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Preface

When I was asked some years ago by the editors of the Handbook of Experimental
Pharmacology to edit a new volume on Antianginal Drugs, 1 agreed on the
condition that, in accordance with my scientific background, primary emphasis be
given to clinical pharmacology and therapeutics. It soon turned out that, due to
rapid developments in this field, nothing of the previous volume on Antianginal
Drugs by Charlier (Vol. 31, 1971) could be retained apart from its basic idea of
devoting considerable space to methodology.

Since editors must operate within certain limits, I had to abstain from dealing
with acute myocardial infarction in detail despite the well-known overlap between
unstable angina, the preinfarction syndrome, and acute myocardial infarction.
It was only possible for acute myocardial infarction and the concept of reduction
of infarct size to be briefly discussed within the chapter on pathophysiology of
acute coronary insufficiency. The chapter on invasive methods provided an
opportunity to touch on new approaches to early intervention in acute myocardial
infarction. Here, intracoronary streptokinase therapy and PTCA are considered,
again with attention to the overlap between mechanical and pharmacological
interventions. '

Although space was limited, I decided to start with a chapter on the
epidemiology of coronary artery disease. It is written by a convinced and very
active proponent of the risk factor concept. This was a deliberate choice in view of
some controversy, such as the public discussion of the validity of this concept
which has taken place particularly in Europe. At the same time this chapter
offered the only opportunity in the volume to highlight the importance of both
primary and secondary prevention of coronary artery disease.

The other introductory chapter is on the pathophysiology of coronary
insufficiency; the principles reviewed here provide the basis for meaningful
pharmacological intervention. Emphasis is given to new concepts and results in
the biochemical and molecular areas and to information provided by electron
microscopic studies. Furthermore, new insights into the regulation of coronary
perfusion under normal and pathological conditions are dealt with. The principles
of pharmacological intervention derived from these pathophysiological events
during coronary insufficiency are subsequently discussed in a short overview by
an eminent pharmacologist in this field.

Before dealing with the clinical pharmacology of the various groups of drugs,
however, the book presents a relatively detailed set of chapters on methods for
testing antianginal drugs. The purpose of this is to provide not only pharma-
cological information on drugs but also to present the methodological basis for



VIII Preface

the results presented later. For those working in this field, these chapters should
be of value as a reference source. They should also enable the critical reader to
interpret the experimental results in light of the limitations and pitfalls of the
methods used. In accordance with the theme of the volume, emphasis is given to
clinical pharmacological methods. The chapter on methods in animal pharma-
cology is written with therapeutic needs in mind and therefore gives special
attention to experiments in conscious animals.

In line with this concept, animal experiments are discussed in the pharma-
cological chapters only where their results are relevant to therapeutics or to an
understanding of the mechanisms of action of the drugs concerned. In view of the
different scientific backgrounds of the authors, the emphasis placed on pharma-
cology and clinical medicine varies from chapter to chapter. In addition, the space
available did not allow us to deal with all aspects of the basic pharmacology of
the drugs concerned. This seems justified in light of some excellent monographs
that have been published recently and are recommended to the interested reader,
such as volume 54 of the Handbook (parts I and II, 1980 and 1981) dealing with
adrenergic activators and inhibitors, and the books by Fleckenstein and
Roskamm Calcium-Antagonismus (Springer-Verlag, 1980) and by Stone and
Antmann Calcium Channel Blocking Agents in the Treatment of Cardiovascular
Disorders (Futura Publishing Company, 1983).

Although it is always difficult, if not impossible, to keep competent and
distinguished authors strictly to the general theme of such a book, I hope that the
original intent remains evident, namely to present current scientific views on
antianginal drugs from the standpoint of clinical pharmacology and, at the same
time, to provide a better understanding of the methods used and their limitations.
Thus I hope that the book will prove to be a useful source of information for
clinical pharmacologists, cardiologists, and internists with an interest in
cardiology, and that it will aid both their scientific work and their therapeutic
decision-making.

Mannheim U. ABSHAGEN
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General Principles



CHAPTER 1

Epidemiology of Ischemic Heart Disease

S. HEYDEN

A. Preface

Never before in the history of medicine has one single generation of medical prac-
titioners witnessed such dramatic changes of major disease entities as our gener-
ation did between the 1950s and 1980s. Whereas, in the western hemisphere, in-
fectious diseases came under control and, subsequently, rheumatic heart disease
and syphilitic cardiovascular complications were almost eradicated, rapidly in-
creasing “diseases of civilization” accounted for millions of premature tragedies
of morbidity and mortality and led to the epidemic of coronary heart disease
(CHD). In the United States and Australia, its peak incidence occurred around
the mid-1960s, while the majority of eastern European nations at the present time
seem to be heading toward still increasing rates and western European countries
are leveling off, either at similar rates to those previously occupied by the United
States, or below them.

One of the most hopeful observations in modern medicine has taken place
within a period of little more than a decade. Beginning in 1968 and still noticeable
in the early 1980s, a 35% decline in coronary mortality has been documented in
all age, sex, and race groups in both the United States and Australia. The debate
surrounding the reasons for this statistical phenomenon has involved a great deal
of speculation, claiming credit for improved drug therapy for the diseased heart
patients, a more effective ambulance system and coronary care units, coronary
bypass surgery, or new modes of earlier detection through mass screening, prima-
ry prevention, and rehabilitation (KANNEL 1982a,b; LUEPKER et al. 1982;
NATIONAL CANCER CENTER 1977; US DEPARTMENT OF AGRICULTURE 1977; HEY-
DEN 1982 a; HAMPTON 1982). In this writer’s view, we now have evidence that a
well-informed high-risk person will act, under the guidance of a prevention-ori-
ented physician, to lower his or her risk substantially and consequently to expe-
rience not only better quality of life, but also prevention of premature CHD.
Proof that altering life-style over a few years, beginning as late as middle age, can
actually lower death rates from CHD has emerged from several indirect sources
which will be discussed briefly. The single most impressive piece of evidence, how-
ever, was revealed in the results of the Multiple Risk Factor Intervention Trial
(MRFIT 1982). For this reason, the most important long-term study of our time
will be given top priority in Sect. B.
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B. Multiple Risk Factor Intervention Trial
I. Methods, Eligibility, Intervention Strategies, Randomization

Between 1972 and 1973 a total of 361,662 men aged 35-57 years were screened
for risk factors of CHD in 22 clinical centers. These volunteers had to be healthy,
but they had to qualify for admission to the study by belonging to the upper 10%
of a risk score distribution, taking smoking, cholesterol, and blood pressure into
the equation, based on data from the Framingham Heart Study (MRFIT 1982).
As an example of the application of this criterion, a man whose diastolic blood
pressure was 99 mmHg and who reported smoking 30 cigarettes per day was at
risk at the 10% level if serum cholesterol was at least 295 mg/dl. Other examples
are given in Fig. 1. After excluding patients with a history of electrocardiographic
(ECGQG) evidence of myocardial infarction, angina pectoris, diabetes requiring
medication, serum cholesterol level =350 mg/dl, diastolic blood pressure =115
mmHg, or weight =115% of desirable weight, 12,866 men were randomized into
a special intervention (SI) group or a control group. The latter group was desig-
nated usual care (UC), which meant that these men were to be treated by their
own physicians. This decision during the planning period proved to be crucial in
the interpretation of the results 7 years later. The high motivation of middle-aged
men, labeled at high risk for CHD, to participate in a study designed to reduce
that risk is evident from the follow-up visit recording (MRFIT 1982).

The missed visit rates (the number of men alive at the time of the specified annual visit
but who did not attend, divided by the number of men randomized) were 4.5% for SI and

5.2% for UC men at 12 months. These increased only slightly each year and remained be-
low 10% through six years for both groups.

The first man was randomized in December 1973, the last randomization oc-
curred on 28 February 1976, and the trial closed on 28 February 1982, thus ex-
posing each man to the study protocol for a minimum of 6 years (MRFIT 1982).

No intervention program was offered to the UC men, but they were invited to return
once a year for a medical history, physical examination and laboratory studies. The results

of the screening and annual examinations were provided to their personal physicians, who
were informed as to the scientific objectives of the study.

Fig. 1. Examples of risk factor combinations for eligibility (multiple risk factor intervention
trial)
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Each SI man was invited with his spouse or friend to a series of weekly group
discussions. Each group included about ten men and met for ten sessions. After
the initial intensive phase, individual counseling was carried out as deemed nec-
essary. The participants were seen every 4 months and more often if specific goals
established for each person had not been met. The intervention team consisted
of physicians, dieticians, and psychologists. Hypertension, defined as diastolic
blood pressure =90 mmHg on two consecutive visits was treated by weight re-
duction and sodium restriction. If higher blood pressure levels were not reduced,
medication was prescribed, either hydrochlorothiazide or chlorthalidone. Reser-
pine, hydralazine, guanethidine, or certain alternative drugs were sequentially
added, if the goal blood pressure (10 mmHg below 90 or 89 mmHg diastolic
blood pressure, whichever was lower) had not been reached. Apparently, the dos-
age used in the first year was 100 mg hydrochlorothiazide or chlorthalidone in
some cases with higher baseline blood pressure, and was reduced to 50 mg in or-
der to avoid hypokalemia, according to a comment by KorLAaTa (1982), based on
an interview with the associate director for clinical application at the National
Heart, Lung and Blood Institute (NHLBI), Dr. William Friedewald. The nutri-
tion intervention aimed at a saturated fat intake to less than 10% of calories, and
cholesterol intake to less than 300 mg/day, and increased polyunsaturated fat in-
take to 10% of calories. In 1976, the nutrition was changed to specify that satu-
rated fat be less than 8% of calories and cholesterol less than 250 mg/day. The
10-week group antismoking sessions at the beginning of the trial were particularly
successful, and this success was enhanced by the 5-day clinics held during the final
years. The effectiveness of the randomization process in establishing two compa-
rable groups at baseline is demonstrated by the excellent agreement in preran-
domization levels of numerous risk factors (Table 1, first column).

II. Results and Interpretations

The first report on the $115 million study, limited to the 6-year mortality data
only, was published in September 1982 and produced a surprise result: mortality
from CHD was 17.9 per thousand in the SI group and 19.3 per thousand in the
UC group, a statistically nonsignificant difference of 7.1% and total mortality
rates were 41.2 per thousand and 40.4 per thousand, respectively. It is deemed ap-
propriate to present the key to this apparent paradox in two important ob-
servations.

1. The number of deaths in the UC group was substantially short of expecta-
tion for the 6 complete years of follow-up as well as for the average follow-up pe-
riod of 7 years (MRFIT 1982).

Based on design risk factor change assumptions and Framingham risk functions, 442
deaths (including 187 from CHD) were expected by the end of 6 years of follow-up among
the 6,438 UC men, only 219 (including 104 from CHD) occurred.

By the end of follow-up for all men, the total of 260 UC deaths (including 124
from CHD) was still well below the number expected for the total of 7 years fol-
low-up period (MRFIT 1982; Table 2).

Application of the logistic function with coefficients estmated from Framingham data
to the observed risk factor combinations of the men randomized projected a six-year death
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Table 2. By the end of 6 years, expectation of the number of deaths fell short
50%, and by an average of 7 years, the 260 deaths were still slightly less than
two-thirds the number expected (MRFIT 1982)

Usual care Expected deaths Observed deaths after termination
n=6438 after 6 years
End of 6 years End of 7 years
Mortality 442 219 260
from all causes
Death 187 104 124
from CDH

rate for UC men of 29.0 deaths per thousand men. With a sample size of 12,866 (the number
eventually randomized into the trial), a reduction in CHD mortality among ST men to 21.3
per thousand could be detected — which means a 26.6% reduction.

With the actual observation of only 19.3 deaths per thousand from CHD
among the UC men and 17.9 deaths per thousand among SI men, it must be as-
sumed that either the risk was overestimated or that unanticipated changes took
place in the UC group. The answer, in all likelihood, is to be found in both, an
estimate of risk for CHD (based on 1960-1965 data) inappropriate for 1976-1982
and substantial reductions of risk factors in the UC group.

2. Whereas it had been projected on the basis of the best information avail-
able 10 years ago that this group would exhibit no important changes in blood
pressure and cholesterol and minimal changes in smoking habits, the actual find-
ings were very different (NEATON et al. 1981). Sizable reductions occurred in the
levels of all risk factors for UC men. Table 1 depicts the risk factor reductions,
comparing the ST and UC groups. Remarkably, the only parameter which did not
change in either group was the high density lipoprotein (HDL) cholesterol
(MRFIT 1982).

By 72 months, diastolic blood pressure reductions were 10.5 mmHg and 7.3 mmHg, re-
spectively. At six years, 58% of SI men and 47% of UC men reported antihypertensive pre-
scriptions. The average percent reduction from baseline to 72 months among all SI men
with diastolic bp of =95 mmHg was 12%, a figure exceeding design expectations; however,
the corresponding reduction for UC men (unanticipated in the design) was 8%.

At 72 months, 46% of the SI men and 29% of the UC men had become ex-
smokers, far exceeding design goals. Mean plasma cholesterol levels after 6 years
were 12.1 and 7.5 mg/dl below baseline for SI and UC men, respectively (MRFIT
1982).

These reductions, which primarily represent changes in LDL-cholesterol and not HDL-
cholesterol, amount to an SI-UC difference in total cholesterol of 4.6 mg/dl, or 2%. With

the less-than-anticipated reduction among SI men and the unexpected decline among UC
men, the SI-UC difference was about 50% of goal.

In the conclusion, the authors admit (MRFIT 1982):

It may be relevant that multifactor intervention received a less than optimal test owing,
in part, to unexpected declines in risk factor levels and, in part, to lower-than-expected
mortality in the UC group. In regard to the former, the UC men thus constituted to a con-
siderable extent a “treated” group.
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III. Comments

Although firm evidence for the following observations by the authors is not at
hand, it is reasonable to assume (MRFIT 1982) that:

contributing elements to the risk factor reductions may include the psychological im-
pact on the UC men of enrollment in a trial limited to persons at high risk for heart attacks,
the possibility that persons volunteering for a six-year trial are unusually health conscious
and motivated to change, sensitization of the UC men to their risk factor status resulting
from annual visits to the clinical centers, and the broad influence of health education in
the United States aimed at modifying all of the three risk factors. The physicians of the UC
men may well have instituted their own preventive programs.

Dr. Claude Lenfant, Director of the NHLBI, introduced the results of the
MRFIT (1982) study to the public on 16 September 1982 with a brief review of
the background of this trial.

MRFIT was conceived by members of the Task Force on Arteriosclerosis in the early
1970s at a time when a so-called coronary epidemic was in evidence. However, during the
life of the trial, a dramatic and unanticipated decline in cardiovascular mortality took place
in this country. One way of looking at what happened during the 1970s, or at least from
1968 to 1978, is to note the number of deaths that were anticipated on the basis of the death
rate in 1968. Let’s compare that with the number of deaths that actually occurred — the bot-
tom line. The estimated difference is 335,000 deaths less than was expected.

The interpretations of this complex trial will continue as data on morbidity
are coming to light and as more subgroup analyses are shared — examples are to
be discussed in connection with the Oslo (HJERMANN et al. 1981) trial and the Bel-
gian Heart Disease Prevention Project (KORNITZER et al. 1983). However, no one
has been able to summarize more succinctly than LUNDBERG (1982), in an accom-
panying editorial, what could be called the essence of MRFIT.

It would seem that the investigators underestimated the effects of the following: 1. Iden-
tifying patients as high risk and informing them of it. 2. Notifying physicians that their
patients were in a high-risk control group. 3. Providing original and annual data to the
physicians. 4. The quality of practice of the personal physicians of the UC group. 5. The
increased knowledge and behaviour change that much of the public at large was experien-
cing in this arena during the project time. The interpretation that usual care was nearly as
good as special intervention, speaks well for the ability of the patients to change and of prac-
ticing physicians to do their jobs effectively [italics mine].

Or, as RoOsE (1982) put it: “It seems now to have been a mistake to base the
trial on health-conscious volunteers, who were so ready to catch the prevention

message even when they were supposed to be controls.”

IV. Multiple Risk Factor Intervention in North Karelia

One is reminded of another community program (Puska et al. 1979) to control
cardiovascular diseases where the “control” community reduced, quite unexpect-
edly, the same risk factors, which, in the end, led to insignificant outcome differ-
ences between the two groups. “The results of MRFIT are disconcertingly similar
to those of a Finish multifactor intervention trial of primary prevention of coro-
nary heart disease” (OLIVER 1982). During the 5-year comprehensive study, two
cross-sectional surveys of population samples not selected for high risk (as was
the MRFIT population) were used. An overall mean net reduction of 17% in men
and 12% in women occurred 5 years later with regard to cigarette smoking, blood
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pressure, and cholesterol in the North Karelia intervention community. However,
the control community in Kuopio, likewise, reduced smoking, lowered blood
pressure and cholesterol levels and thus, no difference in CHD could be shown
between the two communities. The time for controlled community experiments
has passed, since concurrent changes in the behavior of “control” persons in these
two studies as well as in future studies will prevent demonstration of a significant
intervention effect.

