a dog in freedom. The
potential advantages of this method are considerable [1916], but for the moment
results present some interpretation difficulties which can only be solved by experts.

2. For use on man. The nitrous oxide method which has long prevailed is likely
to give place to the isotope methods for two essential reasons: it calls for catheter-
isation of the coronary sinus and requires a steady state of several minutes, a
fact which excludes the possibility of detecting rapid variations in coronary flow.

As far as the isotope methods are concerned, a choice may be made between :

— the use of Rb®® according to the DowaTo method, limited by the need to
apply high radioactive doses;

— the use of Kr® by the GorRLIN method [344] which calls for the
catheterisation of the left ventricle;

— the use of Xe!33 with the Ross technique [1562] which requires catheter-
isation of the coronary artery;

— the use of Rb# by the BINe technique [167] which dispenses with any
cardiac catheterisation. This seems especially promising, particularly as regards
its method of rapid isotope injection, since it has proved itself on over 1000
patients, it provides a coronary flow measurement in 30 sec, it supplies excellently
reproducible values, and enables very early variations in blood flow to be detected.

It is also necessary to point out the special interest offered by selective coro-
narography (whose data make it possible to establish an excellent relationship
between clinical symptomatology and coronary arterial lesions [1470, 1471]),
associated with the measurement of coronary flow by the Ross method [1561],
thus enabling investigations which correlate physiological results and anatomical
pictures. It can therefore be expected that it might provide the answer to several
pressing questions which have not been solved as to the efficacy of the thera-
peutics advocated in the fight against coronary atherosclerosis, and also provide
a sound basis for a rational evaluation of antianginal medications under these
pathological conditions.
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3. Nutritional Myocardial Micro-Circulation

The nutritional myocardial circulation is studied by means of Rb8® since its
extraction by the tissues from the arterial blood is in relation to the flow of the
blood-stream through the capillaries and to the total capillary surface available
for the diffusion of this isotope [1518], this latter depending on the number of
open capillaries whilst the former depends on arteriolar resistance. For this
reason, Rb8® can be used as a quantitative indicator of the capillary blood flow
[601].

It was WinBURY [2008] in particular who developed this type of method on
animals. It calls for the injection of the isotope into the coronary artery and the
determining of its concentration in the blood of the coronary venous sinus [2014].
The difference between the radioactivity injected and the radioactivity recovered
in the venous blood represents what has been picked up by the tissues, and the
percentage of Rb8® extraction is an index of the distribution of blood as between
the nutritional vessels and non-nutritional passages. The uptake of Rb®® is a
direct function of the blood flow.

Despite all the interest of this type of research, WINBURY’s investigations
probably only constitute an initial attempt to meet the vital need, stressed by
Rowe [1572], for methods enabling the nutritional circulation to be investigated
which in fact is the only circulation which is of any account as regards the meta-
bolic needs of the cardiac muscle.

4. Collateral Coronary Circulation

The effect of a drug on collateral coronary circulation can be examined either
in acute or in chronic experimentation.

4.1. Acute Experiment
There are at least three ways of tackling the problem.

4.1.1. Linder Technique [1142]

An acute coronary arterial occlusion is carried out on a dog, and a measure-
ment is taken of the collateral blood flow intended for the ischaemic zone thus
created by using inert radioactive gases such as Xe!33 or Kr#5. The substances
being investigated may be administered as required by general or local route.

4.1.2. Rees Technique [1505, 267 ¢]

Myocardial infarction is induced in a dog by acute ligaturing of the anterior
descending coronary artery. Then a fine catheter made of nylon is inserted into the
artery distal to the ligature. The thorax is closed up again. Small quantities of
Xe'33 are injected down the catheter as required during the recovery period. The
disappearance of the isotope, which is a dependent variable of the anastomotic
blood flow, is measured by an external precordial scintillation counter. This
method thus provides a means of measuring the immediate effect of drugs on the
anastomotic blood flow.

4.1.3. McGregor Technique
The foregoing technique can be used for acute pharmacological tests. This

in fact is the procedure recommended by McGrEGoR for research into anti-
anginal substances (see p. 44) because it enables the collateral intramyocardial
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blood flow to be assessed at the opposite end to the occlusion by measuring either
the retrograde coronary flow [1240], or the elimination of an inert indicator
injected into the ischaemic zone [972], or the thermal conductivity in that zone
[683], or finally the partial oxygen pressure by means of a micro-electrode fitted
into the ischaemic zone [524].

4.2. Chronic Experiment

Here again several methods have been suggested.

4.2.1. Meesmann Technique [1262]

The substance under investigation as to its effect on collateral coronary
circulation is administered to conscious dogs over a lengthy period of daily
treatment. At the end of the chosen period, the animal is killed. The heart is
removed and then chilled for 24 hours. For preparing the visualisation of the
coronary arterial tree, the organ is warmed up again and the three coronary
arteries are fitted with cannulae. The arterial system is first carefully rinsed out
with Ringer fluid at 37°, then a contrast substance is injected under constant
pressure. Finally the organ is X-rayed.

With this method, it is possible to assess the extension of the retrograde
refilling of the adjacent coronary vessels, which is an index of the collateral
coronary circulation. Amongst other things, MEESMANN demonstrated by this
technique the need which exists, in the case of Persantine, for administering high
doses for several weeks to develop a considerable collateral circulation, the usual
doses being unable to set up an anastomotic system (see p. 181).

4.2.2. Sehmidt Technique

SceMIDT and ScHMIER [1679, 285¢] follow a different course than MEESMANN
after sacrificing the animal. After closing the aortic valves, they inject into the coron-
ary arterial tree a plastic material, Araldit, which produces a moulding of the entire
myocardial vascular system after intravascular polymerisation. The heart is then
treated with a 359, soda solution. Once the myocardial tissue has been destroyed,
the vascular cast can be examined. It shows the density of the arterial network
and the presence of intercoronary anastomoses whose number and size can
provide an indication as to the favourable effect of medications administered
during chronic treatment. In addition, when use is made of animals which have
been subjected to ligature of a large coronary trunk and which, on recovery, are
given repeated doses of a medicament, the cast of the heart of the control speci-
mens is cut off from all the vascular area depending for its supply on the previ-
ously occluded artery, whereas in the case of animals pre-treated with certain
medicaments to which is attributed the property of encouraging the development
of collateral coronary circulation, the destruction of this part of the arterial cast
may be less marked, or even non-existent, the filling up of the distal portion of the
ligatured artery taking place from the arteries left intact and via the newly-
formed collateral anastomotic system or one which has been boosted by the effect
of the drug.

4.2.3. Schaper Technique [1657, 283 ¢]

We have mentioned on page 46 that, in ScHAPER’s view, the most sensitive
indicator of the development and nutritional efficacy of a collateral coronary
circulation is the coronary quotient which is arrived at by dividing the retrograde
coronary arterial pressure measured downstream of a chronic coronary occlusion
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by the aortic pressure. The technique therefore consists in incompletely occluding
the circumflex coronary artery of a dog by means of an Ameroid type ring (see p.90).
This operation is used at the same time to insert two catheters, one in the aorta root
and the other in the distal portion of the coronary artery downstream of the ring. The
animal is treated as a thorax operation patient. After it has recovered, measure-
ments are taken at different times of the two pressures. The development of an
effective collateral coronary circulation is reflected in a progresswe increase in
retrograde coronary pressure, so that the coronary quotient rises, and at its
optimum approaches the value of one. The quotients are compared at given times
of animals treated with a medicament and those of untreated animals. This method
has been used to demonstrate the favourable effect of lidoflazine on the develop-
ment of collateral coronary circulation (p. 199). The limitations of this method
and the sources of error to which it exposes the investigator in assessing the effect
of a drug on the development of collateral circulation have been outlined already
in Chapter 1 (see p. 46).

5. Experimental Chronic Coronary Insufficiency

The demonstration of any new antianginal drug capable of being used clini-
cally demands an extremely searching and laborious experimental investigation,
which is rendered particularly difficult by the complexity of factors concerned
in regulation of coronary flow and metabolism of the myocardium. Nevertheless,
experimental pharmacological investigations aimed to find out powerful and
long-acting antianginal medications were and remain intensive. Several compounds
have been shown periodically to exhibit on animals some properties related to the
coronary circulation and the metabolism of the myocardium which answer best
to the pharmacological requirements at present accepted for an antianginal com-
pound and which therefore raised the hope of using them for the effective prophy-
lactic management of the anginal syndrome (see p. 39). But search for a medication
which will effectively prevent or reduce in man the frequency and severity of the
anginal attacks has been up to now rather disappointing.

There are many reasons which could partially explain why pharmacological
properties cannot often be extrapolated to clinical medicine. Some of them relate
to the experimental conditions inherent in pharmacological investigation while
others, which will be considered in chapter IV, are to be found in the difficulties
which necessarily arise when correct clinical assessment is undertaken.

The majority of the many drugs in use at the present time were recommended
as antianginal medications on the basis of animal experiments, and though
preliminary clinical trials of some have been encouraging, subsequent controlled
trials have in almost every case failed to confirm the initial claims. Thus, there is
the fact that pharmacologic properties demonstrated in the laboratory animal may
not be reproduced in the human patient. Possibly one of the main factors respon-
sible for failure in this transposition from pharmacology to clinical trial is the fact
that the pharmacological experimental work is carried out mainly on normal
coronary circulations whereas the medication has to deal with coronary arteries
which are generally very much altered by pathological processes.