V. The WHO European Collaborative Trial

Only preliminary results are presently available from the four European countries
collaborating in a multifactorial intervention study, the United Kingdom, Bel-
gium, Italy, and Poland. Participants were 49,781 men aged 49-59 years working
in 88 factories in those four countries. This was a trial of prevention in whole com-
munities. Medical resources were limited, the funds being less than 2% of those
used by MRFIT.

Factories (not individuals) were randomized, so that health education could be given
to the whole community without influencing controls. The risk factor changes were less
than in MRFIT, corresponding over the 6 years of the trial to an average net reduction of
11% in estimated CHD risk. For high-risk men the fall in the intervention group was 22%
— the same as in MRFIT. Success in changing risk factors varied widely between countries.
The U.K. did well for smoking, but not for anything else. Italy and Belgium did best over-
all, with average falls of 28% and 16% in estimated overall CHD risk. These differences
could be related to differing levels of intervention staffing. The outcome with regard to
CHD broadly corresponded to the observed changes in risk factors. CHD mortality was
8% lower in the intervention group as a whole (not significant), ranging from a small but
non-significant increase in the U.K. up to a 32% reduction in Italy and a 21% reduction
in Belgium. Belgium was a large center and the reductions in both total CHD (24%) and
total mortality (17%) reached the 5% level of significance (ROSE 1982).

Table 3. 2-Years changes of risk factors in the Belgian intervention and control group in
comparison with the SI and UC groups of MRFIT

Risk factors MRFIT Belgium

Special Usual Intervention Control
intervention care

Smoking (%)

Baseline 59 59 85 81
Year 2 35 52 69 71
Serum cholesterol® (mg/dl)

Baseline 254 254 265 262
Year 2 238 246 255 263
Blood pressure (mmHg) (Diastolic) (Systolic)
Baseline 91 91 152 153
Year 2 83 87 140 148
Participants

Baseline 6,428 6,438 8,509 10,900
Year 2 5,995 5,919

Age (years) 35-57 40-59

2 Plasma cholesterol levels were lower!
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Table 4. 6-Year cumulative total mortality and coronary incidence in the Belgian heart dis-
ease prevention project (BHDPP)*

Intervention Control Difference Significance
(per thousand)  (perthousand) (%)
Total 33.9 41.1 17.5 (P=0.011)
mortality
Coronary 11.4 144 20.8 (P=0.072)
mortality
Nonfatal 10.5 14.2 26.1 (P=0.036)
myocardial
infarction
Coronary 20.3 26.9 24.5 (P=0.004)
disease
incidence

2 “For 3 out of 4 predefinded end-points the outcome of the BHDPP was favorable with
a reduction in coronary incidence almost 25% in the intervention group” (KORNITZER
etal. 1983)

The Belgian Heart Disease Prevention Project can be singled out for several
reasons:

1. Its 2-year intervention results have been published and can be compared
with the 2-year results obtained in MRFIT (Table 3). Clearly, Belgian men at
baseline appeared to smoke excessively and both the SI group and the UC group
in the United States had a “head start” with only 59% smokers in comparison
with 80% in Belgium. Likewise, mean cholesterol levels were 10 mg/dl higher at
the beginning of the trial in Belgium. Blood pressures were mildly elevated.

2. The Belgian control group obviously was not “contaminated” by interven-
tion and remained at high risk in smoking, cholesterol, and blood pressure.

3. In addition, the age distribution at baseline is important since it could be
expected that, at slightly higher ages (than MRFIT), the CHD incidence would
increase.

Table 4 represents a significant contribution to the intervention literature. As
RosE (1982) had pointed out, success in changing risk factors, among others, re-
lated to differing levels of intervention staffing. “The Belgian section of the WHO
trial gives statistically significant support to the reversibility of risk. Considering
the underlying disease in middle-aged men, that is a surprising result.” The same
could be stated about the excellent results achieved in the Oslo Study.

VI. The Oslo Trial (Primary Prevention)

The bifactorial approach over a period of 5 years in hypercholesterolemic, smok-
ing men (HJERMANN et al. 1981) may be termed the most successful nonpharma-
cologic intervention trial. The coronary mortality was reduced by 48% in the in-
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Table S. Cholesterol levels in nonhypertensive smokers and nonsmokers with
or without hypercholesterolemia *

MRFIT
Subgroup Analysis I
Nonhypertensive Participants CHD deaths
SI ucC SI ucC

Nonsmokers at S;

Serum cholesterol

<250 mg/dl 102 128 1 1

=250 mg/dl 415 432 3 4
Smokers at S;

Serum cholesterol

<250 mg/dl 846 844 16 11

=250 mg/dl 1,046 1,041 15 29
Total 2,409 2,445 35 45

 Presented at the press conference on 16 September 1982 at the National
Heart, Lung and Blood Institute, Bethesda, Maryland

tervention compared with the control group. The main credit was given to the
13% fall in serum cholesterol, while cessation of smoking accounted for only 25%
of the reduction. The MRFIT provided a unique chance to replicate this obser-
vation. Table 5 reflects this attempt in a retrospective subgroup analysis. The
numbers of smokers with elevated cholesterol levels at baseline were almost twice
as high as in the Oslo trial; the reduction of coronary mortality was, again, almost
50% in the intervention group. What does this mean for everyday clinical prac-
tice? A patient who is hypercholesterolemic and unwilling to change either diet,
weight (or both), and keeps on smoking, is twice as likely to die from myocardial
infarction than one who changes life-style — 6 years seems a very short time period
to increase or reverse one’s risk.

C. Epidemiologic Observations Confirming the Trend
of Decreasing Coronary Mortality in the United States

In the opinion of this writer, multiple risk factor intervention trials in primary
prevention of ischemic heart disease are providing the ultimate proof that man-
ifestations of this epidemic disease can be prevented or may be postponed to a
later age. Two-risk or three-risk factor intervention experiments thus constitute
the evidence required by those who doubt that coronary heart disease is a revers-
ible entity. Their results come closest to the many observations in animal ex-
periments which, particularly in the rhesus monkey, have unequivocally demon-
strated reversibility of anatomic changes in the coronary arteries. Later, we shall
discuss unifactorial intervention trials which have also shown unexpected benefits
for those under active treatment (e.g., diet or antihypertensive therapy) in com-
parison with control groups under placebo or less aggressive treatment.
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Table 6. Changes in food consumption (%) between 1963 and 1980 in the
United States and the Federal Republic of Germany

United States Federal Republic of Germany
(1963-1980)* (1964-1980)®
Milk—cream — 241 Milk — 15
Cream + 84
Eggs — 123 Eggs + 21
Animal fats — 38.8 Animal fats + 3
Butter — 333 Butter — 14
Vegetable fats and oils + 57.6 Vegetable fats and oils + 12
Fish + 22.0

* WALKER (1983)
b Statistical Monthly Bulletin (1973, 1980)

Among those who have made a study of the issue, opinion is still divided as
to how much of the decline in cardiovascular mortality is a consequence of in-
novations in medical care (i.e., increasing role of thrombolysins and dilatation
treatment, introduction of calcium antagonists and S-blockers) or whether this
decline has resulted from an altered life-style. We will now attempt to support the
latter notion epidemiologically, although the evidence presently available is much
more indirect than that previously provided from multiple risk factor intervention
trials.

I. Food Consumption Pattern: United States and Germany

A typical example is presented in Table 6 where the eating patterns and their
changes over the period 1963-1980 are contrasted between the USA and Ger-
many. Most recent mortality data indicate that CHD is still on a slight increase
in Germany, in a country where myocardial infarction during the early postwar
years was practically nonexistent and where the death rates suddenly and sharply
increased in the late 1950s and early 1960s.

While German eating patterns have not changed significantly over the past 20
years, recent analyses of American food consumption show that the trend has
continued since these data were published in 1983. WALKER (1983) cited the fol-
lowing figures: Since 1963, the per capita consumption of whole milk and cream
decreased by 24%,the use of eggs by 12%, and butter by 33%. At the same time,
the use of animal fat and oil decreased by 39%, consumption of vegetable fat and
oil increased by 58%. The decrease in average cholesterol levels among middle-
aged men resulting from changes in the quality of fat consumed was from 233 mg/
dlin the mid-1960s to 217 mg/dl in the mid-1970s.

II. Development in England

In England and Wales, similar to Germany, no major changes have been recorded
in the food consumption over the past 20 years. “Among middle-aged men in
1968 the chances of a CHD death in an American was 40% higher than that of
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Fig. 2. Age-adjusted death rates from CHD among men aged 35-74 years in five countries.
Rosk (1981)

an English man, while by 1976 the American risk had actually declined to below
that of the English” (KANNEL 1982 a). ROSE (1981) had shown the close proximity
of the mortality curves between England—Wales and the United States (Fig. 2). He
writes:

In Britain then, we are failing to prevent a preventable disease. If we had shared in the
Australian and American decline each year in England and Wales, there would be upwards
of 25,000 fewer coronary deaths. One can imagine the outcry if some shortcoming in ther-
apeutic services were to cause even a tiny fraction of this number of unnecessary deaths.

Why then, one may ask, do we not as a profession evince a corresponding alarm at a failure
of prevention? Why do we not feel that it is our fault?

III. Life Expectancy in the United States

Already, life expectancy shows a rising trend in the United States. The National
Center for Health Statistics published the following figures for the all-time life ex-
pectancy records of the average American: 1970 70.7 years; 1971 71.1 years; 1972
71.2 years; 1973 71.3 years; 1974 71.9 years; 1975 72.5 years; 1976 72.8 years; 1979
73.8 years; “a total population longevity increase of 3.1 years since 1970, com-
pared with only a 0.8-year increase in the 1960s” (KANNEL 1982 a).

IV. Life-Style Changes Versus Improved Medical-Surgical Care

As KANNEL (1982 a) has pointed out, “the combined impact of medical and sur-
gical interventions would seem insufficient to produce a 25% improvement. This
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suggests that there has been improvement in the incidence or severity of the dis-
ease.” Even if it could be shown that the aggregate of coronary care units, cor-
onary angioplasty, advances in emergency cardiac care, and the impact of im-
proved therapy are responsible for a portion of the decline, it stands to reason that
the changes in risk factors are the major contributors.

V. The Rochester Study

What is apparent from this study as well as from the Minneapolis, Minnesota
Study is that more than half of the total decline in CHD mortality rates is due
to declining incidence of sudden death. This decline seems primarily due to de-
creasing prevalence and improved management of coronary risk factors among
persons without a history of CHD (ELVEBACK et al. 1981). Unusually comprehen-
sive data are available on CHD in the small twon of Rochester, Minnesota (pop-
ulation 28,000 in 1950 and 60,000 in 1980), because two main hospitals provide
the clinical service to a well-defined local population. All hospital case records are
available for the past 70 years. Autopsy rate is remarkably high at 60%. The in-
cidence and mortality rates for CHD in this population between 1950 and 1975
were obtained by scrutinizing the records of all patients who were diagnosed with
some form of CHD. Follow-up to 1980 was almost complete.

A certain disadvantage is the fact that this study is dealing with a better edu-
cated population with a higher than average income, since we recognize the fact
that the majority of common risk factors (smoking, hypertension, hyperlipid-
emia, obesity, sedentary life-style, diabetes) predominantly reside in the lower so-
cioeconomic group of our society. During the study period, 1,321 patients had
myocardial infarction, 1,215 developed angina, and 544 cases of sudden, unex-
pected death were recorded. Most important, the trend in mortality rates in
Rochester between 1968 and 1978 parallels that of the United States as a whole.
This suggests that the observations made may be generally relevant even if the
community is not typical.

The annual age-adjusted mortality rate from CHD was 142 per hundred
thousand population in 1960, peaked at 184 in 1969, and then fell steadily to 113
in 1978. This decline was evident in all age groups. The incidence of sudden death
declined most. In addition, between 1965 and 1969 the 30-day fatality rate among
300 patients with myocardial infarction was 18%, but between 1970 and 1975
among 385 patients it was only 9.3%. The 5-year survival rate of those alive at
30 days remained unchanged over the whole study period. Therefore, no change
in long-term survival after myocardial infarction has been observed. The 5-year
survival of patients with angina improved from 75% in the first 20 years of the
study to 87% for those developing angina in 1970-1975.

VI. The Minneapolis Study

The other Minnesota study in the metropolitan community of Minneapolis re-
ported on the trend in CHD deaths out of hospital (FoLsoM et al. 1981). The Min-
nesota Mortality and Morbidity Surveillance Program enumerated coronary



Epidemiology of Ischemic Heart Disease 15

Table 7. Changes in CHD deaths in and out of hospital (FoLsoM et al. 1981)

Deaths 1970 1978 1970-78

n Rate/10° n Rate/10°  Change/10°
In hospital 261 3,972 274 3,654 314
Out of hospital 293 4,458 187 2,493 1,965
AllCHD 554 8,430 461 6,147 2,279

Table 8. Changes in cardiovascular risk factors (LUEPKER et al. 1982)

1973-1974 1980-1981
n 1,982 2,208 775 879
Diastolic blood pressure (mm/Hg) 79.2 73.6 75.8 71.4
Cholesterol (mg/dl) 207.5 200.4 203.2 197.0
Smokers (%) 40.3 37.0 35.0 34.4

deaths out of hospital and coronary deaths in hospital between 1970 and 1978
from death certificates in seven counties with a total population of 1.9 million.
Results for males aged 55-65 years indicate a decline of 27% in CHD death rates
overall, with death rates out of hospital and in hospital declining 44% and 8%,
respectively. The proportion of CHD deaths occurring out of hospital fell from
53% in 1970 to 41% in 1978.

Declining death rates out of hospital thus constitute much (86%) of the total
decline in the CHD mortality rate among men aged 55-64 years (Table 7).

The same group from the University of Minnesota School of Public Health
in Minneapolis (LUEPKER et al. 1982) examined the trend in cardiovascular risk
factors between 1973-1974 and 1980-1981. To ascertain if total plasma choles-
terol, diastolic blood pressure, and cigarette smoking continue to fall, a popula-
tion sample (age 25-29 years) was surveyed in 1980-1981 and compared with a
similar survey in 1973-1974. The same laboratory was utilized and the survey
methods were similar. The age-adjusted means are shown in Table 8.

Evidently, major risk factors declined significantly (P<0.05 for all param-
eters) in this population from 1973-1974 to 1980-1981. The decline was seen in
both sexes, but was greater in men.

VII. The Chicago Peoples Gas Company Study

Results from the Chicago Peoples Gas Company Study (1960-1980) revealed very
similar findings to those reported from the two Minnesota cities. This study used
data on 3,203 men from the long-term Gas Company Study which began in 1958.
The question posed was whether rates of sudden death from CHD had fallen with
both first and recurrent coronary events (ANASTASIOU-NANA et al. 1982). For
1,617 men aged 40-59 years in 1960, age-adjusted first event sudden coronary
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death rate was 6.8 per thousand from 1960 to 1964. For 1,733 men of the same

age in 1975, the corresponding 5-year death rate was only 1.7 per thousand. This-
represents a 75% decrease of first event sudden coronary deaths. In contrast, the

corresponding rate for recurrent sudden coronary death showed little change, be-

ing 7.6 and 7.1 per thousand, respectively. The results were similar using several

definitions for sudden death (i.e., =1 h, =3 h, =24 h). “These findings are con-

sistent with the concept that broad population changes in life style and life-style-

related risk factors have contributed importantly to the sizable recent decline in

CHD mortality in the US”” (ANASTASIOU-NANA et al. 1982).

VIII. Pathologic—Anatomic Proof that Coronary Atherosclerosis
is Decreasing

The quantitative measure of coronary atherosclerosis in two groups of randomly
chosen autopsy cases of men aged 2544 years is of great interest in this context
(STRONG et al. 1979; STRONG and GuzMAN 1980). The first group was studied
from 1960 to 1964 as part of the International Atherosclerosis Project in New Or-
leans and the second group between 1969 and 1972 as part of a Community Pa-
thology Study in the same city. The pathologists developed an index to measure
the severity of coronary atherosclerosis and used this standard to compare the
two groups. The second group of men studied at autopsy between 1969 and 1972
had significantly less severe coronary atherosclerosis. According to STRONG and
GuzMaN (1980), “One hundred and ninety-nine white men had more extensive
percent coronary intimal surface (14.2 4+ 1.31 age-adjusted mean and standard er-
ror) involvement with raised atherosclerotic lesions” in the first period from 1960
to 1964 than the 146 whites in the second period from 1969 to 1972 (7.0 +0.84).
Fatty streaks in the coronary arteries were also less extensive in the second
group than in the first group (4.9+0.4 vs 11.4+0.7 for whites). This coronary

Fig. 3. Atherosclerotic lesions in the coronary arteries of white men at autopsy, by study
time period and age. STRONG and GUzMAN (1980)
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atherosclerosis index, applied to randomly selected autopsy cases and showing a
50% reduction in the extent of coronary atherosclerosis, is the most objective
means possible to measure the decrease in coronary mortality (Fig. 3).

D. Hypertension and Hypercholesterolemia:
Unifactorial Intervention for the Prevention
of Ischemic Heart Disease

I. Prevention of Fatal and Nonfatal Ischemic Heart Disease
Through Unifactorial Intensive Drug Therapy of Hypertension

The predominant opinion in hypertension research in the 1970s was that even in-
tensive treatment could not prevent the so-called atherothrombotic complications
of hypertension, in particular, myocardial infarction and ischemic heart disease.
The opinion was primarily based on the results of two studies, the United States
Public Health Service (U.S.P.H.S.) Hospitals Cooperative Study and the VETER-
ANS ADMINISTRATION COOPERATIVE STUDY GROUP ON ANTIHYPERTENSIVE AGENTS
(1967, 1970). The average age in the former study was 44 years at onset with an
upper age limit of 55 years. SMiTH (1977) stated:

Pressure lowering conferred no protection against myocardial infarctions, furthermore,
angina pectoris, abnormal Master’s tests and other ECG abnormalities ascribable to cor-
onary artery disease also occurred with equal frequency in the treatment group.... Since
there was no difference in the incidence of “atherosclerotic” events, all of the observed dif-
ference in end points incidence are accounted for by reduction in “hypertensive” end points
in the group receiving antihypertensive agents.

The results of the second study (Veterans Administration Cooperative Study)
were similar and have been summarized by FREis (1979 b):

Such complications as hemorrhagic stroke, congestive heart failure, renal functional
deterioration, dissecting aortic aneurysm, and accelerated hypertension were entirely ab-
sent in the treated group of patients.... On the other hand, myocardial infarction, heart
block, atrial fibrillation, and atherosclerotic aneurysm occurred at nearly the same frequen-
cy in the control and treated patients.

These results indicated that while treatment was highly effective against hypertensive
complications, it was of no demonstrated benefit in preventing atherosclerotic compli-
cations, particularly those involving the coronary arteries .. .. The results could also be in-
terpreted to mean that coronary artery damage occurs only in the course of hypertension,
and that once it has occurred, atherosclerosis will progress at an increased rate, irrespective
of the degree of control of the hypertension. The differing effectiveness of treatment on hy-
pertensive as opposed to atherosclerotic complications provides an explanation for the
diminishing therapeutic benefit seen with decreasing levels of pre-randomization diastolic
blood pressure.

Frexs (1979 a) showed that the incidence of morbid events in the untreated as
compared with the treated patients was in the ratio 27:1 in patients with the
highest diastolic blood pressures (115-129 mmHg); the ratio was 4: 1 in patients
with blood pressure levels 105-114 mmHg; and it was 1.5: 1 in the 90-104 mmHg
range. Moreover, Freis emphasized that CHD developed almost exclusively in
patients whose diastolic blood pressure was in the range 90-105 mmHg. How-
ever, he admits that larger number of hypertensive patients must be studied for
longer periods of time before any conclusive statement can be made. Yet in his
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state of the art lecture in 1979, Freis (1979 b) reiterated that: “THE VETERANS AD-

MINISTRATIONS COOPERATIVE STUDY-GROUP (1967, 1970) and the U.S.P.H.S. Hos- -
pitals Study (SmitH 1977) have demonstrated conclusively ... the effectiveness of

treatment in preventing most complications except myocardial infarction and

sudden death.”

Obviously, preliminary results were considered as final in establishing this
dogmatic hypothesis. In the meantime, a number of critics have voiced their mis-
givings. KANNEL (1978) noted that all previous studies are characterized by the
same defect: they were not started early enough and did not continue therapy long
enough to counteract the accelerating effect of hypertension on the atherosclerot-
ic process.

STAMLER (1978) added:

The V.A. trial was much too small — 264 and 259 men in two groups — to assess the
coronary question, even if the study had continued for much longer. The sample size
needed for assessing the coronary question was actually more than 10 times the size used
in the study. With that problem in mind, it is noteworthy that the treated group in the
V.A. study had only half as much mortality from coronary disease as the control group...,
the total coronary deaths were 6 and 12, and the major coronary events, non-fatal plus fatal
were 11 and 16. Thus there was a trend, and it favored the treated patients.

In another paper, STAMLER (1979) pointed out that distinguishing morbid
events induced by atherosclerosis from those caused by hypertension is mislead-
ing:

Stroke in Americans is both hemorrhagic and atherothrombotic and in men of the age
in the V. A. study, the majority of strokes are atherothrombotic. Therefore, the view that
in the V.A. trial treatment of hypertension did not influence atherosclerotic disease, is in
that respect not correct. The evidence is that the treatment of hypertension influences both
atherothrombotic and hemorrhagic stroke. Second, the view that the results of trials on the
treatment of hypertension are negative in regard to coronary disease is also an incomplete
understanding of the data.

The study population in these two studies (V.A., and U.S.P.H.S.) when com-
bined, comprised 457 patients under active therapy and 454 patients in the place-
bo group. Observation ranged from slightly over 3 years in the V.A. study to 10
years in the U.S.P.H.S. study. Sudden death and fatal myocardial infarction
amounted to 8 cases in the active treatment and 15 cases in the placebo group.
It is reassuring to see that, although the small numbers prevent statistical evalu-
ation, the prevention of fatal CHD was already apparent, at a time when both
the Hypertension Detection and Follow-up Program (HDFP) and the Australian
Hypertension Study (MANAGEMENT COMMITTEE 1980) were in their initial stages.

The Hypertension Detection and Follow-up Program (HDFP 1979 a,b) was
the longest treatment trial for the largest number of hypertensive patients con-
ducted in modern times. One randomly selected group of patients (N = 5,485) re-
ceived intensive antihypertensive therapy in outpatient clinics specifically set up
for this purpose (stepped care). Members of the second group (N=5,455) were
referred to their usual source of care (referred care).

In 1973 and 1974, 158,906 persons between ages 30 and 69 years were screened
in 14 communities throughout the United States. The patients were referred to
the HDFP clinics if their diastolic blood pressure averaged 95 mmHg at home on
two measurements. The Hawksley random-zero device was used in the clinics for
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blind measurement; patients with diastolic pressures over 90 mmHg were asked
to participate in the long-term study. Patienits were then randomly placed in one
of two groups:

1. Patients in stepped care were given free drugs in a standardized stepwise
fashion. Step 1 was prescription of a diuretic. In step 2, reserpine or methyldopa
were added. Step 3 was a vasodilator, and step 4 added an antiadrenergic drug
with or without discontinuation of medication at steps 2 and 3. Step 5 was the ad-
dition of (or substitution for) further drugs.

2. Patients in referred care had a clinical examination and laboratory tests at
the beginning of the trial, as well as after the second, third, and fifth years. The
private physician decided whether drug or dietary treatment was indicated for
patients referred to their usual sources of care.

Seventy-two % of the HDFP patients (7,825) were grouped as “mild” hyper-
tensives in the range of 90-104 mmHg diastolic blood pressure; 19% had levels
between 105 and 114 mmHg (2,052); and 10% had the highest levels = 115 mmHg
(1,063 men and women). The goal was to reduce the diastolic blood pressure in
patients with baseline levels of 100 mmHg or higher, to 90 mmHg. For patients
in the range 90-99 mmHg, the goal was reduction to the 80-89 mmHg range. It
was decided at the outset that success or failure would be judged by the hardest
end point of any study, i.e., the difference in the mortality rate from all causes
between the two groups at the end of year 5. Average age was 51 years at baseline.

In order to facilitate understanding of different results in the various long-
term trials of hypertensive patients, two facts should be emphasized:

1. In an attempt to represent the full spectrum of hypertension, all hyperten-
sive patients in HDFP were admitted to the study, including patients with a his-
tory of myocardial infarction, stroke, angina pectoris, diabetes, kidney disease,
and gout.

2. The referred care group was different from control groups in other trials,
as no placebo treatment was administered.

As a consequence, the final results of the trial were of great clinical relevance,
but less dramatic than might have been expected, especially since many patients
in the referred care group were also treated successfully with medication during
the fourth and fifth years of the program by their own physicians.

II. Results

1. Death Rates Reduced

The majority of the patients in this trial (72%) had blood pressure values between
90 and 104 mmHg; the mortality from all causes over the 5-year observation pe-
riod in this blood pressure category was 20% lower in the stepped care group than
in the referred care group. The reduction of mortality, for the entire population,
in the rigorously treated stepped care group, compared with the group referred
to their usual source of care in the community, was 17% (Table 9).
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2. Left Ventricular Hypertrophy Reverted

Of the stepped care patients who had left ventricular hypertrophy (LVH) at base-
line, 60% reverted to normal ECGs (HDFP 1981). This normalization of a highly
abnormal ECG sign led to significantly lower morbidity and mortality rates from
myocardial infarction and stroke in the stepped care group as compared with the
referred care group.

At the beginning of the study, 726 stepped care patients showed LVH in their
ECGs, but after 5 years, the ECGs of 60.3% of these patients were normal. In
the control group, 652 referred care patients showed LVH in the ECG at the be-
ginning of the study, and after 5 years, 49.2% had normal ECGs (HDFP 1981;
BoruANI 1982). LVH was defined as high R waves, combined with ST segment
depression or with T wave flattening or inversion. It had been assumed earlier
that, as LVH advanced, parts of the myocardium became relatively ischemic,
which in turn would lead to development of necrosis and fibrosis and that this
would inhibit proper functioning. Patients with this condition have a higher risk
of sudden death, myocardial infarction, and congestive heart failure. So far, only
a few studies (SEN et al. 1977) have examined the advantages of antihypertensive
treatment for reducing LVH. For many years it was believed that LVH was irre-
versible once having developed. The new findings of the HDFP study, showing
a lower incidence and reversibility of LVH resulting from intensive therapy, have
been confirmed by similar results of chest X-rays showing decreased cardiothor-
acic ratios in stepped care patients in comparison with referred care patients.

3. Myocardial Infarction Rates Reduced Significantly

This trial demonstrated that intensive treatment of so-called mild forms of hyper-
tension prevents fatal myocardial infarction. Among hypertensives with diastolic
blood pressure levels ranging from 90 to 104 mmHg, 30 deaths were due to myo-
cardial infarction in stepped care patients in contrast to 56 in referred care
patients. Thus, the mortality rate was 46% lower in stepped care patients (see
Table 9).

On this clear-cut advantage of a stepped care regimen in the treatment of hy-
pertension over a less intensive drug therapy, FRrEis (1982) commented:

The most controversial question about antihypertensive drug treatment is whether it
significantly reduces the incidence of coronary artery disease. Of the various trials, only the

HDFP showed a significant reduction of fatal coronary artery disease with treatment. The
investigators did not report their experience with non-fatal myocardial infarction.

4. Nonfatal Myocardial Infarction Rates Decreased

The nonfatal myocardial infarction incidence has just been made available
(HDFP, 1984). Each participant had completed a standardized Rose questionnaire,
which was developed to elicit a history of symptoms of myocardial infarction in
a reliable fashion by trained interviewers. These questionnaires were readmin-
istered at the termination of the study. At intake, the prevalence of myocardial
infarction by Rose questionnaire was identical in stepped and referred care
groups. Of 5,485 patient under stepped care, 512 had positive Rose questionnaire
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Table 9. Deaths by cause in the stepped care and referred care groups. All
strata combined and stratum I (90-104 mmHg) (HDFP 1979 a)

All strata Stratum I
(90-104 mmHg)

Stepped Referred Stepped Referred

Stroke 29 52 17 31
Myocardial infarction 51 69 30 56
Other ischemic heart diseases 80 79 56 51
Heart failure 5 7 5 5
Other hypertension-induced causes 4 7 2 3
Other cardiovascular diseases 26 26 12 19
All cardiovascular diseases 195 240 122 165
Renal disease 15 10 7 5
Diabetes mellitus 5 10 4 8
Cancer 61 74 45 57
(Breast Cancer) ) %) ) @
Gastro-intestinal diseases 11 20 9 15
Respiratory diseases 13 17 9 10
Infections 6 3 4 2
Accident, suicide, homicide 26 25 20 17
Other causes of death 17 20 11 12
All non-cardiovascular diseases 154 179 109 126
Total 349 419 231 291

responses, or a medical history of myocardial infarction (M.1.) or ECG evidence.
Corresponding figures for the referred care group were the same, 506 of 5,455
individuals.

Table 10 shows the incidence of myocardial infarction over the 5 years for
those who were free of myocardial infarction at baseline (negative response to the
Rose questionnaire). Of 4,973 stepped care patients 346 persons with a negative
Rose questionnaire at the beginning of the study developed M.I., yielding a 5-year
incidence rate of 7,0%. Of 4,949 patients in the referred care group, 413 indi-
viduals developed an M.I. within 5 years, with an incidence rate of 8.3%. Thus,
there was a relative reduction of 15.7% in the incidence of nonfatal myocardial
infarction in stepped compared with referred care. For such a large popula-
tion (> 10,000 participants), to ascertain proof of myocardial infarction over a
5-year period is much more difficult than in a hospitalized patient whose myocar-
dial infarction may be documented by ECG and enzyme changes over several
days or weeks scanning, and clinical course; but, whichever method was applied,
standard clinical history, Rose questionnaire, or ECG (with ists well-known Q
wave disappearance in at least 14% of myocardial infarctions over time), all these
indicators favored the stepped care patients with a lower 5-year myocardial in-
farction incidence than referred care patients.

Since FREIS (1979 a) mentioned the Australian trial as “further example of a
negative outcome as far as coronary heart disease is concerned,” it is relevant to
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Table 10. 5-Year incidence of nonfatal myocardial infarction (MI) among the HDFP
stepped care and referred care participants by diastolic blood pressure strata at entry  _

Diastolic Sample size® 5-Year incidence Reduction
pressure in
at Number Rates/100® incidence
entry among
(mmHg) Step- Refer-  Step- Refer-  Step- Refer-  stepped
ped red ped red ped red care pa-
tients (%)
90-104 3,553 3,588 250 283 7.1 7.9 10.1
105-114 939 900 68 89 7.4 9.8 24.5
> 115 481 461 28 41 5.8 9.0 35.6
Total 4,973 4,949 346 413 7.0 8.3 15.7

* Sample size is the population at risk; i.e., those who had a negative Rose questionnaire
at baseline, a normal ECG and a negative medical history
® Rates are adjusted for age, race, and sex

quote actual figures from this 3.5-year trial. Among the 1,721 hypertensive
patients under active treatment, two patients died of myocardial infarction, 18
more suffered a nonfatal myocardial infarction, and 50 patients were classified as
angina pectoris and showing ischemic signs in ECG. The control group on place-
bo drugs consisted of 1,706 patients with the development of 8 cases of fatal myo-
cardial infarction, 17 nonfatal myocardial infarction, and 63 patients classified as
showing angina and ischemic signs in ECG. It should be pointed out that in con-
trast to HDFP, patients with either a history or ECG evidence of myocardial in-
farction, with stroke, angina, and many other risk factors were excluded from
the Australian trial. The total incidence of ischemic heart disease (fatal and non-
fatal), again, favored those under active treatment (MANAGEMENT COMMITTEE
1980).

5. Stroke Incidence Reduced Considerably

The prevention of stroke through aggressive antihypertensive therapy has been
demonstrated in numerous clinical and epidemiologic studies. Only two sub-
groups of HDFP deserve our special attention, the elderly with elevated blood
pressure and women with hypertension.

A 45% reduction in the incidence of stroke among stepped care participants
who entered the study at ages 6069 years, was rather unexpected. This represents
the first demonstration (HDFP 1982 a) that stroke can be prevented by an aggres-
sive treatment program in an elderly population 65-74 years old at the termination
of the study.

White women were characterized by a very low mortality rate, only 5% in 5
years. In the stepped care group, 58 of the 1,185 women and in the referred care
group, 55 of the 1,156 women died (4.9% and 4.8%). White women in the referred
care group participated more in the antihypertensive drug therapy than any other
race-sex group in which the average diastolic blood pressure remained constantly



Epidemiology of Ischemic Heart Disease , 23

under 90 mmHg during each of the 5 years. These two factors, the low mortality
from all causes for white women compared-with the other three race-sex groups,
and the high participation of women in the treatment offered by referred care, are
the most important reasons for similarity in the results among white women.
However, when stroke morbidity and mortality were combined, white women ex-
perienced a 30% reduction of stroke incidence in stepped care compared with re-
ferred care over 5 years (HDFP 1982 a).

6. The Oslo Trial

Mortality from all causes in 5 years was only 3% among younger patients aged
3049 years, so that no differences could be expected when comparing mortality
between stepped and referred care groups. In contrast, the differences in mortality
of patients over 50 years of age were impressive and statistically significant be-
tween the two groups. But again, when combining morbidity and mortality from
stroke, a 27% reduction in the incidence of stroke was found, even among the
younger participants (aged 30-49 years at entry) (HDFP 1982 a). It is relevant to
emphasize that the mortality from all causes among the younger patients (<50
years) was the same in the stepped and referred care groups in view of a similar
finding in the Oslo trial of mild hypertension (HELGELAND 1980). A total of 406
men between the ages of 40 and 49 years with systolic blood pressure ranging
from 150 to 179 and diastolic blood pressure less than 110 mmHg were treated
intensively. The 379 men in the control group did not receive placebo tablets, but
were referred to their usual source of medical care. The most important findings
are:

1. No difference was found between the two groups in either total mortality or
deaths due to cardiovascular disease.

2. Left ventricular hypertrophy, fatal dissecting aneurysm, and left heart failure
were recorded only in the control group.