It can therefore be taken as probable that any important advance in this field
will be effected by the creation in animals of coronary and cardiac lesions of
chronic type, comparable to those occurring in man, and capable of causing the
development of anastomoses between coronary arteries, similar to those seen
very frequently in human subjects with obliterating coronary arterial sclerosis.
Experimental pathology of this kind would provide us with “coronary animals”
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in which the haemodynamic disturbances produced by operative technique or by
sclerogenic agents could be investigated and correlated with the pathological
lesions produced. It would also enable the study of the pharmacological effects of
compounds on hearts already provided with vicarious anastomotic circulation.
Thus, in order to complete this methodological survey, it seems worthwhile to
review briefly the various attempts aimed to elaborate an experimental model
that could realize a chronic coronary insufficiency in animals. There are many
various procedures which have been advocated. Only the most interesting which
are also the most recent will be described.

Marcus, Karz, Pick and Stamier [1219] have succeeded in producing
chronic coronary insufficiency and a chronic cardiopathy of coronary origin in the
dog by the intracoronary injection of spherules of divinylbenzine, of average
diameter 500 g, in a dose of 2—3 mg/kg. Electrocardiograms recorded more than
15 months after the operation show frank signs of myocardial infarct, in agree-
ment with the pathological findings in those of the animals which were purposely
killed; they showed the presence of old infarcts involving the right ventricle, the
anterior and posterior walls of the left ventricle and, almost always, the inter-
ventricular septum.

The facts described by these authors in 1958 indicate that the procedure is
worthy of the attention of experimenters as it provides dogs with chronic cardiac
lesions corresponding exactly, from the pathological standpoint, with those seen
in man with cardiac involvement of coronary origin and which are expressed by
comparable electrocardiographic signs. It is therefore astonishing that the power-
ful interest which these observations must have aroused has not led to the exten-
sive employment of this method. Its protagonists themselves do not appear to
have extended their study of the basic technique by physiological or pharma-
cological investigations.

The same comment can be made for the method used by Kurisama [1059].
The anterior descending coronary artery having been dissected near its origin in
dogs, the vessel is then surrounded with a gelatin sponge containing dicetyl-
phosphate which is finally held in place with a wire. Chemical irritation induces
the formation of granulomatous tissue leading, in all cases after 3—4 weeks, to
vascular stenosis by external compression, which is severe in 639, of cases and
provokes histological deterioration, characteristic of acute myocardial infarction,
in that portion of the muscle whose irrigation is dependent upon the stenosed artery.

The lack of continuity in the utilization of such procedures is sufficient com-
ment on the difficulty of experimental physiopathological approaches to the
problem of coronary affections in man. The concern to produce in animals cardio-
vascular disturbances which are as like to those deemed to occur in the subject
suffering from coronary heart disease continues nevertheless to stimulate research
workers, since it is a truism that this method of approach in pharmacological
work should provide the vital link between investigations into normal animals
and clinical research on angina pectoris subjects. Proof of this is provided by the
fact that at the 1st World Pharmacological Congress in Stockholm (August 1961),
where the pharmacology of coronary circulation was tackled albeit in a very
limited manner, two new experimental methods were suggested.

Accordjng to Buscu [264, 265], cardiovascular disturbances very similar to
those found in coronary subjects could be produced by rendering rabbits sensitive
to various proteins (notably egg white or sheep serum). Their coronary vessels and
cardiac muscle are considerably impaired and present, under histological examina-
tion, a picture of tissue changes similar to those found in a man suffering from
coronary sclerosis; the haemodynamic consequences of this experimental ‘““coro-



Experimental Chronic Coronary Insufficiency 89

nary disease’” would seem to be those which occur in humans during an angina
attack or during the development of infarction, with particular reference to a
marked reduction in coronary blood flow [265]. As a result of these observations,
BuscH considered that myocardial ischaemia of an anaphylactic type in rabbits
would provide a particularly apt experimental procedure for investigation into
coronaro-dilator substances. It was abandoned, probably because it is still to be
proved that there is a close correlation between the capacity of various substances
to antagonise anaphylactic ischaemia and their effectiveness in the case of angina
pectoris subjects.

Another method was proposed by VarmA and colleagues [1921]. They found
that with a rabbit anaesthetised with pentobarbitone, subjected to vagotomy,
given curare followed by artificial respiration, the injection of 0.1 mg of picro-
toxine into the lateral cerebral ventricle induces, after a temporary period of
cardiac irregularity, profound depression of the S-T segment of the electrocardio-
gram which lasts for 30—120 min and which would appear to indicate the exist-
ence of serious myocardial ischaemia. This effect seems to admit of a stimulation
of the central sympathetic mechanisms leading to hypersympathicotony. Despite
all the interest offered by this method, which can be adopted, for the same reason
as the injection of vasopressine and experimental hypoxia, for the purpose of
inducing myocardial hypoxia objectified by electrocardiographic indications of
ischaemia (and which has the additional merit of revealing the possible role of
certain central sympathetic nervous mechanisms in the origin of ischaemic dis-
orders of the cardiac muscle), it is clear that it only produces ischaemia of a
functional nature (coronary spasm with a pharmacological character). It therefore
seems farther removed from experimental coronary pathology than the Buscu
technique where the anaphylatic type ischaemia produced would appear, accord-
ing to details at present available, to be of an essentially organic nature.

Comparatively simple, the SarLAzAR technique [1630] applied to a dog under
light general anaesthesia consists in inserting a catheter into the carotid artery
and guiding it towards the left coronary artery until its extremity fits into one of
the two large branches. A steel wire, acting as an electrode, is inserted into the
catheter lumen and adjusted in such a way that it extends 3 mm beyond the end
of the catheter tube. With a negative electrode placed on the thorax, a 3-volt d/c
current is applied to the intracardiac electrode, initially at a low intensity then
gradually increased to between 100 and 900 micro-amps. After a period ranging
from 20—90 min, depending on the animal, the continuously recorded electro-
cardiogram shows the emergence of undoubted myocardial ischaemia, and a
coronary arteriogram provides proof of the fact that there is coronary thrombosis.
Catheter and electrode are withdrawn, and the precarotid incision is stitched up.
This method, which has the advantage of avoiding any surgical operation properly
so called, did not entail any fatal results: it proved effective with the 23 animals
used. Anatomopathological examinations carried out on sacrificed animals
disclosed the existence of ventricular infarction and coronary arterial thrombosis.

WEsT et al. [1979] use a catheter inserted into the coronary artery of a dog to
inject a suspension of lycopod spores measuring from 20 to 40 g in diameter.

NARHIAVAN et al. [1337] describe a closed thorax technique used on dogs
which briefly consists in sliding along from the carotid artery a small metal
cylinder on a guide wire and fixing it permanently either in the anterior inter-
ventricular artery or in the circumflex artery. The diameter of the cylinder used
to reduce the vascular lumen can be selected in accordance with the size of the
vessel whose lumen it is desired to restrict.

Over the past few years, other improved methods have been suggested.
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Firstly, the method proposed by VINEBERG [1943] and LiTvaK et al. [1161].
This is of special interest because it permits of slow coronary arterial occlusion,
gradually progressive and permanent, in a dog which is kept alive. By means of
an acute operation, a constrictor ring of the Ameroid type is fitted around a
coronary artery, usually the left circumflex. This ring consists basically of an
outer steel sleeve lined on the inside with a layer of ameroid (a plastic substance
with a casein base) and which has a central aperture in which the artery is housed.
Once the ring is in position, the plastic layer gradually swells by absorbing water
from the tissues. Since he has a range of rings whose centre aperture is of different
sizes, the experimenter selects the ring whose aperture is best suited to the size of
the artery, and he fits it around the latter during an aseptic operation. The thorax
is closed up, and the animal is treated as a patient recovering from a thorax
operation. The Ameroid slowly swells by water absorption and causes a gradual
arterial constriction: after 4—6 weeks, the diameter of the artery is reduced by
80—909,. Unfortunately, operational wastage is enormous, only 109, of the ani-
mals surviving the operation.

It is possible to use this method to examine the surviving percentage of
animals treated with an antianginal medication and compare them with a batch
of untreated controls [1196]. The retrograde coronary flow in the distal portion
of the occluded vessel can also be measured. In addition, the coronary arterial
tree can be injected with plastic moulding material to show the extent of any
collateral circulation which has developed. This method also lends itself to
pharmacological research on artificially reduced blood circulation [137]. A large
number of applications of this technique have been reported (see p. 86).

A further method of coronary restriction was perfected in 1966 by KHourI and
GREGG [978, 127 ¢]. As compared with that of VINEBERG, it has the dual advantage of
being adjustable at will, and operating on a ‘“‘determinable’ basis. The technique
consists of fitting around the circumflex coronary artery a rigid ring with an
inflatable lining into which air can be pumped. At the same time, an electro-
magnetic transducer is fitted upstream of this pneumatic cuff. The transducer
supply wires and the tube leading to the occlusion device are sunk into and secured
to the skin. Once the animal has recovered, it is possible to inflate the constrictor
ring and adjust compression in such a way as to reduce the blood flow to the
desired level, the reduction being measured by means of the flow transducer fitted
upstream of the occlusion. Anatomical examination of the hearts injected, after
death, by the ScHLESINGER method [1673] and which have been subjected to
partial coronary occlusion over a period of some forty days reveals that compensat-
ing and collateral flow vessels have developed. Similarly, the blood flow in the
non-occluded arterial trunk increases considerably and appears to perfuse more
myocardial tissue than prior to the occlusion. This very promising method is still
at the moment limited to laboratories highly specialised in fundamental research.