3. There were six causes of sudden death in the active therapy group and two
cases in the control group. In both groups, eight cases of myocardial infarction
were registered.

4. Cerebrovascular events were seen only in the control group.

Unlike the HDFP study, these men were asymptomatic at intake into the trial,
just as in the Australian study, and did not have a history of cardiovascular dis-
ease, had normal ECGs, did not suffer from diabetes, retinopathy, renal diseases,
etc., and were not on antihypertensive treatment for 12 months prior to the be-
ginning of the study.

HEeLGELAND (1980) commented: “Considering the relatively small study
groups and a short observation period, it was not reasonable to expect a signif-
icant effect on mortality. Thus, valid conclusions regarding the impact of antihy-
pertensive treatment on mortality should not be drawn.”

7. Total Mortality in Mild Hypertension Significantly Reduced

By far the most important finding yet emerging from HDFP may be the recent
report on the effect of treatment on mortality in mild hypertension (diastolic
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Table 11. 5-Year mortality rates (%)* among HDFP participants in stratum I (diastolic
blood pressure at entry 90-104 mmHg) by end organ damage status and diastolic blood
pressure substrata (HDFP 1982b)

End Diastolic  Stepped care (SC) Referred care (RC) Reduction
organ  blood in mortality
damage pressure Sample Number Death Sample Number Death for SC
atentry atentry size of rate size of rate RC-SC
(mmHg) deaths (%) deaths (%) RC
(%)

Present  90-104 501 78 15.6 460 92 200 22.0
90- 94 173 30 17.4 175 33 18.9 79

95- 99 170 14 8.2 143 22 154 468
100-104 158 34 21.6 142 37 26.1 17.2
Absent  90-104 3,402 153 45 3,462 199 58 224
90- 94 1,301 54 42 1,292 74 58 276
95-99 1,220 55 45 1,198 65 54 167
100-104 881 44 5.0 972 60 62 194

2 Mortality rates calculated by life table method

blood pressure 90-104 mmHg). As will be recalled, 3,903 men and women were
in the stepped care and 3,922 persons in the referred care group. A subgroup anal-
ysis was undertaken for those patients who: (a) were on antihypertensive therapy
at baseline or without such therapy; (b) had end organ damage (stroke, myocar-
dial infarction, angina, ECG abnormalities, pathologic creatinine, =1.7 mg/dl,
and intermittent claudication) or free of them; and (c) were neither receiving anti-
hypertensive treatment nor had end organ damage at the time of intake into the
trial.

Patients receiving antihypertensive therapy on entry had a higher 5-year mor-
tality than patients not on antihypertensive medication at initiation of the trial.
Obviously, those patients were placed on drug treatment by their physicians be-
cause many of them also had evidence of end organ damage or because of either
symptoms or pathologic findings, other risk factors, and comorbidity. Neverthe-
less, the reduction in cumulative mortality among stepped care patients relative
to referred care participants was almost 20% for those who were not on blood
pressure drugs on entry. The reduction was 22% for those who were taking anti-
hypertensive medication on entry.

Again, the higher mortality among those with evidence of end organ damage
on entry, as shown in Table 11 was to be expected. However, the reductions in
cumulative mortality for the stepped care patients are evident. The reduction in
cumulative mortality among stepped care as compared with referred care patients
without end organ damage was 22%, for those with end organ damage also 22%.

Among the largest group, a total of 5,322 participants with diastolic blood
pressure 90-104 mmHg who were not on drug therapy and were free of end organ
damage, the 5-year cumulative mortality in stepped care was significantly reduced
(Table 12) in comparison with referred care (P=0.01). By further subdividing
mild hypertensives into those with diastolic blood pressure 90-94 mmHg, the
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Table 12. 5-Year mortality rates (%)* among HDFP participants in stratum I (diastolic
blood pressure at entry 90-104 mmHg) not on antihypertensive drugs and free of end organ
damage at entry by diastolic blood pressure substrata (HDFP 1982b)

Diastolic Stepped care (SC) Referred care (RC) Reduction
blood in mortality
pressure Sample Number Death  Sample Number Deaths for SC
at entry size of rate size of rate RC-SC
(mmHg) deaths (%) deaths (%) T(o/ )
(1]

90-104 2,619 106 4.0 2,703 151 5.6 28.6

90— 94 1,022 36 3.5 1,023 54 5.3 34.0

95- 99 932 39 4.2 913 53 5.8 27.6
100-104 665 31 4.7 767 44 5.8 19.0

2 Mortality rates calculated by life table method

mortality rate in stepped care compared with referred care was significantly re-
duced (P=0.05) by 34%. The findings strongly support the HDFP (1982 b) con-
clusion “that in patients with mild hypertension treatment should be considered
early and certainly before end-organ damage occurs.”

8. Noncardiovascular Mortality Decreased

It is not yet clear how to explain the effect of antihypertensive therapy on mor-
tality from all causes, as was shown in Table 9 from the HDFP, with a significant
reduction of noncardiovascular causes of death. Framingham data from the early
1960s, and published by KANNEL and GORDON in 1974, indicate that all causes
of death among untreated hypertensives were higher than in age-matched nor-
motensive persons, in addition to the well-known excessive mortality from car-
diovascular disease among hypertensive patients without treatment.

In rural Evans County, Georgia, many hypertensive people either remained
untreated or were inadequately treated between 1960 and 1969. Compared with
normotensive people of the same age, white hypertensive patients suffered an ex-
cessively high risk of death from noncardiovascular causes during this period of
time. In order to study this phenomenon, the population was divided into two
groups. Persons with diastolic blood pressure under 95 mmHg were classified
normotensive, and those with levels at or above 95 mmHg were termed hyperten-
sive. The initial blood pressure values were taken in the first examination of the
Evans County population between 1960 and 1962. Data on specific causes of
death were collected until 1970.

Normotensive men and women had lower mortality rates than expected, with
a standardized mortality rate (SMR) of less than one. In contrast, male hyperten-
sive patients in particular showed a high mortality rate from cardiovascular and
noncardiovascular causes of death, with the exception of cancer where the SMR
was only slightly elevated. As expected, the rate of cardiovascular causes of death
was 2.5 times higher for hypertensive than for normotensive men. Noncar-
diovascular causes of death were 1.5 times more frequent in hypertensive patients
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than in normotensive people. It is not surprising, therefore, that the total mortal-
ity was nearly twice as high for hypertensive patients, largely left untreated at that-
time. Women with hypertension showed similar mortality rates.

An explanation for this phenomenon is not available at the present time. The
Australian long-term study, for example, did not find a reduction in noncar-
diovascular mortality among patients in the treatment group, whereas the
Swedish intervention study did. It would be equally important to determine the
reason for the lower mortality rates from all causes exhibited by normotensive
persons in the Evans County study.

II1. Prevention of Myocardial Infarction
Through Unifactorial Treatment of Hypercholesterolemia

1. Dietary Intervention: Experimental and Observational

a) Experiments with Dietary Intervention

o) The Minnesota Coronary Survey. The effect of dietary modification on the in-
cidence of death and cardiovascular events was tested double blind in Minnesota
institutions (BREWER et al. 1975). Serum cholesterol decreased 13.8% from base-
line levels in the treated group and 0.6% in controls. The average observation pe-
riod lasted 4 years. Under the cholesterol-lowering diet, in the younger 1,192 men
randomized to the treatment group and 1,106 men randomized to the control
group, all below age 50 years, significant differences were found for both coro-
nary events and for total mortality (FRANTZ et al. 1975).

In the treatment group, three events of myocardial infarction, sudden death,
and stroke occurred (within the 4-year period), and two deaths were registered.
In the control group, however, ten persons had a myocardial infarction, died sud-
denly, or experienced a stroke. Mortality from all causes in the control group
amounted to 12 cases. Thus, the cardiovascular event rate in the treatment group
was 2.5 per thousand vs 9 per thousand in the control group (FRANTZ et al. 1975).
Smokers and diabetics, levels of blood pressure, and number of men with arcus
senilis were comparable in both groups (DAwWSON and GATEWOOD 1975). There-
fore, the difference in the incidence of coronary events and total mortality can
reasonably be attributed to the dietary changes over these 4 years of observation.
In men beyond age 50 years, risk factors other than diet and cholesterol levels ap-
peared to be of greater importance. The special significance of this experiment is
its double-blind nature and the unifactorial approach to CHD with a relatively
high total fat intake and almost 15% of the total calorie intake consisting of
polyunsaturated fatty acids for the treatment group. Interestingly, the lower car-
diovascular disease mortality in the dietary treatment group was not “compen-
sated” by a higher death rate from other causes. The total mortality which in-
cludes cancer was 1.7 per thousand in the dietary treatment group and 10.8 per
thousand in the control group.

The observation described in the last sentence is rather significant since it
could be, and actually has been, argued that other causes of death may automati-
cally increase whenever the CHD is lowered by dietary means. A sufficient num-
ber of dietary intervention studies has been reported at this time which allows us
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Table 13. Cancer deaths and diet (PEARCE and DAYTON

(1971)
Adherence to diet (%) No. of cancer deaths
Dietgroup  Control group
0-10 10 2
1120 2 1
(21-30) 3 )

to examine this important issue (SHEKELLE and PAUL 1981). In particular, in the
past few years, concern has been raised that a cholesterol-lowering diet may in-
crease the risk of cancer (BEAGLEHOLE et al. 1980; WILLIAMS et al. 1981; KAGAN
et al. 1981). While this hypothesis was examined and dismissed by most nutrition-
ists and cancer specialists, nevertheless the alarm was sounded and led to the fol-
lowing review of the facts.

B) Cholesterol-Lowering Diet: How Much is Safe? The first well-controlled
trial was conducted at the Veterans Administration facility in Los Angeles
(PEARCE and DAyTON 1971). Among 420 men placed on a diet with increased
polyunsaturated fats for 8 years, the reduction of heart attacks, both fatal and
nonfatal, was significant in comparison with 420 control men. But in contrast to
this expected outcome, a review of the study’s figures over a total of 10 years ob-
servation revealed a higher cancer death rate in the diet group (31 men) than in
the control group (with only 17 men). What had happened? As in every long-term
experiment, when people are randomized into a study group, they retain freedom
to drop out, or to choose only to participate a fraction of time in the diet. The
investigators kept meticulous adherence-to-diet records on each man. A summary
of these records, with the adherence expressed as a percentage of the entire time
they could have attended the meals served in the special study dining hall, is out-
lined in Table 13.

Thus, 12 cancer cases occurred among men in the diet group who adhered less
than 20% of the time to the diet. We now recall that of all men assigned to the
diet group, 31 later died from cancer. However, the 12 men who died from cancer
and who only rarely or never ate the meals in the study dining hall can hardly be
called dieters. They were not exposed to any significant degree to the diet enriched
with polyunsaturated fats, and must have eaten the “control meals.” If we now
deduct these 12 men from the 31 cancer cases, only 19 cancer patients remain in
the experimental group; there is no longer any significance in the difference in
cancer frequency among the two groups. In fact, we can now add to the original
17 cancer patients on “control food,” the 12 men who were supposed to, but
hardly ever consumed the diet! (HEYDEN 1974, 1982a,b; HEYDEN and WILLIAMS
1982).

The combined experience of the dietary studies among men in Oslo, London,
Helsinki, and Faribault (EDERER et al. 1971), all of them with increased consump-
tion of polyunsaturated fats, was reported immediately following publication of
the PEARCE and DAYTON (1971) study. The incidence of cancer during the years
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of diet and the so-called postdiet phase was lower in the dietary experimental
groups with 7.7% in comparison with the control groups with 10.9%.

The 13-year results from the “Anti-Coronary Club” in New York deserves
special attention (SINGMAN et al. 1973, 1980). Results indicated a significant de-
crease in coronary mortality which was in part explained by unexpected con-
founding factors in the diet group. These men also lost weight and thus consid-
erably decreased blood pressure levels. SINGMAN et al. (1973) wrote: “Our ob-
servations lend no confirmation to the alleged association between cancer mortal-
ity and high polyunsaturated fatty acid diet.” A slightly lower risk of the active
dieters to develop cancer agreed well with the previously quoted results from three
European and one American dietary intervention studies.

The bifactorial 5-year intervention study from Oslo (HJERMANN et al. 1981)
not only confirmed the 47% lower frequency of both heart attacks and sudden
death in the diet group, but also took cancer mortality into consideration. The
total death rate was 26 per thousand in the diet intervention and 38 per thousand
in the control group, cancer death rates were 8 per thousand and 13 per thousand,
respectively. Again, unequivocally, cancer was not increased in men placed on a
diet with polyunsaturated and saturated fat in the ratio of 1: 1 —if anything, can-
cers occurred less frequently among dieters.

b) Observations of Dietary Fat Consumption

o) The Chicago and Zutphen Studies. Although only an observation, not
an experiment, the 19-year follow-up of 1,900 men in the Chicago Electric Com-
pany is important in this context (SHEKELLE et al. 1981). There was a 30% reduc-
tion of CHD deaths in men who had reported low consumption of dietary choles-
terol and a relatively high intake of polyunsaturated fats at the beginning of the
19-year follow-up. At the Conference of the National Institutes of Health in
Bethesda, May 1981 (NIH 1981), the cancer incidence in five different cholesterol
groups in this population was presented and showed no difference in the frequen-
cy of cancer over the 19-year period in men with either low, medium, or high
cholesterol levels at baseline.

Another observational study from the town of Zutphen, The Netherlands
(KrROMHOUT et al. 1982), reported on the cause-specific 10-year mortality of 871
middle-aged Dutch men. At the beginning of this study, information was col-
lected about the usual food intake. During the 10-year follow-up period, 107 men
died from all causes, 37 from CHD, and 44 from cancer. The differences in the
intake of energy and macronutrients in 107 men who died from all causes and 764
survivors were all highly significant, i.e., in polyunsaturated fat: 18.5 g in men
who died and 20.2 g in survivors (P=0.007) and in dietary fiber 26.9 and 30.9 g,
respectively (P=0.001). Again, as in all the previously reported studies, the higher
intake of polyunsaturated fats, presumably over a lifetime, did not predispose
these men to a higher death rate, but rather appeared to be “protective.” The
authors of the Zutphen study emphasize the influence of the high fiber intake (in
combination with a higher consumption of poly- and mono-unsaturated fats, and
vegetable protein, and polysaccharides) on the mortality from all causes. Figure 4
demonstrates the fiber~-CHD mortality relationship. The apparent interaction
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Fig. 4. Relationship between dietary fiber intake and 10-year CHD death rates. KROMHOUT
etal. (1982)

between intake of polyunsaturated fats and fibers and effect on coronary mortal-
ity was shown first in the British Diet—Heart Study.

p) The British Diet—Heart Study. Between 1956 and 1966, MORRIS et al.
(1977) conducted detailed week-long dietary studies of 337 healthy working men
aged 30-67 years. The men were representative samples of British banks, and
London Transport drivers and conductors. By the end of 1976, 45 of them had
developed clinical CHD. The follow-up study disclosed an inverse association be-
tween the ratio of polyunsaturated fatty acids to saturated fatty acids (P/S) and
coronary incidence — the higher this ratio, the lower the CHD rate. The associ-
ation with P/S ratio was significant, both in the first 5 years (P=0.05) and in the
later 24-year follow-up (LEwis 1980). This is particularly interesting since the “P/
S ratio in the diets was small, and the highest ratio was smaller than is often re-
garded as optimal” (MORRIS et al. 1977). At a remarkably low P/S ratio of only
0.16-0.28, which constituted the upper range among English men between 1956
and 1976, the CHD deaths were one-half of that seen at a P/S ratio of 0.09-0.18.
Simultaneously, the self-selected total fiber content of the diet, as recorded at the
initiation of the study, was related to the incidence of CHD: low intake with more
disease, and high intake with relative freedom from it. On further analysis, how-
ever, the association was found only with fiber from cereals; the other and equally
large part of dietary fiber, derived from fruit or vegetables, pulses, and nuts was
not related to CHD.

In order to compare actual numbers with those revealed from the Zutphen
study, low dietary fiber intake was defined in the range from 5.6 g/day to 15.4 g/
day. This was associated with a fivefold higher CHD incidence that at the highest
fiber intake, defined as 16.9-56.1 g/day. (Mortality from all causes was not re-
ported.) Morris et al. (1977) speculate that:

among cereals, not only does wholemeal bread containing three times, and brown
bread twice, as much dietary fiber as white bread (8.5, 5.1, and 2.7 g/100 g respectively),
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but the fiber in white and brown bread also differs. Whole grains carry polyunsaturated
fat (linoleate) in the wheat germ.... The linoleate is only one possibility that cereal fibre
may be the vehicle of other effectual nutrients.

y) Conclusion. Univariate analyses with data for the years 1954-1969 from 20
economically advanced countries showed that a combined dietary lipid score
based on per capita consumption of saturated fat, cholesterol, and polyunsatu-
rated fat and the consumption of refined and processed sugars were both highly
correlated with age-adjusted CHD mortality rates for the years 1969-1973 for
both men and women aged 35-74 years. Fiber intake, estimated as the sum of
calories available from vegetables, fruits, grains, and legumes, yielded a significant
inverse correlation with CHD mortality rates. These three dietary variables are
highly intercorrelated (Lur et al. 1982).