The above enumeration shows that there is no lack of techniques. They make
it possible to foresee that progress can be expected of pharmacological research
carried out along these experimental lines.

Measuring Cardiac Output

Several methods are available for obtaining direct measurement of cardiac
output, and these have formed the subject of a recent critical survey by LEQUIME
et al. [1103]. Basically they are:

— the original Fick method which calls for the insertion of a catheter as far
as the pulmonary artery. The method is too conventional to be given in detail.
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Mention need only be made of the fact that the accuracy and reproducible nature
of the values which it provides are highly satisfactory [1717].

— the calorimetric method which also calls for the insertion of a probe, of the
DEeLauNois thermistor type for instance [402], into the pulmonary artery.

— the indicator dilution method which uses radioactive iodinated human
serum albumin: cardiac output is calculated from the radioactivity decline curve
[99], usually the portion relating to the passage through the right ventricle, taking
into account the circulating blood volume and several biological constants, as per
the HamruroN formula [772]:

cardiac output = VS x %, where V8 is the circulating blood volume (in ml),

H = the height of the equilibrium plateau obtained ten to fifteen minutes after
injecting the tracer (in cm), and

S = the surface defined by the curve and worked out by planimetry (in cm?2).

— the so-called dilution method, whether it entails a dye injected into a
peripheral vein (e.g. Cardio-green), or physiological fluid either cold or at room
temperature (method by thermodilution). This method is simple and quick; it
enables very frequent measurements to be made, particularly in the case of
thermodilution, and it provides cardiac output values which are in excellent
agreement with those provided by the FIck method, especially if use is made of
the procedure recommended by GooDYER et al. [693], namely, if the injection
of saline is done in the right auricle and the cooling off of the blood stream is read
off in the aorta root®. As regards the dilution method (whether using dye or saline),
planimetric measurement can be avoided by using a computer, which offers the
advantage of providing an immediate reading whose accuracy is greater than the
planimetric calculation since the computer automatically cancels out any error
due to possible recirculation. The validity of certain types of computer has been
the subject of intensive technical research by TAaYLOR et al. [1876] who find that
they are of great practical interest.

— the fiberoptic hemoreflection method [92¢, 93¢, 106¢] incorporating in-
stantaneous as well as continuous measurement of oxygen saturation without
withdrawal of blood samples and using special intracardiac catheter (intracardiac
oxymetry) has also been used to record dye-dilution curves for determination of
cardiac output [92¢, 155 c]. The results were in good agreement with those obtained
by a conventional densitometer method [155¢] or by the direct Fick method
[331c], or by thermal dilution method [294c].8

— a very recent method, but one whose validity has not been checked other
than on primates, uses 50 u microspheres marked either at 1251, or 51Cr or #5Sr.
Some 5000—10000 microspheres in 7—10 ml of saline solution are infused over a
period of 15—20 sec through a catheter inserted into the left ventricle. Under
these conditions, there is excellent correlation between the measurements taken
by this method and the values obtained with the same animals and under the same
conditions by the Fick method [61a].

5 Our own fairly extensive experience in this technique with anaesthetised dogs enables
us to give it an error limit which does not exceed 129, worked out over two hours of observa-
tion at a rate of 12—20 readings an hour.

6 The technique is sufficiently accurate for acute studies but until the long-term risk of
clot formation on the catheter tip is thoroughly evaluated, the use of this method in chronic
studies of patients under intensive care is questionable, while the thermal dilution method is
uniquely attractive for use in the long-term monitoring of cardiac output necessary to the
management of the critically ill patient [294c].
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Besides these direct methods, there is one which enables the cardiac output
to be calculated from certain parameters. This is the electromagnetic flow-
measuring technique by means of which the flow of the left coronary artery and
aorta flow can be measured simultaneously. The sum of the two flows gives the
cardiac output. The value thus obtained is obviously incorrect by default since it
only takes into account the left coronary flow and not the total coronary flow, the
flow of the right coronary artery not being measured. When they wish to work
out cardiac output by this method, physiologists do not measure the right coronary
flow because the anatomical position of the right coronary artery is such that
access to it entails major surgical impairment. The omission of the right coronary
flow, however, is negligible since it amounts to only one sixth of that of the left
coronary artery [726], and furthermore the total coronary arterial flow only
represents between 4 and 59, of cardiac output [726, 1008, 1571].

Measuring Cardiac Work

For physiologists and pharmacologists, the concept of cardiac work covers
merely the work of the ventricles, the auricles being only of limited interest from
the haemodynamic viewpoint. Of the two ventricles, it is more especially the left
one which engages the attention of researchers.

The work done by the left ventricle is expressed by the following equation:

CW. = C.0. x M.B.P. X 136 + pV?

M 28
@
where:
C.0. = Cardiac output
M.B.P. = Mean systemic blood pressure
13.6 = Specific weight of mercury
P = weight of volume of blood ejected
v = velocity of the blood flow :
g = gravity acceleration

The term (1) represents that part of the cardiac work which ensures the
ejection of a certain quantity of blood at a given pressure into the general arterial
circulatory system, whose resistance it must overcome.

The term (2) expresses that portion of cardiac work which ensures the velocity
of the blood flow in the aorta and its branches.

Under physiological conditions, term (2) is a negligible fraction of ventricular
work since it represents only one hundredth part [511]. It follows that when
researchers want to measure cardiac work, they ignore term (2) and keep merely
to term (1). Measurement of the left heart work consists therefore in quantifying
the cardiac output and the mean systemic blood pressure.

Measuring Myocardial Oxygen Consumption

Physiologically speaking, oxygen consumption by the left ventricle is governed
by several factors [1790]:

(1) the contractile state of the myocardium [1790];

(2) the tension developed in the ventricular wall throughout the systolic phase
[1116, 1644], this tension itself depending on the systolic ventricular pressure and
the volume of the ventricular chamber [611, 1116];
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(3) the velocity of ventricular contraction [1791];

(4) the external work of the ventricle [700], itself depending on the heart
and the total vascular resistance (see p. 92).

Although the measuring of myocardial oxygen consumption encounters
special difficulties from the technical angle, it can now no longer be accepted that
experimental research on a substance intended for the treatment of angina pec-
toris does not supply accurate details as to its effects on the oxygen requirements
of the cardiac muscle (see Chapter II).

Two methods may be used, one direct and the other indirect.

1. Direct method. This is based on the Fick principle according to which the
amount of oxygen consumed by the left ventricle is obtained by multiplying the
left coronary arterial flow (in ml/min) by the arterio-venous difference which is
found between the oxygen content of the coronary arterial blood and the oxygen
content of the coronary venous blood. It follows that, from the technical view-
point, a calculation of the myocardial oxygen consumption calls for the simultane-
ous measuring of the following three parameters: coronary arterial flow, oxygen
content of the coronary arterial blood and oxygen content of the coronary venous
blood.

We will not again be going over the measuring of coronary arterial flow.

All that is needed to measure the oxygen content of the coronary arterial
blood is to take a sample of the blood in any peripheral artery, since the oxygen
content of arterial blood is identical at all points of the arterial system.

Measuring the oxygen content of the coronary venous blood is technically
more complex. Numerous reports have shown that only the venous blood of the
coronary sinus is representative of myocardial drainage circulation. Technically
speaking, it is therefore necessary to sample the coronary venous blood from the
sinus [1392]. The latter is catheterised by means of a SONES catheter with three
eyes (one terminal and two lateral) at its endocardiac extremity, inserted in the
right external jugular vein and introduced under radiological control into the
coronary sinus.

Arterial and venous blood sampling, and measurement of coronary flow, must
of necessity be simultaneous. The blood samples are analysed for oxygen content
either with the Van Slyke gasometric apparatus or by means of an analyser of the
Beckman type for instance.

It should be recalled that measurement of myocardial oxygen consumption
also provides additional vital notions which are arrived at by comparing such
variations as occur simultaneously in the four terms of the formula. These details
have been outlined in Chapter II (see p. 57).

2. Indirect method. Its advantages lie in the fact that it is technically very
simple and that it calls for no surgical damage.

It involves the measuring of the tension-time-index [1644, 1355] which is an
accurate haemodynamic index of myocardial oxygen needs (see Chapter II).
Since it is the product of three haemodynamic parameters, the mean systolic
blood pressure, heart rate and duration of the ventricular ejection, it is easy to
measure since it only requires a recording of the central arterial pressure (in the
aortic arch) and heart rate, and eventually of an electrocardiogram, the latter
giving also the heart rate and the duration of ventricular systole by working out
the Q-T space. The procedure can be easily applied in conscious dog and in man
[249¢].

The value of the tension-time-index as an accurate pointer to myocardial
oxygen consumption has been confirmed by various authors [167, 592, 984, 1543,
1798].
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A new complex haemodynamic parameter for the evaluation of oxygen con-
sumption of the left heart in dog and man has been recently proposed by STRAUER
et al. [302¢]. According to these investigators, the best correlation was found
between left ventricular oxygen consumption and the product of the square root
of left ventricular work by the sum of dp/dt max -+ dp/dt min.

The ultimate aim set itself by pharmacology is to build up, for the benefit of
the clinician called to study the therapeutic effects of an antianginal drug, a
dossier in which the key piece is the overall effect of this substance on the general
and coronary circulations of an intact organism, animal or human subject, the
conditions in which, as in the patient, all the factors influencing the myocardial
metabolism operate. Only when made on the whole organism can determinations
of the effect of a substance on the coronary efficiency have true values. The
pharmacodynamic investigation of substances liable to be used in the clinical
treatment of man must of necessity, therefore, be carried out on intact laboratory
animals in conditions as close as possible to those existing in the case of the
human patient. These methods, however, have their place only in the final,
preclinical stage of experimental investigation. The information they supply is,
of course, essential for any inference of therapeutic value, but it is not enough as
it does not throw very much light on the intimate mechanisms involved in an
overall effect and these procedures do not enable the total phenomenon to be
broken down into all its components. It is only recourse to simpler, partial pre-
parations that allows of analysis of the mechanisms operating. The experimental
investigation of an antianginal drug thus implies the employment of a batch of
different techniques, adapted for certain well-defined ends, each of which has its
usefulness provided its possibilities and limitations are known.

The simple methods, and particularly the techniques on isolated heart, have
the additional advantage of permitting the screening of large series of compounds.
The current investigation of chemical series requires more elementary methods,
which nevertheless enable the nature of some pharmacological properties to be
determined, for example a direct dilator effect upon the coronary vessels when
fibrillating hearts are used, and the possible intervention, in a given increased
blood flow, of some modifications of strength and rate of cardiac contractions
when the investigations are carried out on normally beating hearts.



Chapter IV

Clinical Methods for Assessment of the
Therapeutic Value of Antianginal Medications

The multiplicity of methods which have been recommended for appraisal of
the clinical effectiveness of antianginal medications indicates that none of them
is entirely satisfactory and that such appraisal still leaves something to be desired.

It is naturally not a question of evaluating whether a particular drug has an
effect or not on the developed anginal attack. As BATTERMAN [105] has stated, the
clinical problem that presents itself is that of assessing change produced by pro-
longed administration of a drug in the frequency and severity of the attacks of
pain.

However logical the point may appear, it is fitting to recall that exactitude in
the diagnosis of angina pectoris constitutes the indispensable premise to every
experimental therapeutic investigation. And while, since the time of Heberden’s
classical description of this syndrome, numerous medical contributions, both
clinical and instrumental, have facilitated its diagnosis to a singular degree, even
at the present time the correct diagnosis may eventually prove especially difficult.
In the course of a symposium devoted to the differential diagnosis of thoracic
pains [1860], seventy-eight different conditions, other than coronary insufficiency,
were enumerated as capable of occasionally simulating the anginal syndrome?.
As the several types of specialized knowledge required for the exact diagnosis of
most of these pathological states are lacking in a good number of doctors, even if
they are cardiologists, it can be taken as very probable that some patients without
any heart disease must have been included in series of patients selected for
experimental investigations on the anginal syndrome [320].

Diagnosis of Angina Pectoris

Various types of clinical examination are used to assist the physician in his
diagnosis, particularly electrocardiography, ballistocardiography and vecto-
cardiography. As for the electrocardiogram, the type of tracing termed “coronary”
is far from being constant as 409, of patients with clinically well-established
coronary involvement have, in addition to negative general and objective cardio-
logical examinations, a normal resting electrocardiogram [1233]. Furthermore the
electrocardiogram is in poor correlation with the data collected in patients in
whom selective cinecoronarography has demonstrated the presence of obstructive
atherosclerotic coronary lesions to various extent [1141]. In the case of the
ballistogram, the abnormalities described for the anginal syndrome, although
characteristic [240] and present in 909, cases [418, 419, 1651], are not specific
[1650, 1824]. As regards the vectocardiogram, its morphological alterations are
not related with the data derived from the visualization of the atherosclerotic

1 According to RicEHARDsSON [1521], the cartilaginous joints of the thorax seem parti-
cularly liable to acute or chronic trauma and they are probably the source of a number of
painful anterior chest-wall syndromes.

7 Hdb. exp. Pharmacology, Yol. XXXI
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coronary damages appearing by selective cinecoronarography [1141]. The diagno-
stic accuracy of combined electrocardiogram, vectocardiogram, and exercise-
electrocardiogram was found greater than that of any one taken singly [316¢].

The inconstancy of the electrocardiographic changes and the lack of specificity
in the ballistocardiogram and in the vectocardiogram as well have led to the
elaboration of laboratory tests based on the fact that, the anginal syndrome being
the reflection of distress of the coronary circulation, a coronary insufficiency,
superimposed by the operation of an experimental stress that increases the work
of the heart and its oxygen requirements, is reflected either in the reproduction
of an attack of pain or in typical electrocardiographic changes, identical with
those recorded in the course of a spontaneous crisis [1664] namely, depression of
more than 2 mm of the S-T segment in at least one lead [1664] and complete
reversal of the T wave in a left precordial lead [990].

Such experimental standard tests are the two-step exercise of MASTER et al.
[1233] and the generalized hypoxia test of LEVY et al. [1129]. While very useful
in most cases, these tests do not have the value of unquestionable diagnostic
elements as many patients with undeniable coronary disease give negative
responses. This is particularly true in relation to the effort electrocardiogram. For
example, MASTER test (see p. 103) was negative in 189, of proved cases of angina
[1593] and, according to the recent: statistics of MASTER himself [1230], there was
still a negative response in 3.29, of cases even when MASTER double test was
applied or the variant of the simple test suggested by Lrrtman [1160]. However,
the value of this test should be more doubtful for FRIEDBERG et al. [598] because
they found, as the result of a double blind study, that the proportion of the false
negative tests was 129, instead of 3.29, according to MASTER, while the number of the
false positive tests averaged 399%,. Following further studies, especially by MASTER,
the diagnostic significance of this test could be improved if, instead of considering
exclusively the magnitude of S-T depression, more attention were paid to the dura-
tion of the depression [1236, 1556], adding a careful examination of a specific
configuration of the segment [1235] to which BrRopYy drew particular attention
[231]. As the MASTER test is always negative in the normal subject [1593], only a
positive test is of real value and affords a considerable degree of support to a
suspected diagnosis of coronary involvement.

While it seems to be well established that LEvy’s hypoxia test (see p. 106) is
always negative in the normal subject and that a considerable number of anginal
subjects exhibit typical electrocardiographic abnormalities, points indicating quite
close correlation between these electrical signs and angina [168, 169, 259, 1474,
1839], it is less frequently positive in the coronary patient than the exercise test
of Masrer [510,1380, 1839].

An important modification of the LEVY’s test has been proposed by Marm-
sTROM [1214]: by use of a gaseous mixture containing only 6.5%, oxygen and
4.59, carbonic anhydride (the concentration of CO, has been lowered to 3%, by
Karz and MEssIN, 949), MarmsTroM showed that his technique furnished 909, of
positive results in anginous patients with atherosclerotic coronary disorders, a
fact that gives answer to the objection commonly raised against the hypoxia test
of LEvY which, by use of a 109, oxygen and 90%, nitrogen mixture, afforded
positive results in only 50%, of cases with undoubted coronary insufficiency. In
the hands of CouLsHED [372], the MaLmMsTROM’s procedure should even provide a
positive response in 959, of patients suffering from myocardial ischaemia.

All these considerations led Dry [452], ELLis et al. [489], BATTERMAN [105],
Axprus [33], FriEDBERG [597] and SoMMERVILLE [1787] to state that the diag-
nosis of angina pectoris should in fact be established primarily by extremely
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careful interrogation of the patient and that instrumental examinations as well as
induced coronary insufficiency tests merely provide additional elements, the
value of which is important but not decisive [366, 520, 860].

We should, however, take a look at the diagnostic value of the methods which
have been proposed over the past few years and which for the most part are
based on recent concepts of human physiology. One of these, advocated by
SHEFFIELD since 1966, would appear to make an interesting contribution to the
problem of diagnosing angina pectoris.

In the view of SHEFFIELD et al. [1736, 1737], it is not a standard skeletal muscle
load which should be imposed on the patient, but a specific and reproducible degree
of cardiac stress, independent of age and work capacity. Working from this
assumption, they suggest a type of test known as GXT (graded exercise test)
which should, in the case of a given patient, increase in a standard manner the
myocardial oxygen demands. Taking as a basis the physiological notion that any
increase in myocardial oxygen requirements calls for a parallel increase in coronary
flow (see p. 55), and that this oxygen consumption tends in fact to vary in pro-
portion to the heart rate [195], they deem it reasonable to assimilate the functio-
nal potentials of coronary circulation with the heart rate measured during the
exercise.

They select a level of tachycardia which is 859, of the maximum possible rate
for each patient in the light of his age. They take as the criterion for ischaemic
depression of the S-T segment the critical value of 1 mm in any derivation where
this segment is isoelectric prior to the exercise, and not 0.5 mm as in the MASTER
test, because from their own experience any depression of 0.5 mm appears difficult
to them to reproduce accurately.

Working on a total of 216 subjects, of whom 112 were deemed to be normal and
104 suspected cases of angina pectoris on the basis of purely clinical criteria, they
find that, as compared with the MASTER test, their method has greater sensitivity
and greater specificity since it provides less responses which are falsely negative
and falsely positive respectively. They add that their method does not increase
the potential risk of the test for the patient, and perhaps even lessens it.