The lowering of blood cholesterol levels through changes in the fat quality
which has proven beneficial in the prevention of heart attacks has had no
undesirable side effects. Even more important, the reports on the frequen-
cy of cancer in ten international dietary studies (Minnesota, Los Angeles, Oslo
(LereN 1970), London, Helsinki, Faribault, New York, Oslo (HJERMANN et al.
1981) Chicago, and Zutphen) between 1970 and 1982, have demonstrated a slight
(and insignificant) reduction in cancer deaths, an unexpected bonus for those re-
placing animal fats with vegetable fats and oils in their diets. Positive results as
far as CHD is concerned in these studies were obtained among men either below
age 50 years or between 40 and 49 or 40 and 55 years of age, and, in the British
study, with a few men beyond age 55 years.

From population studies, it is well documented that in Japanese and among
people living in the Mediterranean countries either on low fat in the fomer or on
a fairly high fat diet in the latter, the life expectancy is higher than in other indus-
trialized western nations (BLACKBURN et al. 1979); both the Japanese and the
Mediterranean diets are characterized by a low percentage of animal fat and a
high percentage of mono- and polyunsaturated fatty acids with a high P/S ratio.
The AHA (1982) report points out that “the crucial atherogenic factors are sat-
urated fats and cholesterol and not percent total fat. In Crete, e.g., fat intake is
40% but saturated fats make up only 8% and CHD mortality rates are extremely
low.”

2. Primary and Secondary Prevention of CHD Through Lipid-Lowering Drugs

a) The Coronary Primary Prevention Trial

January 20, 1984 will be remembered as a historic date in the 70-year struggle for
verification of the “lipid infiltration theory” or “lipid hypothesis.” On that day,
the results of a 10-year intervention study of 3,806 men with hyperlipopro-
teinemia type II were released. After proper randomization, 1,906 men were fol-
lowed for a minimum of 7 years under cholestyramine therapy plus modest di-
etary changes with the aim of reducing cholesterol levels (baseline 265 mg/dl).
The control group of 1,900 men received placebo treatment plus the same modest
dietary restrictions.

In the past, the supporters of the lipid hypothesis could point to successful ani-
mal feeding experiments, biochemical examinations of plaques, genetic studies,
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metabolic investigations, and epidemiologic surveys in different nations and con-
tinents. The missing link was the decisive experiment in humans to answer the
question: does lowering cholesterol concentrations in the serum lower the risk of
CHD? A major contribution to this chain of evidence was provided by the Lipid
Research Clinics Study, which can be regarded as one of the most meticulously
planned and executed intervention trials ever conducted (CPPT 1979, 1984 a,b).
The essential features of the trial were randomization, double-blind testing (the
patients were asked not to obtain lipid determinations outside the Lipid Research
Clinics for 7-10 years), large numbers of participants, with many years of follow-
up, and excellent adherence to the study regimen (only 27% dropped out within
7 years). There were no side effects of the drug except minor gastrointestinal prob-
lems. The results can be briefly summarized: (a) a 19% reduction in fatal and non-
fatal heart attacks occurred; (b) a reduction in the incidence of angina pectoris
by 20% in the active treatment group was observed; (c) annual exercise ECG
showed after 7 years an incidence of 25% less positive tests among the men in the
treatment group; (d) coronary bypass surgery became necessary in some men in
both groups over the 7-year period, but in 21% less in the active treatment group
compared with the placebo group. These differences in primary and secondary
end points became apparent within the second year of the study. From this point
on, the gap between the treatment group and the placebo group in terms of cu-
mulative CHD incidence widened progressively.

Did any other known risk factor influence the results? The 7-year comparison
of risk factors revealed no difference between the two groups. Blood pressures
were 122/78 mmHg in both; weight was the same, the proportion of smokers was
26% in the placebo group and 27% in the treatment group; the number of ciga-
rettes smoked per day was 25 and 26, respectively; the proportion of men on reg-
ular exercise was 27% and 28%, respectively, and alcohol intake was 51 and 53
g/week, respectively. Aside from the incidence data, the most important conclu-
sion from this study came from the relation of the reduction in cholesterol to re-
duction in CHD risk, according to cholestyramine intake as the measure of com-
pliance (Table 14). For each 1% of cholesterol reduction, a 2% reduction in CHD
incidence was observed. The relation of reduction in total and low density lipo-
protein (LDL) cholesterol to reduction in CHD risk is shown in Table 15. The
results are particularly striking because the mean age at intake was 48 years in
both groups. It can be assumed that many of the patients must have been exposed
to the hypercholesterolemic levels for 10-20 years. Obviously, this first ex-

Table 14. Relation between reduction in cholesterol and reduction in CHD
risk

Cholestyramineintake No.ofmen  Total cholesterol Reduction

(sachets) lowering (%) in CDH risk (%)
0-2 439 4.4 10.9
2-5 496 11.5 . 26.1
5-6 965 19.0 39.3

# Each 9-g sachet provides 4g anhydrous cholestyramine
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Table 15. Relation between reduction in total and LDL cholesterol and re-
duction in CHD risk

Reduction of Reductionin

Total cholesterol LDL cholesterol CHD risk

(%) (%) (%)
Study average 8 11 19
Full dose 25 35 49

perimental trial in men with unequivocal findings lends support to the notion that
atherosclerotic involvement of the coronary arteries is a reversible process.

Apart from constipation and heartburn, the side effects of long-term treat-
ment with cholestyramine were negligible; equal numbers in cancer incidence (57
for each group), prove that cholestyramine is not carcinogenic over a 10-year pe-
riod. The number of hospitalizations was the same and the diagnosis of gallstones
was made with equal frequency in the two treatment groups.

b) The WHO Clofibrate Study

In the WHO Clofibrate Study (OLIVER 1981; COMMITTEE OF PRINCIPAL INVESTI-
GATORS 1978), three groups with 5,000 patients each were compared. Group I had
average cholesterol levels of 250 mg/dl and was treated with 4 x 400 mg clofi-
brate. Group II had the same cholesterol level and was given placebo tablets.
Group III was a second control group that received placebo tablets, but the
cholesterol levels for this group averaged 180 mg/dl. In the clofibrate group, the
cholesterol levels were reduced by 9% and the myocardial infarction rate was de-
creased by 20%.

The benefit of this treatment could be seen in patients with multiple risk
factors, for example hypertension and smoking in addition to hypercholes-
terolemia. The incidence of nonfatal myocardial infarction was reduced by 35%
among these patients. Since reviewers of this WHO study found a higher rate of
total mortality in the clofibrate group, sales of clofibrate were temporarily pro-
hibited in the Federal Republic of Germany, even though the original article
stated that no statistically significant difference was found in the age-adjusted
mortality from all causes within the three groups. The authors also found no sig-
nificant difference in the cancer incidence when the three groups were adjusted
for age. OLIVER (1981) mentioned: “In the first report, it was noted that pathology
of the hepatobiliary—intestinal systems was in excess in the clofibrate-treated
group but during the follow-up the proportionate difference, although still evi-
dent became less.”

The results of this drug trial indicate that pharmacologic therapy to lower
lipids can be valuable in the prevention of CHD. The medication that is chosen
should, however, lower the lipid level by at least 10%. This therapy is particularly
beneficial to patients who have a high CHD risk due to other risk factors or who
have a positive family history of myocardial infarction. In the meantime, a second
article on the WHO study was published on 23 August 1980 (COMMITTEE OF PRIN-
CIPAL INVESTIGATORS 1980). Since certain interpreters of this study have made ex-
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cerpts out of context, it seems appropriate to quote the original authors of the

clofibrate study directly, especially because they obviously found it difficult to ex-

plain differences in the mortality rates of the three treatment groups.
On page 384 of the Lancet article, they state (COMMITTEE OF PRINCIPAL INVES-

TIGATORS 1980):

1. There is no evidence of any relationship between the excess mortality in Group I and
the time in the trial, i.e., length of exposure to Clofibrate.

2. Nor is there any evidence of tissue specificity either in malignant or non-malignant
causes of death (this is also true for liver, gall bladder, and intestines).

3. The excess mortality in the Clofibrate-treated group is spread in small numbers over a
remarkable range of ordinary everyday causes.

4. Such general effects on mortality are exceedingly rare and call to mind aging or low so-
cial class.

5. The evidence of adverse effects is thus entirely “statistical” and without “biological”
corroboration.

6. Presumably the small amounts of olive oil in the placebo tablets (of Group II) are un-
likely to afford any protection, and the possibility of a chance effect therefore needs par-
ticular consideration.

7. There are rather curious features of mortality in Group II, compared with Groups I and
IIT to which attention should be drawn. ... Eleven deaths were classified as due to non-
malignant “regional pathology” (liver, gall bladder, intestines) in Group III but, re-
markably, only one in Group II. These aspects of the behaviour of Group II are odd.

¢) Secondary Prevention Studies

DoRrR et al. (1978) conducted a 3-year drug intervention trial of 2,278 hyper-
cholesterolemic patients. A significant reduction of cholesterol levels and of
deaths due to ischemic heart disease, as well as of total mortality, was achieved
in the active treatment group as opposed to the placebo group. Such a reduction
was accomplished even in those men who had already developed manifestations
of ischemic heart disease. When the men were divided into two groups according
to their baseline cholesterol levels, a higher coronary mortality rate was found in
the group with baseline cholesterol levels above 300 mg/dl than in the group with
levels below 300 mg/dl.

RoSENHAMER and CARLSON (1980) treated patients who had experienced myo-
cardial infarctions after they were discharged from the hospital between 1972 and
1979. Group I was treated with a combination of nicotinic acid and clofibrate,
while Group II was treated by diet only, but it is not clear from the report whether
patient compliance to dietary advice was good. The cholesterol levels were re-
duced by 14% in the drug treatment group and remained unchanged in the con-
trol patients, triglyceride levels were reduced by 19%. Deaths due to ischemic
heart disease were significantly less in the drug therapy group with only 31 deaths
(P=0.01) than in the diet group which had 53 deaths. Nonfatal myocardial in-
farctions occurred far less frequently (P=0.05) in the drug therapy group (2.5 per
100 patient years). There were seven cases of cancer in the drug therapy group
and six in the diet group. This study thus demonstrated the benefit of lowering
lipid levels, even after myocardial infarction.

IV. Summary

In the 1970s, rather emotional arguments weighed down the discussion concern-
ing the significance of hypercholesterolemia in the etiology, and the role of lower-
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ing cholesterol levels in the prevention of CHD and potential carcinogenesis.

I have therefore focused on clarifying the scientific views on this topic by-
discussing the position taken by the NIH workshop in Bethesda, Maryland, 1981

which ended on a similar note (NIH 1981):

The panel of experts ... concluded that although there was considerable divergence of
findings among the various studies, there was sufficient suggestion that there was a some-
what inconsistent weak relation between very low cholesterol levels and cancer of the co-
lon.... This association is not similar to the kinds of relationships observed between
cholesterol and cardiovascular disease — it appears to be present only in men, it tends to
be more prominent at older ages, it is of smaller magnitude and it does not show a graded
effect over the range of cholesterol levels. The panelists noted further that no data was
available to relate these associations to diet. ... The panelists concurred that the correla-
tions observed did not substantiate any direct cause and effect relationship between low
blood cholesterol levels and cancer. ... It was the unanimous opinion of the panelists that
the data did not preclude, countermand or contradict the current public health message
g{hitch recommends that those with elevated cholesterol levels seek to lower them through

1€1S.

On the basis of data from the dietary intervention trials in Los Angeles, Lon-
don, Helsinki, New York, Oslo, and Minneapolis, a cause and effect relationship
can be established between long-term adherence to a sensible diet and reduction
of serum lipid concentrations as well as of cardiovascular mortality. The recom-
mendations for dietary intervention have led to desirable results both on a com-
munity level (in Finland) and in control studies measuring HDL and LDL choles-
terol levels and can therefore be applied to individual patients. A dietary ap-
proach must be applied to hypercholesterolemia (above 220 mg/dl) and every
subgroup of hyperlipoproteinemia, even if drug therapy is indicated at the same
time.

The great controversy of the past decade surrounding the role of lipid-lower-
ing drugs has been eliminated by the most recent results of the Coronary Primary
Prevention Trial (CPPT 1984a,b). Despite the fact that side effects must be an-
ticipated and watched for carefully when lipid-lowering drugs are prescribed, it
must also be clearly understood that epidemiologic data show elevated lipid levels
to be a significant risk factor. The opposite finding that decreasing cholesterol
levels by diet or medication does not increase the risk of other noncardiovascular
diseases or cancer was described in a review of eight experimental, three observa-
tional, and three drug studies in which the latest research results were incorporat-
ed (CPPT 1984a,b).

E. Cigarette Smoking and Obesity: Unifactorial Intervention
I. Smoking

There is growing evidence that cessation of smoking is followed by a decrease in
lung cancer mortality, first shown in British physicians who had quit the habit in
large numbers. The apparent time interval between the termination of smoking
and the observation of a decreasing incidence of lung cancer was relatively short,
probably in the neightborhood of a decade.

No data are available to demonstrate reduction of both bladder and pancreas
cancer in persons who have quit smoking and it is rather unlikely that such evi-
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dence will ever be put forward. It is certain that emphysema is not reversible once
it is established. Secondary oral cancer is said to recur with a high degree of prob-
ability in patients who continue to smoke after successful surgery or radiotherapy
of the first cancer of the oral cavity. Symptoms of peripheral vascular disease, in-
termittent claudication, are definitely reversible among ex-smokers and the inci-
dence of myocardial infarction is markedly declining among ex-smokers within
a short period of time. How short this period is, clearly depends on the health
status of the person who decides to give up the habit. If a patient who has already
sustained a myocardial infarction or suffers from angina pectoris quits smoking,
chances for secondary prevention of another heart attack or reversibility of
angina are, of course, limited in contrast to a younger person who gives up cig-
arettes in top physical condition and who is embarking on a program of physical
activity. We therefore have sometimes conflicting reports in the literature pertain-
ing to the prevention of ischemic heart disease among ex-smokers. Another im-
portant consideration is the presence or absence of associated risk factors at the
time of cessation of smoking, notably: (a) obesity; (b) diabetes; and (c) hyperten-
sion.

1. Smoking and Obesity

In the Evans County study (HEYDEN et al. 1971) a 7.5-year follow-up of 471 smok-
ing and 308 nonsmoking white men in three different weight groups revealed these
results. The rate of myocardial infarction among nonsmokers ranges from 51 per
thousand in normal weight men to 30 per thousand in moderately overweight to
64 per thousand among the obese. Nonsmokers thus showed unpretictable, insig-
nificant differences in the incidence rates of myocardial infarction, regardless of
their weight. On the other hand, current smokers who were of normal weight,
moderately overweight, or obese showed markedly increasing incidence rates,
from 80 to 90 to 150 per thousand, respectively. It is obvious that the risk of the
two factors smoking and obesity for ischemic heart disease is not simply additive,
but exponential. To patients who still might ask their physicians “what is more
dangerous, smoking or obesity?”’ the answer is that it would make little sense to
attend an antismoking clinic without undertaking some dietary changes and, even
worse, to check in a weight reduction program while continuing the smoking
habit.

2. Smoking and Hypertension

In HDFP, the mortality from all causes for smokers was compared with that of
nonsmokers during a 5-year observation period. The two groups were part of the
intensive treatment (stepped care). In the largest subgroup, patients with diastolic
blood pressure values between 90 and 104 mmHg, the total mortality (not ad-
justed for age) after 5 years was 8.1% for the 1,383 smoking hypertensive patients
and only 4.6% for the 2,411 nonsmoking hypertensive patients. The mortality
from all causes for smoking hypertensive patients is twice as high as for nonsmok-
ing hypertensive patients, despite intensive antihypertensive treatment (mortality
from all causes).
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3. Smoking and Diabetes

as myocardial infarction and intermittent claudication are concerned. Unfortu-
nately, no long-term epidemiologic study has systematically examined the issue
of a potential interaction effect. The relatively large University Group Diabetes
Program (UGDP) study represents an example of an opportunity missed. The
UGDP study showed an increased coronary mortality in diabetic patients treated
with tolbutamide. However, two important factors were not taken into account
when the results were made public:

1. The patients were not asked about their smoking habits. POFFENBARGER
and Scorr (1980) described the case of a female diabetic patient who developed
significant cardiac arrhythmias when she used tolbutamide while smoking ci-
garettes, but did not develop them if she did not smoke while taking the drug.

2. The majority of the patients in the UGDP study, 70%, were women. Seen
retrospectively, it is difficult to understand why only 30% of the diabetics allowed
to participate in the study were men. For reasons that still escape full explanation,
women with diabetes are more likely to die from ischemic heart disease than non-
diabetic women compared with a much smaller difference between male diabetics
and nondiabetics. This finding first reported from the Framingham study was
confirmed in the Evans County study (HEYDEN et al. 1980). The results of the
UGDP study therefore need to be qualified in view of these two aspects, smoking
and gender.

Against this background one becomes aware of the complexity of studies in
ex-smokers.