Applying the technique suggested by SHEFFIELD, SOLVAY and VAN SCHEPDAEL
[1774, 1775] go even further in the application of this method, because they
believe that it is capable of providing a fairly accurate assessment of the coronary
reserve of an angina subject. They make simultaneous measurements of the
extent of ischaemic phase shift in the S-T segment of the ECG and the heart rate,
corresponding to the emergence of the electrocardiographic anomaly (known as
dynamic) at the moment of the triggering of the cardiac pain induced by the Sheffield
effort test. In their view, the coronary reserve is defined by the maximum heart
rate level which a given individual can tolerate without the appearance of patholo-
gical manifestations (angina attack, dynamic electrocardiographic anomaly, etc).
Amongst other things, they base their opinion on the fact that a dynamic ischae-
mic S-T always worsens with effort or appears only on such an occasion, unlike
rest condition ischaemic S-T which does not necessarily vary. They also consider
that the call made on the patient’s coronary reserve is directly linked to the
increase in heart rate. The view of SoLvaY and VAN SCHEPDAEL is based on their
personal findings with 145 obvious coronary cases (i.e. who had had a myocardial
infarct and/or who were subject to unquestionable angina attacks brought on by
effort), followed up over a period of from 1to7 years and subjected at different
stages in the development of their illness to a strictly standardised effort test.
They find that the extent of the call on the coronary reserve during effort can vary
considerably from subject to subject and also in a given subject from one moment

*
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to another, but that it is the same for a given level of heart rate in relation to the
maximum possible level, this latter being essentially related to the age of the
subject.

The efforts to which the patients are subjected are achieved by the use of the
ergometric bicycle, using the technique prescribed by MEssix et al. [1290] by
increasing muscular load by 300 kgm/min every 3 min without interruption until
such time as there is fatigue, dyspnoea or chest pains. The E.C.G., monitored
throughout the duration of the test, allows the heart rate to be calculated and the
extent of the shift in the dynamic ischaemic S-T segment to be measured. All
anomalies showing up on the effort electrocardiogram are systematically noted,
although giving first priority to the ischaemic S-T criterion which is considered
as the most valid criterion for diagnosing with any degree of certainty electrical
myocardial ischaemia during or following an effort test, a very large majority of
authors pronouncing in favour of the ischaemic configuration of the S-T segment
for which they measure the depression which should reach a certain figure, usually
0.5 mm but sometimes as much as 1 mm. This measurement makes it possible to
assess the coronary reserve of a subject but with the strict proviso that the effort
applied represents a sufficiently heavy load for the coronary system, the best way
to assess this load being to note the heart rate obtained at the end of the test and to
compare it with the maximum possible rate for the age, corresponding to an
intact coronary reserve. The essential facts observed by SoLvay and VAN ScHEP-
DAEL are as follows:

a) In the case of 70 patients they study the behaviour of the coronary reserve
as a function of the clinical condition of the patient. In 42 clinically stabilised
cases, the extent of dynamic S-T segment shift increases in parallel with heart
rate, but does not change, as between one test and another, with an identical
effort-induced heart rate. Of 12 clinically improved cases, 9 no longer show any
signs of S-T shift at an effort heart rate level identical to that found prior to the
clinical improvement, whilst in the remaining 3 cases the S-T shift is fifty per cent
less with an identical heart rate during the effort. Finally, in the 16 cases where
the clinical symptomatology becomes worse as time goes on, the shift in dynamic
ischaemic S-T becomes considerably more marked at identical heart rate levels.

It is thus clear that with these 70 patients, there is a marked correlation
between the development of their clinical condition ,whichever direction this may
take, and the extent of the dynamic ischaemic S-T shift with identical effort-
induced heart rate.

~ b) With an eye to the correlation which could exist between the cardiac pain
occurring during the effort test and the dynamic E.C.G. in the case of 145 patients,
Sorvay and VAN SCHEPDAEL arrive at the conclusion that the effort-induced pain
attack seems to occur in the stabilised coronary subject as soon as a certain level
of heart rate, which is always the same for a specific individual, is overstepped?.

Effort-induced angina pectoris would thus appear to depend both on the
degree of lessening of coronary reserve at rest and the extent of the call made on
that reserve during exertion. The call made on the coronary reserve can be
assessed roughly from the highest level of heart rate attained at the end of the
angina-producing exertion with a standard muscle loading. Taking as a basis the
level of effort-induced heart rate at which there occurs a 1 mm shift in the dynamic

2 This conclusion is very much like that of RoBINSON [1544], although he takes into
acecount a more comprehensive parameter in that not only the heart rate is measured, but also
the systolic blood pressure, so that in the case of ROBINSON, it is not the heart rate level but
the level of the heart rate X pressure index which is fixed to a remarkable degree in any given
individual (see Chap. I — p. 29).
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ischaemic S-T, SorLvay and VAN ScHEPDAEL classify all their coronary subjects
into 14 arbitrary groups according to their effort-induced heart rate which ranges
between extremes of 50 and 180 beats per minute, each group differing from its
adjacent groups by a total of 10 beats per minute. In this way, each group repre-
sents a different level of coronary reserve integrity which increases from the
50 group to the 180 group.

In this way, the three groups in which effort-induced heart rate amounts to
160, 170 and 180 beats per minute respectively constitute the category of patients
who possess an intact coronary reserve and therefore are not subject to angina
pectoris during the effort test.

At the other end of the scale there is a category made up of the four groups of
patients for whom effort causes angina to occur at a heart rate of from 50—90
beats per minute: these subjects retain only about one fifth of their coronary
reserve.

All the remaining groups form three intermediate categories whose effort-
induced heart rate ranges from 90—160 beats per minute and whose coronary
reserve is estimated approximately and respectively at %/, 3/; and 4/;.

These authors therefore find that there is good correlation between the extent
of the anginal pains as emerging from interrogation and the degree of dynamic
S-T ischaemic shift, but subject to taking into account the heart rate level present
at the same moment, the latter reflecting the degree of coronary reserve and also
the degree of its use under effort conditions.

SorLvay and VAN SCHEPDAEL finish by showing that, in the case of their
patients, there is a good degree of relationship between the extent of mortality of
cardiac origin and the level of coronary reserve, since it is in the group of patients
where there is the most pronounced decrease in this reserve that the mortality
rate is highest.

A further application of the SoLvay and VAN SCHEPDAEL method consists in
the objective quantitative assessment of the efficacy of medicines intended for
the long term treatment of coronary insufficiency. Amongst other things, it makes
it possible to investigate subjectively effective drugs which enable the angina
subject to carry out the standard test with less speeding up of the heart rate. This
being so, the reduced call which the patient makes on his coronary reserve,
whatever the original level of this reserve, enables those angina patients who have
benefited from the treatment to be ‘‘de-classified” and placed into categories
with a lower level of effort-induced tachycardia, at the same time specifying by
how many groups they have been down-graded in the light of the number of tens
of beats by which their effort-induced heart rate has been reduced as a result of
the functional benefit bestowed by the treatment. An example of therapeutic
application of their method is given on p. 281.

RookMakER [1552] also suggested in 1969 an effort test for diagnosing angina
pectoris which offers the additional possibility of assessing the efficacy of long
term antianginal medications. Basically it consists in applying a physiological
exercise which eliminates the interplay of psychological stresses. The ECG is
taken by remote control reading, and the diagnosis based on two morphological
criteria provides many more positive answers than the MASTER test.

A very recent technique, which probably offers genuine future prospects, has
been suggested by Barcon et al. [80]. This is based on the temporary inducement
of artificial supraventricular tachycardia brought on by atrial pacing of a resting
patient. Since it only imposes effort on the heart and not on the body, there is no
increase in the return venous flow and consequently in cardiac output, nor are
there any changes in general oxygen consumption or in the rate of circulating
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catecholamines. A bipolar conductor is inserted percutaneously into an antecubital
vein as far as the right auricle, the positioning being done without fluoroscopy but
with electrocardiographic monitoring [1798]. The heart rate, controlled by an
external pacemaker, is increased by stages until the appearance of the first feeling
of substernal pain reported by the patient. The heart rate need only be reduced to
halt the pain and stimulation to be discontinued to restore the control condition.
The method can be applied to hospital out-patients.

This method presents no hasard, is reproducible and easy to check [1080]. Its
diagnostic value and its validity lie in the fact that this supraventricular tachy-
cardia does not cause either pain or electrocardiographic impairment with healthy
subjects [1450], that each heart attack thus induced is triggered, for a given
patient, at an identical level of myocardial oxygen consumption worked out from
the tension-time index [1215] — this index being a highly reproducible parameter
of the “angina level” [592, 1798] — and that finally, with a given patient, this
“angina level” is the same for any pain induced by atrial pacing or by physical
exercise [80, 1082]. According to O’BRIEN et al. [1384], a correction should be
made to this latter concept, since they find in each of their 7 patients examined
that the tension-time index level at which the angina attack occurs during
physical exercise is significantly higher than during the cardiac pain induced by
atrial pacing. Furthermore, O’BRIEN et al. consider that this method has certain
limitations because two other patients suffering from severe coronary disease did
not develop an angina attack with atrial pacing whereas physical exercise trig-
gered off cardiac pain.