Experiences of Ex-Smokers

The largest and longest prospective study on the effects of smoking cessation
comprised over 50,000 American veterans. (Dr. Harold Dorn initiated the study
on 1 January, 1954, with males between 55 and 64 years of age and concluded 16
years later on 31 December, 1969.)

Mortality from all causes among ex-smokers who quit smoking less than 5
years ago was found to decrease right in the middle between the mortality curves
of current smokers (highest rates) and nonsmokers (lowest rates). The mortality
from all causes of ex-smokers is thus clearly less than that for current smokers.
However, the total mortality among ex-smokers could not be expected to be
lowered to that for nonsmokers, since some of the ex-smokers were forced to quit
owing to smoking-related diseases such as angina pectoris, myocardial infarction,
emphysema, chronic bronchitis, intermittent claudication, bladder cancer, and
stomach ulcers. Once smokers have quit for at least 15 years, the mortality curve
of ex-smokers completely resembles that of nonsmokers.

II. Obesity

The results of some epidemiologic studies have puzzled countless physicians in the
past. Weight, in particular overweight, cannot be regarded a risk factor for the
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Fig.5. 5-Year CHD mortality as a function of overweight index and evidence of myocardial
ischemia at baseline. Overweight index =weight (kg)/height?> (m?2); values of index are:
A <22; B22-25; C 26-28; D >28.RosEet al. (1977)

development of ischemic heart disease. Mention was made in Sect. D.I1.8 of find-
ings from the Evans County white male population. Nonsmoking normal weight,
moderately overweight, and obese men have a similar low risk for myocardial in-
farction. ROsE et al. (1977) presented data from the British Whitehall study
among government employees. Divided in four subgroups ranging from normal
to severely overweight, the 5-year follow-up of this population demonstrated no
increase in incidence of CHD with increasing weight. However, this was only true
for persons who were free of overt CHD (i.e., normal ECG) at baseline. A differ-
ent picture emerged when patients were followed in increasing weight categories,
patients who had already pathologic ECGs at baseline. With each increment in
weight classification, there was an increase in CHD mortality (Fig. 5).

Crude estimates would associate obesity with a number of risk factors, i.e.,
85% of the noninsulin-dependent (so-called adult onset) diabetics are overtly
obese. Approximately 70% of gout patients are moderately to severely overweight.
The HDFP revealed that 60% of the hypertensive men and women were more
than 20% above their desirable weight. An equal percentage of the obese popu-
lation is thought to have lipid abnormalities, ranging from hyperlipoproteinemia
type IV, to lowered HDL levels which, in turn, are usually associated with high
serum triglyceride levels. LDL cholesterol levels are mostly elevated, while total
cholesterol is commonly found to be normal or only mildly increased, reflecting
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Table 16. Peripheral insulin delivery in
diabetics and nondiabetics (SKILLMAN

and TZAGOURNIS 1982)
Insulin (IU/day)

Nondiabetics

Lean 31

Massively obese 114
Diabetics

Juvenile 4

Lean adult 14

Obese adult 46

the opposing directions of HDL and LDL cholesterol levels. Additionally, physi-
cal inactivity is the most frequent condition seen among the obese, contributing
heavily to the development of obesity in the first place. Reviewing those five pri-
mary and secondary risk factors for ischemic heart disease and their prevalence
in the obese population, it remains an enigma why obesity is not emerging as a
risk factor in its own right in the majority of epidemiologic studies.

The present medical director of the Framingham study, Dr. William P. Cas-
telli, was interviewed by E. R. SHALL (1982):

A more startling finding received considerable press attention when first reported 2
years ago. According to the data, the thinnest Framingham subjects died youngest, even
before those who were grossly overweight. This led to speculation that a few excess pounds
could prolong life. But Castelli points out, there was a confounding factor that, once dis-
covered, quickly overturned this theory. Shortly before death many people lost a lot of
weight. The abnormally low weights which had been measured shortly before death were
skewing the curve. Once this group was weeded out, the statistics confirmed the common
belief that thin people tend to outlive their fat counterparts. It is equally interesting to ob-
serve the ease with which weight reduction, even of modest degree, can eliminate risk
factors — which should not come as a surprise to those who have witnessed the decline of
risk factors (diabetes, hypertension, hyperlipidemia, and physical inactivity) in the post-
war years of WW II in European countries.

1. Diabetes and Weight Reduction

The importance of weight control in the diabetic and in the prediabetic individual
(Table 16) is shown in the peripheral insulin delivery among a large number of
normal persons, and type I diabetic (insulin-dependent) and type II diabetic
(noninsulin-dependent) patients, studied by Genuth (see SKILLMAN and TzA-
GOURNIS 1982).

In order to increase the number of insulin receptors one must: (a) decrease
total calories; (b) reduce weight; (c) increase exercise; and (d) use sulfonylurea
drugs in the noninsulin-dependent type II diabetic patients. Their diabetes is a re-
ceptor deficiency and they should not be mistreated with insulin.

2. Hypertension and Weight Reduction

It is common knowledge that weight reduction leads to lower blood pressure and,
in combination with a sensible NaCl restriction to less than 5 g/day (preferably
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Table 18. Relationship between weight changes and blood pressure changes after 2 years
on diuretic antihypertensive therapy (HEYDEN et al. 1985)

Weight Percent- Diastolic blood pressure Systolic blood pressure
change age of
(kg) partici- Base- 2-Year Change Base- 2-Year Change
pants line (%) line (%)
Stepped care
—9 or more 6.3 101 81 —19.80 161 125 22.36
—85to —3 322 101 84 —16.83 160 127 —20.63
—2.5t0 +2.5 44.9 101 85 —15.84 158 128 —18.99
+3 to +8.5 14.8 102 86 —15.69 160 132 —17.50
+9 or more 1.8 102 86 —15.69 158 131 —17.09
Total 4,796
Referred care
—9 or more 5.4 102 88 —13.73 160 137 —14.38
—8.5to —3 26.2 102 90 —11.76 160 141 —11.88
—2.5t0 +2.5 48.4 101 91 — 9.90 157 141 -10.19
+3 to +8.5 17.7 101 93 — 792 155 142 — 8.39
+9 or more 2.3 103 95 — 1.77 160 147 — 8.13
Total 4,455

* The total number (not %) of both groups represents those patients who had blood
pressure and all laboratory measurements recorded at baseline and at the 2-year follow-up

3 g/day), to complete normalization. However, we feel the role of weight reduc-
tion in antihypertensive drug treatment is not yet recognized in its full potential.
We have recently analyzed the impact of weight changes among hypertensive
patients in the HDFP on biochemical parameters known to be influenced in long-
term therapy with diuretic drugs. The findings from this 2-year study suggest that
the increases of uric acid, glucose, and cholesterol associated with most diuretics
may be prevented or attenuated by concurrent weight loss. Specifically, among
stepped care patients, more rigorously treated with diuretic drugs than referred
care patients, there was a 10% increase in serum uric acid (SUA) levels over a 2-
year observation time. The increase in SUA rose in a stepwise fashion from 2.6%
to 16% with increasing weight gain (Table 17). But weight losers showed a reduc-
tion of SUA levels from baseline.

Mean serum cholesterol was 235 mg/dl at baseline and declined at 2-year fol-
low-up to 231 mg/dl in stepped care. The percentage decline was 2.5% for all
stepped care patients and there was a slight, but consistent, trend of greater de-
crease with greater weight loss, reaching 4% from baseline levels in stepped care
participants who lost more than 9 kg. Casual glucose increased at approximately
4% in the stepped care treatment group from baseline to 2-year follow-up and
rose in stepwise fashion with increasing weight gain to 11% in patients who
gained more than 9 kg, but, again, weight loss was actually associated with a de-
crease of glucose levels from baseline.

We also observed a stepwise decrease in diastolic blood pressure at 2-year fol-
low-up in stepped care patients, ranging from 86 mmHg for participants gaining
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9 kg or more to 81 mmHg for those losing 9 kg or more. Similar findings were
obtained for systolic blood pressure with a stepwise increase in 2-year systolic
blood pressure with each decrease in amount of weight gained or of increasing
weight loss (Table 18).

It may be recalled that the HDFP was not designed as an experiment in weight
changes. Weight losses occurred spontaneously, as Table 17 and 18 show, in a
minority of this population, 32% losing between 2.5 and 8.5 kg, and 6% losing
9 kg and more in stepped care (26% and 5%, respectively, in referred care). How-
ever, the advantage of large numbers in this trial (4,796 patients in stepped care
and 4,455 in referred care) has allowed us to make an extraordinary observation.
While the changes in uric acid, cholesterol, glucose, and systolic as well as in di-
astolic pressure may seem small in ordinary clinical interpretation, the percentage
changes over 2 years represent the statistical mean of several thousand patients.
Here, then, is a biologically important observation, the significance of which is
made even stronger considering:

1. The monotonic progression of laboratory and blood pressure levels with
weight change; i.e., there is a uniform stepwise change of blood pressure and
biochemical values from maximum weight loss to maximum weight gain.

2. A remarkable regularity of the stepwise relationships in both stepped care and
referred care.

3. The consistent findings of this trend for all five parameters is further evidence
of the importance of weight changes.

3. Hyperlipidemia and Weight Reduction

We have recently shown (NELIUS et al. 1982) that a short-term modest weight loss
of only 9 kg among 90 obese women and 12.5 kg among 39 obese men resulted
in normalization of highly abnormal lipid values. Thus, total cholesterol de-
creased from 241.6 to 198.8 mg/dl, which represents a decline of 43.6 mg/dl
(—18%). Triglycerides, as expected, declined from 192.0 mg/dl to a normal level
of 129.1 mg/dl (—65.2 mg/dl or —34%!). LDL cholesterol paralleled changes
seen in total cholesterol: from 159.1 mg/dl to 129.8 mg/dl (—29.9 mg/dl or
—19%). Very low density lipoprotein (VLDL) levels came down from 35.2 to
25.4mg/dl, representing a decrease of 10.0 mg/dl (—28%). A significant relation-
ship was demonstrated between the amount of weight loss and increase in HDL
cholesterol levels from pretreatment to posttreatment (P =0.05). This latter find-
ing is of considerable interest since the obese patient is usually found to display
very low HDL cholesterol levels; in our female patients 48 mg/dl and in our male
patients 34 mg/dl at baseline. MRFIT data, published in an interim report in 1981
after 4 years, are relevant in this context. The greatest increase of HDL choles-
terol over 4 years was reported in those 1,391 men who lost a minimum of 4.5 kg.
But it is equally relevant that the 4-year interim report (CAGGIULA et al. 1981) has
documented for the first time the confounding factors which may influence HDL
levels among smokers. “At baseline, smokers as a group reported higher intakes
of total calories, saturated fat, dietary cholesterol, and alcohol, and lower intakes
of polyunsaturated fat than non-smokers.” The authors presented a table where
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substantial increase in HDL cholesterol was evident only in the nonhypertensive
subgroups, and the greatest increase was noted in the smokers who quit during-
the first 4 years andlost 4.5 kg.
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CHAPTER 2

Pathophysiology of Coronary Circulation
and of Acute Coronary Insufficiency

W. SCHAPER, J. SCHAPER, and H. M. HOFFMEISTER

A. Regulation of Coronary Blood Flow
I. Overview

It has been known for a long time (ANRER 1926; GREGG 1950; GREGG and FISHER
1963; ALELLA 1954; GoLLWITZER-MEIER and KROETZ 1940) that the heart regu-
lates its own blood supply according to its own needs in a very precise way. The
classical way to test whether blood flow is regulated by a control system is to pro-
duce a step change in one of the two variables (pressure or flow) and to observe
the response of the system. In the case of stable conditions for myocardial oxygen
consumption, a step change of perfusion pressure (i.e., a sudden increase) will at
first result in an increased blood flow, but this response is of short duration; blood
flow returns to its previous value in spite of the elevated perfusion pressure (Fig.
1). The system resists the change, it does not tolerate overperfusion, and it is tight-
ly controlled by a feedback control system. This is, of course, only valid when the
sudden change in pressure is artificially imposed and not generated by the heart
itself. The latter condition would have required more oxygen and hence a de-
creased vascular resistance. These experiments are best carried out in isolated
hearts not performing any external work. The fact that the control system works
so perfectly in an isolated heart suggests that regulation of blood flow takes place
in the heart itself and not elsewhere, i.e., not in the autonomic or central nervous
system. We know that the autonomic nervous system has some modulating influ-
ence on regulation. Its influence seems to be indirect in normal physiology, but
it may play a more direct role in pathophysiologic states. The indirect influence
is easily felt during states of altered emotions, i.e., when psychogenic tachycardia
leads to increased cardiac metabolism and hence to increased coronary blood
flow. The autonomic modulation becomes quite obvious in pharmacologic stud-
ies when inotropic actions of catecholamines are blocked, but the vascular actions
are not. Blockade with propranolol and infusions of norepinephrine at the same
time lead to coronary vasoconstriction (FEIGL 1983) which overrides metabolic
autoregulation.

The nature of the control system, its operation, and the transmitters between
cardiac metabolism and vascular tone are unknown. The close correlation be-
tween blood flow and oxygen consumption and the relative constancy of coro-
nary venous PO, (XHONNEUX and SCHAPER 1969) focused the attention of nearly
all investigators on oxygen as the most important agent of regulation (Fig. 1). All
too often it is neglected that certain oxidation fuels (or the lack of them) cause
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Fig. 1. Autoregulation in an isolated blood-perfused dog heart. When blood pressure (AoP)
is stepwise increased, blood flow shows only a transient rise and a quick return to previous
flow levels. Only at pressures above 140 mmHg does blood flow tend to increase together
with coronary sinus (CS) O, saturation

autoregulatory responses. A sudden drop in blood glucose by insulin overdosage
causes coronary vasodilation (K.J. HENRICHS 1983, personal communication).
Substrate-free perfusion of isolated hearts leads to a progressive coronary
vasodilation when endogenous stores of glycogen are nearing exhaustion. An
abundance of fatty acids in diabetic hearts also causes coronary vasodilation.
Changes in pH, PCO,, and the osmolality of the extracellular space cause
coronary vasomotion, and all these modulating influences are observed in the
abundant presence of oxygen. As already said, there is no unifying theory
explaining the regulatory system and its modulating influences.

The refinement of biophysical research tools has even cast doubt on the nature
of the effector organ of regulation. The classical viewpoint was that arterioles and
small arteries, i.e., the class of vessels between 10 and 100 pm, regulate blood flow
by their change of tone. The number of these vessels, their cumulative diameter,
and the number of their muscle layers makes these vessels ideally suited to pro-
duce large changes in blood flow by small changes in contractile energy which,
in engineering terms, is an amplification effect. More recent observations (HEN-
QUELL and HONIG 1976) claim that capillaries may significantly contribute to
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regulation. Contractile material in endothelium may completely occlude the lu-
men of the capillary, and precapillary sphincters exert a similar effect. Both
reactions have been observed in the vascular periphery, i.e., subcutaneous vessels
of the rabbit and omentum of cold- and warm-blooded animals (WEIGELT et al.
1980), but not yet in the coronary circulation. Some authors (HONIG et al. 1980;
HoniG and OporOFF 1981; HONIG and BOURDEAU-MARTINI 1973) believe that,
under conditions of low myocardial oxygen consumption, not all capillaries are
open and “recruitment” takes place in coronary vasodilation. Although the cor-
onary microcirculation was made visible in vivo in small rodent hearts by BING
et al. (1972), HoNniG and BOURDEAU-MARTINI (1973), TILLMANNS et al. (1976), and
STEINHAUSEN et al. (1978) there is no clear-cut evidence for recruitment of “dor-
mant” capillaries as a mechanism of coronary vasodilation.

The large epicardial coronary arteries have recently become the focus of atten-
tion because spasm may be a cause of anginal attacks and of myocardial infarc-
tion. Studies by BASSENGE (1984) have shown that the epicardial coronary arteries
of the dog change their diameter with blood flow, i.e., they become somewhat
larger with increased flow and vice versa. It is believed that this reaction is medi-
ated by endothelium which, under the influence of viscous drag, releases a relax-
ing agent into the smooth muscle layer of the tunica media.

II. Metabolic Autoregulation and the Adenosine Hypothesis

The control system which resists changes in flow with a stepwise increase in pres-
sure at unchanged MVO, and which regulates blood flow according to the ener-
getic requirements of the heart muscle is believed to be linked with adenine nu-
cleosides, i.e., adenosine. Independently, GERLACH et al. (1963) and BERNE (1963)
showed that ATP breakdown in the heart proceeds from AMP to adenosine
rather than from AMP to IMP as in skeletal muscle (BERNE 1963). The observa-
tion by DRURY and SzENT-GYORGI (1929) showed adenosine to be a potent cor-
onary vasodilator. It was implied that ATP is converted into adenosine in isch-
emia or with the sudden onset of increased cardiac work load. This hypothesis
was deceptively simple and elegant because it linked mitochondrial metabolism
or ATP cleavage at the sarcomere level with coronary vascular tone. However,
many important arguments mitigate against the adenosine hypothesis. It was
shown that the enzyme 5'-nucleotidase, which converts AMP to adenosine and
inorganic phosphate, is inhibited by ATP (BURGER and LOEWENSTEIN 1975). Sig-
nificant adenosine production will therefore only occur at low ATP levels. This
was, however, not a very conclusive argument because it was observed that
adenosine is indeed produced in measurable quantities early in ischemia when
there is very little fall in ATP. The situation became even more confounded when
it was discovered that ADP also inhibited 5'-nucleotidase in vitro, but this was
also obviously not a major argument because adenosine was measured at ATP
and ADP levels which in vitro would have inhibited 5'-nucleotidase. It became
quite obvious that adenosine production occurs in a compartment which is inac-
cessible to the inhibiting ATP and ADP concentrations in mitochondria and at
sarcomeres and also inaccessible to cytosolic adenosine deaminase, i.e., adenosine
was believed only to exist in the extracellular space.
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Earlier work unrelated to the coronary problem had shown (BRAKE et al.
1975) that 5'-nucleotidase is a “marker enzyme” of cell membranes and this infor--
mation revived interest in the adenosine hypothesis although the elegant direct
link between cardiac muscle metabolism and coronary vascular tone had van-
ished: adenosine may be produced at the cell membrane and in the extracellular
space, but information has to be passed from the locus of metabolism to the locus
of adenosine release. DEPIERRE and KARNOWSKI (1974) discovered that 5'-nu-
cleotidase is an “ectoenzyme” with the active sites sticking out from the cell into
the extracellular space and exogeneous AMP is easily converted into adenosine
and inorganic phosphate. The blockade of this ectoenzyme with a derivative of
ADP (AOPCP) (Frick and LOEWENSTEIN 1978) inhibited adenosine formation
from exogenous AMP in the guinea pig heart, but hypoxic perfusion and
adenosine accumulation and release remained unchanged. This meant that the ec-
to form of 5'-nucleotidase had nothing to do with adenosine formation associated
with coronary autoregulation with the possible exception of the rat heart (FrICk
and LoeweNsTEIN 1978). Difficult problems also arose from pharmacologic ex-
periments. Many years ago, KUBLER et al. (1970) showed that the coronary
vasodilator dipyridamole, which potentiated exogenous adenosine, inhibited the
transport of adenosine out of globally ischemic hearts. Kiibler reasoned that cor-
onary vasodilation cannot be transmitted by adenosine when agents which inhibit
adenosine transport out of the cell and hence reduce the adenosine concentration
at the vascular receptor site not only fail to cause coronary vasoconstriction, but
are rather potent coronary vasodilators themselves. BERNE (1980) countered this
argument by the equally well-known effect of dipyridamole and several other
drugs on the inhibition of inward transport. When inward transport of adenosine
is more inhibited than outward transport, the effect of concentration at the recep-
tor site is increased. Although this asymmetric transport inhibition remains
speculative, there are experiments to support this hypothesis. Another pharmaco-
logic experiment also casts grave doubt on the adenosine hypothesis: blockade of
the adenosine receptor with xanthine analogs (theophylline, aminophylline)
blocked the actions of exogenous adenosine, but not physiologic test responses
like hypoxic vasodilation or reactive hyperemia (AFONsO and O’BRIEN 1970).

The inconsistencies of the one-compartment systems (i.e., the earlier intracel-
lular and the later extracellular production of adenosine) stimulated the search
for the site of the intracellular adenosine compartment. Work in a number of lab-
oratories showed that adenosine exists intracellular as a complex with the enzyme
S-adenosylhomocysteine hydrolase (SAH hydrolase). Although the adenosine
bound to this enzyme can serve as a substrate for the synthesis of S-adenosyl-
homocysteine when the second substrate, L-homocysteine, is supplied (SCHRADER
et al. 1981), it appears to be insensitive to hydrolysis by the high adenosine deam-
inase activity present in dog heart muscle. In the dog heart, the intracellular com-
partment accounts for over 90% of the cardiac adenosine pool (SCHRADER et al.
1981). Concentrations of the extracellular compartment, about 0.2 pM, are below
the threshold of adenosine’s coronary vasoactivity, which explains why sustained
intracoronary infusion of adenosine deaminase and/or the adenosine receptor an-
tagonist theophylline do not affect basal coronary resistance (E. O. FEIGL, person-
al communication).
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Recent work by SCHUTZ, SCHRADER, and GERLACH (1981) showed (in addi-
tion to the presence of ectonucléotidase) intracellular 5'-nucleotidase. Adenosine
so produced is bound to SAH hydrolase and released into the extracellular space
in response to hypoxia. The difficulty with this hypothesis is that these authors
could not show directly that increased adenosine levels in hypoxia originated in-
deed from the SAH fraction. Additionally, SCHUTZ et al. (1981) showed that
blockade of outward transport of adenosine by 6-(4-nitrobenzylthio)purine
riboside (NBMPR) increased intracellular adenosine concentrations in hypoxia,
but failed to change the vasodilator response to hypoxia.

Furthermore, when L-homocysteine is offered during hypoxia, adenosine is
rapidly converted to S-adenosylhomocysteine, but again the vasodilator response
is unimpaired. Our own studies with L-homocysteine (HENRICHS et al. 1982) point
in the same direction: the reactive hyperemia response after coronary occlusion,
varying between 5 and 20s, proceeds with and without L-homocysteine
(thiolactone form), but an area reduction of 30% was noted with homocysteine,
indicating that ischemia-related adenosine production is responsible for about
30% of the reactive hyperemia response. Similar findings were observed with in-
tracoronary infusions of adenosine deaminase (HENRICHS et al. 1984 a) which also
reduced the reactive hyperemia response by 30%.

Our own studies in isolated guinea pig hearts (TROMPLER et al. 1983) make it
very unlikely that hypoxic vasodilation is causally related to adenosine. We tested
first the vasodilator response of a pharmacologically untreated isolated heart to
hypoxia and subsequently added L-homocysteine to trap adenosine intracellu-
larly, added NBMPR to block outward adenosine transport, added further theo-
phylline to block the vascular receptor, and perfused the heart with a buffer con-
taining adenosine deaminase. None of these maneuvers alone, in combination, or
‘all together, significantly altered the vasodilator response to hypoxia.

Neither reactive hyperemia following coronary artery occlusion nor hypoxic
perfusion of isolated hearts is a physiologic situation and extrapolation to known
physiologic reactions may prove inadequate. A recent very elegant experiment by
OLssoN and GEWIRTZ (1984) used a situation of pathophysiologic relevance to
test the adenosine hypothesis: coronary artery stenosis produces peripheral cor-
onary vasodilation to maintain blood flow. If adenosine deaminase is infused be-
fore induction of a stenosis, one would expect a diminished vasodilator response
if adenosine were the mediator. However, peripheral vasodilation proceeded as
if no deaminase was given, making it very unlikely that adenosine plays a role in
this type of metabolic autoregulation.

III. Alternative Hypotheses Explaining Metabolic Autoregulation
1. Chemoreceptors

LOCHNER et al. (1956) and LoCHNER and NASSERIE (1959) were probably the first
to suggest that the regulation of coronary blood flow is controlled by chemore-
ceptors similar to those in the glomus caroticum. Injections of nicotine, lobeline,
and cyanide into the coronaries induced vasodilation in the same range of concen-
trations that produced reflex activity originating from the glomus. From the point
of view of efficiency, an oxygen sensing mechanism outside the myocardial cell
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is only second best because the metabolic rate of the myocyte has to be sensed

by this separate structure and transformed into a signal for the blood vessels. This-
would lengthen the chain of command with the inherent danger of faulty infor-

mation transfer. Two different structures were implied for the extracellular

chemoreceptor, the vascular smooth muscle cell itself and a specialized perivascu-

lar cell (BORGERS et al. 1971) equipped with the enzymes of purine nucleotide

breakdown and synthesis.

HoniG and BOURDEAU-MARTINI (1973) advocated the precapillary sphincter
cell (smooth muscle) as a likely candidate for the oxygen sensor. With sufficient
oxygen the smooth muscle contracts, the capillary empties, and the tissue PO,
falls, which causes smooth muscle relaxation and capillary perfusion. This in turn
will lead smooth muscle contraction, etc. The difficulty with this hypothesis is
that the existence of precapillary sphicters is unproven in the mammalian heart.
Regulation as proposed by this theory would proceed according to the needs of
vascular smooth muscle rather than providing for cardiac muscle. The possibility
that both metabolic rates are identical is indeed very remote. Published values
(PAuL 1980) of oxygen consumption of maximally stimulated vascular smooth
muscle (0.5 pmol g~ ! min ™) differ by a factor of 30 from that of maximally stim-
ulated isolated rat heart preparations (15 pmol g~ ! min~!). Our own work (BoRr-
GERS et al. 1971) has shown that the enzymes of purine nucleotide degradation
and salvage are most active in a perivascular cell with unusual features. This cell
is in close contact with the smooth muscle of small arterioles and of capillaries.
The area of contact is suggestive of a synaptic cleft (Fig. 2) and the cell body sends

Fig. 2. A pericyte with a long “dendritic” extension between two myocardial cells is stained
for nucleoside phosphorylase. Endothelium also shows a strongly positive reaction
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very long dendritic extensions into the myocardium. These dendritic extensions
of several perivascular cells come together dnd form a network which bridges in-
tercapillary distances. It is tempting to speculate that these extensions which form
a web around myocytes are the oxygen sensors and that the signal that is pro-
duced in the transduction process becomes operational in the synaptic cleft. The
very high enzymatic activity in these cells suggests a purinergic receptor and trans-
mitter. We therefore suggested that the adenosine hypothesis is indeed applicable,
but the origin and mechanism of action of adenosine are confined to the puriner-
gic perivascular cell. The differences between exogenous (injected) adenosine and
endogenously released adenosine can also be explained. Exogenous adenosine
reaches smooth muscle mainly via the endothelium and it is very likely that in-
jected xanthines (theophylline, aminophylline) block mainly the receptors at the
endothelial side of the smooth muscle layer. We believe that xanthines do not
reach the synaptic cleft, but when they do the local concentration of adenosine
is much too high to be effectively blocked. Experiments by SCHRADER et al. (1977)
with protein-bound AMP support our view: since the protein complex is too large
to leave the vascular compartment, its measured action (vasodilation) was
achieved by attaching to the receptor from within the vessel. The fact that the
complex left the vascular compartment uncleaved is another piece of evidence: if
the complex had appeared in the interstitial space it would have been attacked by
ecto 5'-nucleotidase which was not the case. It is quite conceivable that coronary
endothelial cells transmit the message (adenosine, AMP) to underlying smooth
muscle because BORGERs et al. (1971) as well as NEgs et al. (1980) and Rusio and
BernE (1980) have shown the extraordinary activity of endothelial nucleoside
phosphorylase as well as other enzymes of purine nucleotide breakdown and syn-
thesis. In conclusion, we arrived at a hypothesis which assumes two types of re-
ceptor, i.e., an endovascular that senses injected or blood-borne transmitters
which can be blocked by injected antagonists. Physiologic regulation (work hy-
peremia, hypoxic dilatation) is the task of perivascular receptor cells which sense
myocardial PO, with their long dendritic extensions and which most probably use
adenosine as a transmitter which cannot be easily blocked because of the high
concentrations in the synaptic cleft.

2. The Autonomic Nervous System

Sympathetic nerve stimulation and injections of catecholamines lead to both in-
creased contractile cardiac activity and increased coronary blood flow. If the lat-
ter effect is blunted by f-blocking agents, these stimuli lead to coronary vasocon-
striction (HoOLTZ et al. 1976, 1977). With these experiments, it was shown that cor-
onary arteries are not fundamentally different from those of the remainder of the
body, but the practical importance of sympathetic a-mediated vasoconstriction
remains nuclear. FEIGL (1983) believes that sympathetic vasoconstrictor tone may
be necessary to balance metabolic vasodilation. Intracoronary injections of nor-
epinephrine causes metabolic net vasodilation, but venous oxygen tension falls,
indicating an even greater myocardial oxygen extraction. This “checking” mech-
anism does not limit oxygen supply in such a way that the heart produces lactate.
It is difficult to envisage the role of the sympathetic nervous system under more
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physiologic circumstances, €.g., no stellate stimulation, no intracoronary norepi-
tion of certain areas of the heart with 6-hydroxydopamine showed significantly,
but not markedly higher blood flows in the denervated areas. a-Blocking agents
such as phenoxybenzamine abolished these differences. This experiment sug-
gested the presence of an a-adrenergic constrictor tone in the normal heart under
basal conditions which could be blocked with a-blocking agents or with chronic
denervation. On the other hand, phenoxybenzamine alone is not known to dilate
coronary arteries. In a similar experiment, CHILIAN et al. (1981) produced a simi-
lar regional denervation by local phenol application. This type of denervation
(which included parasympathetic nerves) did not produce regional differences in
coronary blood flow.

From a pathophysiologic point of view, it is of interest that BUFFINGTON and
FriGL (1981) demonstrated competition between a-receptor coronary vasocon-
striction and metabolic autoregulation, even in the presence of coronary stenosis.
The vasoconstrictor response was again not powerful enough to drive the heart
into lactate production. Of some practical importance is the fact that so many
patients suffering from coronary heart disease are under chronic medication with
p-blocking drugs. Increased levels of catecholamines in these patients may in-
crease the severity of their coronary stenoses, especially when they are treated
with non-f,-selective agents like propranolol. The role of catecholamines in the
pathophysiology of the disease is, however, much more evident as an important
cause of dangerous arrhythmias and by oxygen-wasting effects than by their in-
fluence on coronary tone. The beneficial role of f§;-selective blockers in these
areas is hardly disputed.

B. Coronary Artery Stenosis and Spasm
I. Overview

It is known that coronary resistance vessels exhibit high basal tone, i.e., there is
a large difference between blood flow at basal tone and blood flow at maximal
coronary vasodilation. In a typical canine heart, minimal coronary resistance is
0.16 mmHg ml~! min~* per 100 g heart muscle, which means that at a perfusion
pressure of 16 mmHg, 100 ml blood perfuse 100 g tissue or that at 160 mmHg the
ratio of perfusion volume to tissue volume is 10:1 (SCHAPER et al. 1976) (under
normal working conditions it is about 1:1 and under low basal conditions it is
0.5:1). It is therefore not surprising that coronary artery disease must be far ad-
vanced before it becomes symptomatic: peripheral coronary vasodilation com-
pensates for the reduction in blood flow that would otherwise have been caused
by the stenosis. It is not surprising that angina pectoris, the ischemia-related pre-
cordial pain, is usually felt for the first time during physical or emotional exertion,
i.e., situations which cause a higher myocardial oxygen demand.

The concept of supply and demand and the assumption that atherosclerotic
lesions are rigid flow-limiting structures was for a long time the prevailing view
of clinicians and pathologists. This concept in essence was the thesis that blood
flow through a rigid stenosis is fairly constant under most hemodynamic con-
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ditions, but the demand for blood flow can vary widely. If stenotic blood flow
changes at all it will decrease because most high-demand situations are associated
with tachycardia which, because of the shortened diastolic intervals, decreases
stenotic blood flow. This concept was supported initially by in vivo coronary cine-
angiography, but in recent years the rediscovery of coronary artery spasm has sof-
tened the views of the rather rigid concept of constant supply versus a variable
demand. Not all atherosclerotic lesions of coronary arteries are rigid stenoses.
About two-thirds of arterial narrowings do have some normal wall segments
(Hort 1979) (see Fig. 2) and may hence participate in vasomotion. Dilating stim-
uli or drugs may increase the stenotic cross-sectional area and vice versa. Coro-
nary artery spasm is reported to occur even in angiographically normal ¢oronary
arteries. The frequency of occurrence of coronary artery spasm in normal and
stenosed coronary arteries is a matter of dispute. Angiographers report as little
as 2% (ARBOGAST and Bourassa 1973) and as high as a 12% (GEeNsINI 1978) in-
cidence of spasm. Some believe that a spastic component plays a role in all
patients with coronary heart disease (CHIERCHIA et al. 1978). It looks as if clinical
coronary cardiology, like Reaganomics, has switched to supply-side economics.
The widening of eccentric (elastic) stenoses under the influence of vasodilating
drugs is also a matter of dispute and may be a problem of the reference base. Cor-
onary artery spasm as a pathophysiologic concept underlying angina pectoris and
infarction has had an interesting history. A symposium on angina pectoris held
in Vienna under the chairmanship of WENCKEBACH (1924) presented three views
on the etiology of angina. The pathologists found a very high association between
coronary artery stenoses at autopsy and angina before death. However, most
clinicians believed that angina was caused by coronary artery spasm because of
the association with anxiety states. Wenckebach himself believed that it was a dis-
ease of the aorta because surgical removal of the aortic depressor nerve “cured”
the symptom in most patients. Although this proved not to be a tenable view-
point, WENCKEBACH reported a few observations that are of interest even today.
First, angina pectoris was a rare affliction in 1924: Wenckebach observed only a
handful of cases in 10 years. He reasoned that the cause of the symptom cannot
be spastic or stenotic coronary artery narrowing because that would cause myo-
cardial ischemia and ischemia would lead to failure. He differentiated his anginal
patients from those with latent failure by walking with the patient briskly around
the hospital block: those with a “typical’’ angina did not get dyspnea, i.e., no car-
diac failure and hence no ischemia. We must conclude from this observation that
WENCKEBACH probably selected exclusively primary spastic angina. Another in-
teresting observation in 1924 was that this type of angina can be provoked by er-
got alkaloids. The concept of spasm as the origin of angina was probably in-
fluenced by the fact that nitroglycerin, a known antispasmodic agent, relieved
angina. The spasm concept prevailed for a long time before studies by SCHLESIN-
GER (1938) became accepted facts. Quantification of atherosclerotic coronary
lesions by injection methods left little doubt that structural rather than functional
narrowings of coronaries were the cause of angina and infarction. The spasm con-
cept had a sizable following until the late 1950s and it influenced research and de-
velopment of pharmaceutical laboratories. The duration of action of nitroglycer-
in was believed to be too short, and longer-acting coronary vasodilators, chemi-
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cally unrelated to nitroglycerin, were developed. Dipyridamole (KADATZ 1969;
BRETSCHNEIDER ¢t al. 1959) was the first of these drugs, soon followed by
chromonar (N11Z and P6TscH 1963), verapamil (FLECKENSTEIN 1983), lidoflazine
(SCHAPER et al. 1966), nifedipine (VATER et al. 1972), and many others. The com-
mon feature of all of these drugs was their ability to increase coronary blood flow
greatly without seriously increasing myocardial oxygen demand. Their mode of
action varies widely, but nonetheless clinical efficacy was shown for all these
drugs whether they inhibit transport of nucleosides (dipyridamole, lidoflazine,
dilazep) or whether they block calcium channels (verapamil, nifedipine) or neither
(chromonar) of these mechanisms of action.