Electrical pacing of the heart is also readily achieved with the catheter elec-
trode positioned in the coronary sinus (‘‘coronary sinus pacing’) [254c]. It is
easily controlled, reproducible and ean be terminated abruptly. It simplifies
myocardial metabolic studies by allowing simultaneous pacing and withdrawal
of coronary venous blood through a single catheter.

The use of the coronaro-arteriographic method has also been advocated for
discovering the myocardial origin of a thoracic pain. By revealing the undoubted
presence of any coronary atherosclerosis, it is a very good method for proving
that the angina pectoris is associated with and probably due to impairment of
the myocardial vessels [1470]. It is, however, ineffective for relating a thoracic
pain to angina pectoris where clinical diagnosis is doubtful, because the arterio-
gram may be normal in cases of classic angina and even fatal angina [765]. Its
chances of success as regards clinical diagnosis are difficult to assess. In view of
the anxiety state which a coronaroarteriographic examination induces in the
patient, the amount of time and skill which it requires on the part of radiologists,
and the morbidity risks which it entails, SOMERVILLE [1787] feels that its routine
application for diagnosing a thoracic pain is a retrograde use for what is otherwise
a very useful test in other applications.

Another trend in connexion with the physiopathological diagnosis of coronary
insufficiency should be noted. Apart from the data furnished by the electrocardio-
gram which, as we have just pointed out, are far from having absolute value,
there has hitherto been no procedure whereby functional coronary insufficiency
could be objectively assessed in man. It is for this reason that the observations of
GORLIN et al. [698] acquire particular importance; they have shown that in
angina pectoris the coronary flow, otherwise normal in the resting state, does not
increase after the absorption of nitroglycerin as it does in the healthy subject. As
they attribute this fixity of the coronary flow to the fact that in these subjects
the potential of vascular dilatation is exhausted as a result of the existence of
maximum dilatation directed to correction of the troublesome effects of the
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arteriosclerotic disorders, these authors think that, in any subject suspected of
angina, the nitroglycerin test should have a diagnostic value not possessed by
either anamnesis, electrocardiogram or effort test: invariability of the coromary
flow under these conditions they regard as indicating coronary insufficiency.

This opinion has been recently confirmed by Bing. As this author considers
that SoNES’ coronaroarteriographic method [1788] represents probably the most
objective procedure of which the regular use is restricted by the fact that it can
only be carried out in specialized centers by an experienced team of physicians
[164], he relies on another diagnostic procedure [165, 2042]. According to the
latter, the coronary blood flow is measured, after sublingual administration of
nitroglycerin, in every patient who is suspected of suffering from angina. In
Bing’s opinion, the value of this test lies in the fact that coronary blood flow
increases in normal subjects while it does not change or may even decrease in
coronary patients. It should, however, be pointed out that this test may well no
longer present today the value that Bing assigned to it in 1965 because by using,
in 1969, a method which is capable of measuring the effects of nitroglycerin on
coronary blood flow as early as within 45 sec after administration, he found that
both the normal subject and the coronary patient reacted by a significant increase
in myocardial irrigation (see p. 126).

Isaacs et al. [879] have proposed an objective method for measuring stand-
ardized treadmill exercise tolerance in the anginal patient, which combines ECG
and vectocardiogram, while SPECKMANN et al. [1804] prefer to rely on a group of
eight tests which are considered to enable the cardiac origin to be excluded in
cases presenting precordial pain due to extra-cardiac causes.

An observation of importance, reported by Gazes et al. [631], may open up
new possibilities in the differential diagnosis of angina pectoris in that it offers
laboratory evidence of a biochemical nature in support of the clinical features of
diagnosis. These authors found that, in twelve cases of angina, the performance
of a double MASTER type test produced definite increase in the blood plasma
content of noradrenaline in eight cases and of adrenaline in five3.

This phenomenon does not appear either in the normal subjects or in those
suffering from extracardiac pains when they are subjected to exercise of this type.
According to GAzEs et al., the biochemical mechanism involved in this phenom-
enon is the following. These catecholamines are liberated to some extent from
the myocardium and the coronary vessels, altered by the pathological process,
as well as from the adrenal medulla. As lactic acid is a powerful stimulant of the
chromaffin tissue of the adrenal medulla [2036], it can reasonably be assumed
that the anoxia induced by the exercise in the patient with angina pectoris will
result in accumulation of lactic acid in the myocardium, this lactic acid stimulat-
ing the chromaffin tissue of the heart and thus liberating the catecholamines.

Such a diagnostic procedure requires a careful titration of the plasmatic
catecholamines, a laboratory test which is not yet available in every cardiological
center.

Let us finally recall the use, for diagnostic purpose, of measuring the lactates
levels in the coronary venous blood, a subject which we dealt with largely on p. 25.

Clinical Assessment of Antianginal Drugs

The need for an exact diagnosis and the reliability of the various experimental
tests which have been proposed for helping in an accurate diagnosis having been

3 Identical phenomena are seen in the dog 24—36 hours after experimental occlusion of a
coronary artery [1524].
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recalled, the methods which are currently favoured by clinicians with the
object of assessing the therapeutic value of drugs in angina pectoris may now be
approached.

If there is no clinical method for the evaluation of antianginal drugs which
has received, if not unanimous, at any rate majority support, the main reason is
that there are at the outset profound differences of opinion as to what should be
the aim. Two opposed general trends declare themselves: some clinicians focus
their attention more on the anginal pain factor and, in consequence, prefer to
adopt an essentially subjective method. Others seek to be able to calculate the
effect of drugs and, to that end, ignore the immensurable pain factor and turn
to measurement of an indirect objective element which, rightly or wrongly, they
consider to be the expression, if not of the pain, at any rate of the degree of
coronary insufficiency. Within each of these two general conceptions there are
many different methods.

It would, in fact, hardly be an exaggeration to say that each group of clini-
cians who have specialized in the study of this problem has its own method which
it justifies by apparently sound arguments, even if some aspects of the problem
are overlooked.

The following are the main methods:

1. Assessment of the ability of a drug to produce favourable changes, to the
point possibly of complete prevention, in the electrocardiographic signs of ischae-
mia developing during the performance of a standardized exercise.

2. Measurement of the resistance to experimental hypoxia, carried to the
point when an attack develops, with and without medication.

3. Measurement of the quantity of standardized work that can be performed
by the patient, with and without medication, before pain develops.

4. Assessment of changes in the incidence and severity of the anginal attacks.

For convenience, we shall group these methods as objective and subjective;
this distinction is arbitrary in view of the fact that some experimenters, and this
is particularly true of those who hold by the objective method, employ procedures
of the other type along with their basic method.

1. Objective Methods

1.1 Russek Method

Russexk [1591] rightly emphasizes that there is no field in human therapeutics
in which there are so many discordant opinions on the effectiveness of drugs as in
that of angina pectoris. The difficulties which clinical experimenters encounter
arise from three facts: a) the anginal syndrome is not linked with any well-defined
anatomopathological entity; b) the subjective changes produced by a parti-
cular treatment are difficult to classify or standardize and an unconscious element
of preconception, on the part of doctor or patient, may enter into such appraisal;
c) the methods applicable to man for determination of coronary flow, metabolism,
the work and the efficiency of the heart are extremely complicated.

The subjective sensation of anginal pain might, conceivably, constitute an
acceptable index of assessment if it were the exact reflection of the disparity
existing between the coronary blood supply and the demands of the myocardium.
This is not the case as there is no simple and direct relationship between the
degree of coronary insufficiency and the intensity of the pain experienced, a
minute ischaemic area being capable of causing as severe discomfort as that
produced by a massive ischaemia involving a wide extent of the ventricular mass
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[434]. Moreover, in the same patient, a strictly standardized pain-producing test
exercise will sometimes cause a barely perceptible sense of discomfort and at
other times a very distinct pain. Again, it would be essential that the pain should
be a well-defined entity and that it should be capable of quantitative measure-
ment in man, which is obviously not the case.

Furthermore, the anginal sensation is more than a simple reflexion of the
cardiac hypoxia as it is also determined by the psychic reactions to its perception.
It is important, therefore, in the assessment of the effects produced by a given
drug, to neutralize or to be able to estimate the psychic component, the strength
of which varies considerably and unpredictably from day to day and even from
attack to attack. The utilization of a placebo, especially in the ‘“‘double-blind”
method (see p. 110), is intended to minimize or even neutralize psychic and other
factors which might falsify assessment of the true effects of a drug.

RUSSEK considers that pain as a criterion is misleading as it also fails to
differentiate powerful analgesics like morphine, which abolish the pain by action
on its anatomical support and on the psychical reaction, from true antianginal
drugs like nitroglycerin, for example, which act on the physiopathological cause
of the pain — the myocardial hypoxia.

RuUssEK holds also the view that the keeping of a daily record by the patient,
in which all aspects of the pain are entered (see p. 111), cannot provide any
elements of value for an appraisal, no matter what the system of annotation, as
the patient’s impression may be influenced, without his being aware of it, in
either direction by normal, exceptionally bad or particularly good periods,
themselves determined by unfortunate or pleasing events.

All these considerations led RUSSEK to choose an objective element, the
“morphology” of the electrocardiogram, in preference to pain as criterion. He
therefore investigated the power of drugs to prevent, wholly or in part, the
development of ischaemic changes in the electrocardiogram after the performance
of a standard exercise by anginal patients. The exact conditions in which these
investigations were conducted are of paramount importance. RUSSEK selected his
subjects carefully, retaining only those coronary patients whose resting electro-
cardiograms were normal and who, every time they performed the standard
exercise, which was always carried out under exactly the same conditions, ex-
hibited a practically constant, positive ischaemic electrocardiographic response.
The experience of the doctors in the RUSSEK group, extending over more than
20 years, has shown them that only one coronary subject in fifty could be con-
sidered suitable for this type of investigation [1591, 1616]; in such patients the
performance of a standard exercise reproduced virtually identical electrocardio-
graphic changes, even after intervals of months.

The experimental effort chosen was the “two-step’’ exercise of MASTER. It is a
standardized test, imposing a load on the cardiovascular system. Initially regarded
as a simple examination test for the functional capacity of the circulatory system
as a whole and consequently applied only in connexion with blood pressure and
pulse estimations [1234], the effort test was subsequently extended by its author
to the diagnosis of angina pectoris [1233] and was then used, particularly by
RussEg, for evaluation of the effectiveness of antianginal drugs. The principle
of the test is that it imposes a definite, strictly standardized effort demand on the
patient [1229]. An electrocardiogram is recorded before the exercise, which is to
ascend and descend two steps of a stair repetitively for a period of exactly 90 sec.
Each step is 9 in. (22.86 cm) high. The number of ascents that the patient has to
make varies with age, weight and sex, and is shown in tables drawn up by MAsSTER
et al. [1233]. Immediately after the test another electrocardiogram is recorded,
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with the patient seated, the pathological changes in the tracings being generally
of short duration. Additional ECG are taken, preferably every two minutes, until
the tracing again becomes normal.

The following changes in the electrocardiogram are considered to be abnormal
and typical of coronary insufficiency:

1. Depression of the RS-T segment more than 0.5 mm below the mean iso-
electric level, established from the P-R segment.

2. Flattening or inversion of an originally positive T wave.

3. Flattening or inversion of an originally negative T wave.

These electrocardiographic changes are similar to the abnormalities seen in
the electrocardiograms of the same patients recorded during spontaneous anginal
attacks, and they are widely accepted as reflecting myocardial hypoxia; they can,
in fact, be reproduced exactly in the same subjects when they inhale an atmos-
phere containing 109, oxygen [1233].

Control tests on 2000 healthy subjects of both sexes and all ages have shown
that these changes in the configuration of the electrocardiogram never appear in
subjects who have no coronary involvement. A positive result is thus patho-
gnomonic [1231]. Abnormal electrocardiograms of this type can therefore be
taken as proof of functional coronary insufficiency.

Russek et al. [1612, 1614] were struck by the fact that, among anginal
patients and particularly those whose resting electrocardiograms were normal,
there were some who, having performed the “two-step’ exercise, exhibited these
electrocardiographic changes in a qualitatively and quantitatively constant
manner every time the standardized effort was imposed on them. These changes
regressed after ten minutes or so, and the electrocardiogram became normal. Some
patients came to be submitted to more than 200 identical tests in the course of
several years, and these furnished a tracing of myocardial ischaemia which was
reproduced with remarkable constancy [1591]. The method thus made it possible
to determine which substances, administered before the exercise, act like nitro-
glycerin in preventing development of the abnormal electrocardiographic changes
produced by pain-causing effort. By way of example, RUSSEK et al. [1591] show
that, in the same patient, an induced anginal attack could be countered as effec-
tively by alcohol as by nitroglycerin; but, whereas the former drug did not
modify the ischaemia-producing effect of the exercise performed on the myo-
cardium, the exercise failed to produce any change in the electrocardiogram when
it was preceded by the administration of nitroglycerin. It is obvious that in this
particular case only nitroglycerin, and not alecohol, can be described as an anti-
anginal drug [1612].

Convinced that the evaluation of antianginal medications, based on electro-
cardiographic effort tests, although difficult to carry out and necessitating careful
and patient investigation, represented the most reliable clinical method available
today for the identification and assay of agents which would be useful in the
prevention and treatment of myocardial hypoxia underlying the anginal syn-
drome, Russek and his co-workers have investigated a large number of medi-
cations on a group of almost 200 patients who have been under observation for
more than ten years [1589, 1590, 1591, 1612, 1613, 1614, 1615, 1616, 1619, 1620].
We shall have occasion to state their opinion on each of the drugs they have
considered.

Although the electrocardiogram does not reflect the effects of a substance on
metabolism, the work and efficiency of the myocardium or the coronary flow, the
changes in the ECG do indicate whether the effects are favourable or not for the
myocardium. Moreover, this method eliminates the problem of the placebo.



Russek Method 105

The main charge that the supporters of the pain factor make against RUSSEK’s
method is that an exact parallelism between neutralization of the electrical signs
of effort ischaemia and the prevention of anginal pain has not been established.
This is particularly evident in the case of Peritrate, which Russek [1620] classifies
as a powerful long-acting coronary vasodilator but does not state that it influences
the pain syndrome as favourably as the effort electrocardiogram.

Other authors criticize the actual technical conditions of RussEk’s method.
For example, on the basis of his very thorough personal experience, FRIEDBERG
[696] thinks that the response to RUSSEK’s test is never constant in a given subject,
and that the results obtained are difficult to assess. For his part, he has been
unable to assemble a sufficiently large number of patients presenting reproducible
reactions whenever examinations are repeated fairly frequently and also when the
conditions in which the test is performed are slightly modified by the unavoidable
intervention of emotional factors, which vary from one test to another and which
escape medical control. For FREEDBERG [583], the effort tests are without signifi-
cance when they are conducted at 23—24°C or when they are imposed more than
once a day. In his opinion, these tests must be performed in a temperature of
10°C (see p. 107), and in each instance at the same time of day, i.e. in the morning,
and the patient fasting, the last meal having been taken on each occasion at the
same time the previous day.

In our view, there are other objections that can be advanced.

As a matter of fact, the RussExk technique has the validity of an acute experi-
ment and, even if it does actually permit of differentiation between substances
which improve the metabolic state of the myocardium from substances which
might simply be termed antalgics (that is, capable of abolishing the pain without
improving the coronary circulation), it still only evaluates their immediate and
transient effect, whereas any drug to be used in coronary disease is destined to be
administered over prolonged periods. As FrEIS recently stated [13b], even the
prevention or dimunition of ST-T changes in the electrocardiogram during
exercise by a coronary vasodilator drug provides no assurance that the drug will
be effective in the long-term prophylactic treatment of angina. Although the
exercise electrocardiogram test may provide an additional index of effectiveness
in a well-designed clinical trial, it cannot be regarded as a substitute for such a
trial.

It is of course undeniable that the ability of a given substance to prevent the
development of electrical abnormalities due to effort is an indication of its bene-
ficial effects on myocardial blood supply and coronary efficiency. When, however,
RussEx thinks that a substance which counters development of the ECG changes
of induced ischaemia can be classified as a coronary vasodilator, his opinion is
going beyond the facts for, as no measurement of the state of the myocardial
irrigation has been made, he can only state that the substance corrects the
disequilibrium existing between the supply of the myocardium and its oxygen
requirements; he is not entitled to assume a coronary vasodilator action (which
is, however, likely) or to prejudge the manifold effects which can be brought into
action at the level of the heart muscle.

Russek’s technique (for the same reason as other clinical objective methods)
does not furnish any element which affords information on mode of action and it
is impossible to say whether a drug is effective because it increases the amount of
blood delivered to the myocardium or diminishes the work of the heart, or because
it increases the coronary efficiency or combines different effects.

Russex’s technique affords thus the possibility to select substances which
reduce the relative myocardial hypoxia induced by effort, and which, by virtue
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of this fact, are beneficial to the patient; it does not establish that a specific
coronary vasodilator effect is concerned?.

1.2 Levy Method

LEvy et al. [1128, 2003] employ a generalized ‘“‘anoxaemia test”’ and take as
criteria of the possible anti-anginal activity of a drug two phenomena produced
by the test: one is objective — changes in the ECG, and the other, subjective, is
the anginal pain. They use an apparatus designed in 1938 [1126] by means of
which an atmosphere consisting of 10%, oxygen and 90%, nitrogen is administered
to the subject in the rhythm of normal respiration. There is then development in
the ECG of characteristic and definable changes, which can be used as an index
of coronary insufficiency [1127, 1129]; these are changes in the S-T segment and
in the T wave. As the displacements of the S-T segment are measurable and the
changes in the T wave do not lend themselves to any correct comparative quanti-
tative measurement, only the former are considered. These concepts of clinical
physiopathology have been given an experimental basis in the animal as LESLIE,
Scorr and Murinos [1108, 1711], working with the cat, have shown that the
breathing of oxygen-deficient air produced in every instance electrocardiographi-
cal changes identical with those that followed ligation of a coronary artery in the
same animals.

In a majority of patients the anoxaemia test also induces development of an
attack of pain comparable to those developing spontaneously in the same patients
[1126].

The procedure is as follows. The experiment itself is preceded in the case of
each patient by several control experiments intended to familiarize him with the
apparatus and to establish a standard, reproducible response. This response is
calculated on the basis of: a) the deviations in millimetres of the S-T segment of
the electrocardiograms recorded in four leads (three standard and a precordial)
every 5 min from the commencement of the inhalation and during the painful
crisis; the sum of the four deviations is determined ; b) the duration of the inhala-
tion required to produce the anginal pain. A treatment phase is then started (the
patient is ignorant of the type of drug administered) and the effect is checked
every week by the anoxaemia test. The activity of a drug is assessed by comparison
of the responses obtained during medication with the control responses. The
effect is estimated as a percentage. Every drug used is tested in relation to a

placebo.
1.3 Riseman Method

According to RISEMAN and his co-workers [1531], the fact that a substance
prevents or reduces, probably by a coronary vasodilator action, the electro-
cardiographic signs of myocardial ischaemia induced by an exercise (RUSSEK’s
method) or by hypoxia (LEvY’s method) constitutes an indication of true phar-
macological activity but cannot be accepted as evidence of therapeutic effective-
ness for the following reasons. a) There is no constant relationship between the
electrocardiographic signs of induced ischaemia and the development of cardiac
pain. b) A very limited proportion of patients are suitable for these tests [584,
1536, 1616]; consequently, although the hypoxic electrocardiograms recorded

4 In the opinion of REDWOOD et al. [266 c], workloads causing angina in less than 3 min
cannot reliably be used for studying the effects of therapy. However, if progressive workloads
are chosen that cause angina to occur in the control studies in more than 3 min, exercise
capacity and tension-time index at angina provide important information relating to the
efficacy and mechanism of action of a therapeutic intervention.
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after these tests reveal a pharmacological effect, they do not supply any informa-
tion of the incidence of the beneficial clinical effect, so far as the considerable
proportion of patients excluded from the tests are concerned. ¢) Certain technical
difficulties may render it impossible to reproduce identical results in the course of
repeated tests as, in the anginal patient, the resting electrocardiogram may
spontaneously show varying degrees of depression of the S-T segment on different
days.

RisEmaN therefore suggests another method, based on an experience of
twenty-five years acquired in a special clinic for the management of angina
pectoris. The experimental work was carried out on a group of patients who were
chosen for their intelligent cooperation and whose clinical state was stable in
that their affections did not involve any spontaneous remissions. This mode of
selection retained an average of 209, of the patients. The therapeutic efficiency
of a drug was determined on the basis of three elements:

a) a purely clinical evaluation of the subjective effects of the medication;

b) assessment of the exercise tolerance, that is, the quantity of work (per-
formed under standard conditions) that could be effected by the patient before
development of an anginal attack; and

c) the characteristics of the effort electrocardiogram recorded at the end of
a period of treatment, comparison being made with a tracing taken under the
same conditions but after a period of placebo treatment.

The patients were examined every week. At the time of the first visit a com-
plete clinical examination, and particularly a record of all the features of the
anginal syndrome, was established by three doctors, first independently and then
together. After the patient had rested for 20 min a fourth doctor who, throughout
the investigation, would not know the nature of the medication received by the
patient, calculated his exercise tolerance.

This exercise, which was strictly standardized [1535], involved ascent and
descent of MASTER type steps, which the patient effected at a fixed rate until the
development of anginous pain, but never (in subsequent examinations) beyond
the point when the work performed was 509, more (after effective treatment)
than he could do before receiving the medication.

This exercise took place in a special room at 10°C as the vasomotor changes
in the size of the coronary arteries due to cold, which are probably of reflex
origin, contribute to the precipitation of anginal attacks, so that the amount
of work necessary to induce an attack was less than at ordinary temperatures of
23—24°C [586].

At each weekly visit the patient was questioned, always by the same doctor,
as to his opinion on the effectiveness of the medication received in the preceding
week, the number of attacks occurring (a daily record was kept), and any unusual
circumstances which might have influenced the attacks; his exercise tolerance
was also measured.

After the first visit the patient was left without treatment or was given a
placebo for several weeks or months so that the subject’s usual clinical record and
his average exercise tolerance could be established over a period of some length;
the tolerance was regarded as adequately stable as the quantity of work a patient
could perform before the advent of pain is comparatively constant [584]. It was
only then that the substance to be tested was administered ; the total period over
which this drug was taken included terms of placebos during which the clinical
picture and the exercise tolerance were redetermined. At the end of each weekly
visit the patient received his week’s supply of medicine from a doctor who did
not know its nature. The patient himself did not know what he was taking. The
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conditions of a ‘“‘double-blind”’ were thus operative. Between two periods of true
different medications, effective or ineffective, there was a long period of placebo
treatment.

When a substance had shown itself to be active, effort electrocardiograms
were recorded for the patients who had been improved to determine if the benefit
achieved (subjective and objective) was evident in the tracings: improvement in
the coronary circulation was indicated by the absence of S-T segment depression
in the ECG recorded after exercise identical with that which caused significant
depression, coupled with an anginal attack, when the patient was taking a placebo.

The final evaluation of the results was formulated by combination of the
conclusions afforded by the three methods of examination, namely, the patient’s
opinion, the clinical medical assessment and the exercise tolerance. These results
are divided arbitrarily into four categories:

1. Good response: cases in which the exercise tolerance, when tested repeat-
edly, was found to have increased by 509, ; these patients reported disappearance
or definite reduction of their attacks.

2. Moderate response: cases whose exercise tolerance had increased by 20 to
499%,; there was concomitant reduction in the number of attacks.

3. Poor response: cases in which exercise tolerance had risen by 10—199%,;
the clinical condition showed no change.

4. No response: the subject experienced anginal pain after an exercise similar
to that producing pain when he was taking a placebo.

The patients who participated in an experiment of this nature were divided
into three groups according to the magnitude of the increase in exercise tolerance
they showed when the exercise was performed two minutes after sublingual
administration of 0.3 mg nitroglycerin: group 1 consisted of patients who showed
a clearly defined response, group 2 of those whose response was moderate and
group 3 was that of patients responding little or not at all to nitroglycerin. Thus
the total activity of a drug under investigation could be classified as good, moder-
ate, poor or nil and could also be compared with the activity of nitroglycerin
administered as a test, and this in the three groups of patients, those who reacted
well, those who reacted moderately and those who reacted poorly to nitroglycerin.

The importance of exercise tolerance measurement, which is for RISEMAN the
most useful part of his method, is underlined by the following facts. First of all,
there is close correlation between increase of exercise tolerance and the subjective
response in ordinary life in the sense that definite or moderate improvement in
tolerance is always associated with disappearance of or reduction in the number
of anginal attacks [584]. Further, many patients consider themselves improved
by the treatment given, whatever it may be, although the disappearance or
reduction of their attacks is not regularly accompanied by increase of exercise
tolerance; expressed differently, apparent clinical improvement develops more
frequently than the objective evidence of such improvement [1301]. This is in
agreement with the opinion of other authors that many patients are incapable of
deciding between the effect of a drug and the effect of a placebo [677, 1752].

The value of the method employed by RisemMAN is supported by the fact that
the placebo always produced negative results [584, 1534].

1.4. Solvay Method (1774, 1775)

As has already been said on p. 97, SoLvAY estimates coronary reserve of the
anginous patient from two parameters: heart rate which is attained at the end of
a standardized exercise and degree of S-T depression at the same moment. When
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administering long-term effective treatment, he noted some reduction of these
parameters, which enabled him to determine the degree of improvement of
coronary reserve in each patient treated with the medication of which he was
attempting to evaluate the efficacy. An example of the use of this method is given
on p. 281.

In view of the fact that SoLvay employs a cycloergometric exercise, it should
be mentioned that the possibility has been contemplated of progressive habitua-
tion on the part of the patient on whom such an effort has been imposed on
several occasions. If such should be the case, the validity of this method would be
unreliable. A recent clinical statistic analysis [262] has shown that there existed
between the haemodynamic changes (heart rate, aortic pressure, pulmonary blood
pressure, cardiac output, stroke volume, work of the left ventricle, tension-time
index, peripheral vascular resistance) which were observed during two identical
cycloergometric tests imposed at different moments on a fairly large number of
patients, some clearly discernible differences, but which were in most cases without
physiological significance. Thus, any important change in the results of the
effort-test, due, for example, to the administration of a medicament, is of real
value and cannot be attributed to any habituation on the part of the patient to the
exercise so performed.

1.5. Rookmaker Method

RookmakER applied his diagnostic method (see p. 99) to assess the efficacy
of antianginal drugs [1552]. The test is based upon the disappearance or the
reduction by at least 0,1 millivolt of the S-T segment depression present during
the effort-test.

1.6. Frick Method

Frick et al. [592] demonstrated that their technique of producing angina in
the coronary patient by artificially increasing heart rate by atrial pacing, is
suitable for use in assessing the therapeutic potential of antianginal drugs. For
example, the efficacy of nitroglycerin has been expressed in terms of tension-time
index level, in other words in terms of myocardial oxygen consumption level

(see p. 30).
2. Subjective Methods

Methods of this type are used by clinical experimenters who consider that the
evaluation of medication for angina is the measurement of a completely sub-
jective sensation.

As in clinical work on man pain cannot be expressed numerically, such measure-
ment must necessarily be based on a verbal and/or written report by the patient
on his reactions, it being understood, of course, that the patient must be co-
operative [121].

Those who favour this type of method rely on the widely held view — it is
held, for example, by Katz [952] and by BATTERMAN [104] — that the pain is a
variable subjective manifestation, with only a negligible quantitative relationship
to the underlying coronary disease and showing little correlation with the changes
in the effort electrocardiogram.

The view of SILBER and Karz [1752] is that angina is a pain which must be
analysed and assessed from the standpoint of the physiopathology of sensation,
without regard to factors which determine coronary flow as, according to these
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