During the era of constant supply versus variable demand, all coronary
vasodilators became very unpopular in spite of their earlier proven clinical effica-
cy. Several of these drugs survived this period of “bad press” because they
changed their label or name and/or proposed mechanism of action (verapamil,
nifedipine, lidoflazine) or additional effects became more important like inhibi-
tion of platelet aggregation by dipyridamole. Greatly helped by cardiac
Reaganomics (variable supply side by spastic component) these drugs and some
newcomers again enjoy great popularity, especially after their introduction on the
American market.

When the supply versus demand concept ruled, f-blocking agents were the
drugs of choice because they helped to adjust demand to the constant supply by
reducing myocardial oxygen demand and by blunting the cardiac response to
physical activity (RAHN 1981). Needless to say, those who reject the supply and
demand concept tend also to reject therapy with S-blockers, especially with pro-
pranolol, because these drugs might increase the spastic component by unmask-
ing the a-tone (BUFFINGTON and FEIGL 1981).

II. Influence of a Coronary Stenosis on Myocardial Perfusion

As discussed in Sect. B.1, the influence of a coronary artery stenosis on coronary
blood flow is felt only during the later stages of the disease because of the capacity
of the peripheral coronary resistance vessels to dilate in compensation for the de-
gree of stenosis. Milder narrowings, i.e., 50%-60% of the cross-sectional area,
produce relative reductions in blood flow only at high levels of physical exertion.
Very tight stenoses (80%—90% area reduction) produce angina pectoris at mild
exertion and with the tachycardia of emotional disturbances. These figures are
rough clinical estimates rather than exact measurements because, even with the
most sophisticated X-ray equipment and modern contrast media, measurements
of the tightness of a stenosis are plagued with large standard deviations (GOTTWIK
1982). But even if the measurements are more precise, the situation is hardly im-
proved because we have no way to tell in the living human heart how much myo-
cardium is supplied by the stenosed artery. A stenosis that produces symptoms
may progress toward complete occlusion. The speed of narrowing is of great im-
portance for the afflicted heart muscle: if the stenosing speed is low, usually a col-
lateral circulation develops and upon complete occlusion collateral vessels supply
the entire myocardium at risk. Myocardial infarction can be avoided altogether.
If the stenosing speed is fast or sudden (thrombus formation), collaterals cannot
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develop and infarction occurs. In some cases, the degree of stenosis remains sta-
tionary and clinicians define this state as “stible angina™.

It is extremely difficult to estimate the amount of blood flow through a steno-
sis because blood flow in coronary arteries is pulsatile and viscous and inertial
properties play an important role. For the description of dynamic flow models
in arteries we need at least two dimensionless parameters, i.e., the Reynolds num-
ber (Re=Dv/9) and the « parameter («=Re|/w/3), where D is the vascular diam-
eter, v is a characteristic speed, 3 is the kinematic viscosity, and w equals the rate
of the pulsatile flow. Normal coronary arteries exhibit pulsatile but laminar flow
at medium or high Reynolds numbers. Compared with other arterial regions and
with the aorta, the coronary system is not very elastic and stenoses in particular
can be envisaged as fairly rigid structures not exhibiting time- and pressure-de-
pendent variations of diameter (LOGAN 1975).

Factors that influence blood flow through a stenosis are:
The minimal cross-sectional area in relation to that of the nonstenosed part of the
same artery (tightness)

Angle of entry
Angle of exit
Length.

All these factors together cause a flow-related drop of pressure across the
stenosis which has the same effect on myocardial perfusion as if the coronaries
were perfused at a much lower perfusion pressure, i.e., effective perfusion pres-
sure for the peripheral coronary bed is the poststenotic pressure. Among the listed
factors influencing the pressure drop across a stenosis, the tightness is the most
important and the length of the stenosis is of only minor importance. The angles
of entry and exit are important because the steeper they are the more turbulent
the flow becomes, which greatly contributes to the pressure drop.

Our own experiments with fixed stenoses (SCHAPER and SCHAPER 1981) pro-
duced by tissue-inert Teflon(polytetrafluoroethylene)rings have shown that the
exit angle-related turbulence is of particular importance because the eddy cur-
rents and “deadwater” regions lead apparently to a demixing of the corpuscular
components of blood which results in platelet aggregation and thrombus forma-
tion. We could show that in an animal model of chronic fixed-diameter stenosis
(dog coronary artery), progression occurs until complete coronary artery occlu-
sion owing to a steep exit angle of the stenosis. The whole process shows a con-
stantly changing dynamic pattern of events because some coronary artery oc-
clusions so produced became recanalized (Fig. 3). The most interesting phenom-
enon of this experiment is the observation that apparently fixed stenoses become
progressive in the absence of classical risk factors. If the stenosis was relatively
tight at the moment of implantation (the stenosis allowed only resting basal blood
flow), all animals died within 3 days after implantation. If the stenosis was tight-
ened only to the point that full coronary reserve was reduced to 50% (tested by
reactive hyperemia), all arteries were found to be occluded 6 weeks after implan-
tation, but infarctions were avoided owing to collateral development. These ex-
periments point to the role of inhibitors of platelet aggregation in halting the pro-
gression of coronary lesions.
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Fig. 3. A segment of dog coronary artery (left circumflex) that was taken distal from a fixed
stenosis produced by a Teflon ring that had been completely occluded and was recanalized.
The traversing “septa’ contain tissue rich in nuclei, i.e., recanalization must have been a
recent event

C. Influence of Underperfusion on the Myocardium

I. Influence on Substrate Metabolism

Under normoxic conditions, most mammalian hearts (DEJONG 1979) prefer fatty
acids and lactate as substrates for oxidation. Special metabolic situations are han-
dled by the heart with surprising ease: glucose, ketone bodies, and amino acids
are also metabolized when these substrates are supplied in increased concen-
trations. Shortage or lack of oxygen changes the whole situation drastically and
metabolism is shifted toward glycolysis, the most important source of ATP in
anoxic states. Unlike skeletal muscle, the glycolytic capacity of heart muscle is
limited and glycolysis is impeded by a number of factors. The large capacity of
skeletal muscle for glycolysis must be viewed relative to its limited oxidative ca-
pacity, and it has to be borne in mind that, at times of lactate production, skeletal
muscle enjoys high blood flows, whereas heart muscle in ischemia experiences a
low blood flow which allows accumulation of lactate and other nonmetabolizable
end products of metabolism.

During ischemia, the heart extracts much more glucose from what little resid-
ual blood flow there is, and it utilizes glycogen. Ischemia due to coronary artery
occlusion or very severe coronary stenosis in patients is often associated with
some residual perfusion, i.e., oxidative metabolism has not totally stopped. The
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little oxygen that is delivered by residual flow is put to somewhat better use if glu-
cose is oxidized instead of fatty acids, the difference being 13% (ATP: O ratio).
It is therefore understandable that attempts were made to stimulate glucose oxi-
dation as well as glycolysis by offering glucose (together with insulin) in patients
suffering from acute coronary occlusion. The results of these trials have not been
overwhelmingly convincing for a number of reasons:

End points of these studies are difficult to define because methods of measur-
ing infarct size in living patients are very crude.

The rationale of these studies rested on not very solid assumptions: if there
is perfusion (albeit lower than normal), glucose extraction, even at normal glu-
cose blood levels, would suffice. If there is little or no perfusion (as in transmural
infarction), the increase in blood glucose is pointless because of the transport
problem. In this situation, the lack of oxygen overshadows all metabolic consid-
erations. Restitution of blood flow is the only measure with a chance of success.

The glycogen reserves of heart muscle are limited and their mobilization in low
flow ischemia is impeded by a number of factors:

The fall in pH inhibits phosphofructokinase (KUBLER and SPIECKERMANN
1970; NEELY et al. 1975).

Lack of oxygen reduces the available NAD which is needed for proper func-
tioning of glyceraldehyde-3-phosphate dehydrogenase. This is in part overcome
by the fact that the conversion of pyruvate to lactate oxidizes NADH, which is
the most important reason for lactate production in ischemia.

Lactate accumulates in low flow (or zeroflow) ischemia in the tissue and may
contribute to tissue damage, although not via pH because the physical chemistry
of lactate does not allow for a significant fall in pH (GEVERS 1977; P1pER 1979).

Lipolysis is activated in ischemia together with glycogenolysis in spite of the
fact that there is no oxygen available for fatty acid oxidation.

A fraction of these fatty acids is resynthesized to triglycerides by “short-cir-
cuiting” of glycolysis at the level of glyceraldehyde-3-phosphate which furnishes
at the same time energy (phosphate bond) and the glycerol backbone for triglyc-
eride synthesis. This reaction may reduce the energy gain from glycolysis only to
reduce the amount of fatty acids from activated lipolysis, a “nonsense” cycle
which consumes energy in a nonproductive way and produces only glycerol,
which cannot be metabolized by the heart because of the absence of the enzyme
glycerate kinase (WIELAND and SYSTER 1957). A fraction of the newly synthetized
triglycerides may also stem from fatty acids supplied by collateral flow. In any
case, electron microscopic evidence exists for greatly increased triglyceride syn-
thesis in surviving ischemic or ischemic reperfused myocardium (Fig. 4; SCHAPER
1979b) and the energy can originate only from glycolysis. This observation
(TrAcH 1984) may lead to new therapeutic principles, i.e., blockade of endoge-
nous lipolysis to optimize glycolysis.

There is another pathway which provides high energy bonds anaerobically
through substrate level phosphorylation: the amino acid aspartate is used in a
reaction where 2-oxoglutarate is transaminated to glutamate and aspartate trans-
formed to oxaloacetate which in turn is transformed to malate (malate dehydro-
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Fig. 4. Ischemic myocardial cells that contain numerous fat droplets. x 12,000

genase favors that reaction) and to fumarate which, when reduced to succinate,
produces one molecule of ATP from ADP (Fig. 5; TAEGTMEYER 1978). In this se-
quence of reactions, the Krebs cycle “runs backward”. In another sequence,
which is coupled with the first glutamate (from the transamination reaction) and
pyruvate are transformed to 2-oxoglutarate and alanine. The 2-oxoglutarate
turns the Krebs cycle forward in the reaction to succinate, where GTP is produced
from GDP. The end products of these reactions are succinate and alanine which
have been detected in increased amounts in diving mammals (HOCHACHKA et al.
1975), in exhaustive exercise in humans (HOCHACHKA and DRESSENDORFER 1976),
in coronary sinus blood of patients when angina pectoris was provoked (MUDGE
et al. 1976), and in anoxic rabbit hearts (TAEGTMEYER 1978). The sequence is
based on a steady supply of aspartate and produces about 16% of the amount
of ATP produced by undisturbed glycolysis (TAEGTMEYER 1978).



Pathophysiology of Circulation and of Acute Coronary Insufficiency 61

CYTOPLASM Aspartate

Pyruvate 2 Oxoglutarate
NADH; / Glutamate

2 Oxoglutarate Oxaloacetate
NADH

NAD [Via Glycolysis)
Lactate Alanine Malate

MITOCHONDRIA Fumarate

|"HS‘Cobf NAD FP“,D/— ADP

' N NADH = FPyy ¢+
TCA | €0 +—~>NAD o TCA
| Succinyl~S-CoA
| GDP
i~HS-CoA GTP
4
Succinate Succinate

Fig.5. Aspartate and pyruvate serve as substrates for substrate level phosphorylation
whereby the Krebs cycle (tricarboxylic acids) runs partially backward. Modified from
TAEGTMEYER (1978)

II. Influence on High Energy Phosphates

It has been known for a long time that cardiac tissue ATP concentrations decrease
with time following the onset of ischemia (CHANG 1938; BURDETTE 1956; FURCH-
GOTT and DEGUBAREFF 1958; DANFORTH et al. 1960). GERLACH et al. (1963) de-
scribed in heart muscle an important deviation from skeletal muscle of the break-
down pathway of AMP. In skeletal muscle, AMP is deaminated by the enzyme
adenylate deaminase to IMP. In cardiac muscle, AMP is dephosphorylated to
adenosine by the enzyme 5'-nucleotidase. The importance of this difference is the
fact that adenosine diffuses (facilitated transport KUBLER et al. 1970) across the
cell membrane and, after some time, becomes unavailable for salvage pathways.
Adenosine is also fairly rapidly deaminated intracellularly and is thereby also lost
for the salvage pathway. In maximally stimulated skeletal muscle (the analog of
ischemia) IMP does not leave the cell and is at the disposal of the salvage pathway
"upon restoration of the balance between mechanical energy output and rate of
oxidation. From this analogy we may infer that skeletal muscle is well adapted
to borderline situations because nucleotide breakdown as a rule ends with IMP
and recovers rapidly after a short period of rest. Heart muscle in ischemia con-
tinues with the breakdown process and nucleosides and purine bases are lost
through washout. The de novo synthesis of adenine nucleotides after normaliza-
tion of blood flow is extremely slow in heart muscle (ZIMMER et al. 1973; ZIMMER
1980; MAUSER et al. 1984) and requires several days to a week for full restoration
of the sum of nucleotides (REIMER et al. 1981) after a relatively short period of
ischemia.
Since ATP is the key energy source for muscle contraction, transport across
membranes, and biosynthesis pathways, significant losses of ATP during isch-
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emia that are not quickly restored after reperfusion will probably interfere with
these functions. Since most ATP, produced in the mitochondria, will be used for-
muscle contraction and since regional contractility is greatly reduced after a bout
of ischemia followed by reperfusion in structurally intact and surviving myocar-
dium, it was intuitively very attractive to assume a cause and effect relationship
between reduced ATP concentrations and reduced contractility.

III. Regional Contractility and Nucleotides
in Reperfused Myocardium

The introduction of mechanical and enzymatic methods to restore blood flow in
an acutely thrombosed human coronary artery by RENTROP et al. (1981) has
focused new interest on the particular problems of reperfused myocardium which
eventually survives the ischemic damage. Postischemic reperfused myocardium is
characterized by:

Reduction of adenine nucleotides which requires several days for normalization
Reduction of regional contractility which also requires several days for normal-
ization

Reduction of pyridine nucleotides which is not restored directly upon reflow
Structural repair mechanisms which lead to normal mitochondrial ultrastructure,
but activation of interstitial mesenchymal cells and phagocytosis of exocytotic
material may be seen for several days.

As already stated, adenine nucleotides can be built up again by using salvage
pathways for adenosine. Unfortunately, only short occlusions, not lasting longer
than 3 min, produce a situation where adenosine is salvaged and readily trans-
formed into AMP upon reflow. During longer occlusions, adenosine is removed
from the myocyte by deamination and it is washed out by the subsequent reactive
hyperemia of reperfusion. The de novo synthesis of ATP requires a long time and
a lot of energy. ZIMMER ¢t al. (1980) have shown that one of the rate-limiting steps
of adenine nucleotide biosynthesis is the conversion of glucose-6-phosphate to
ribose-5-phosphate in heart muscle. The very slow rate of action can be bypassed
by the infusion of ribose (ZIMMER 1980) which accelerates ATP production by a
factor of four. The activity of the enzyme involved varies from one species to the
other. The activity in dog (MAUSER et al. 1984) and human myocardium is even
lower than that in the rat, the most often used model in this field. Even if the im-
mediate precursor of IMP, 5-aminoimidazole-4-carboxamide riboside (AICAR)
is infused directly into a canine coronary artery, it takes up to 12 h before a frac-
tion of the lost ATP is replenished (SABINA et al. 1982; SwaIN et al. 1982; MAUSER
et al. 1984). This shows that several steps in the biosynthesis are of limited capac-
ity in addition to the fact that other steps are feedback controlled. Our own re-
search had focused on utilizing the salvage pathways of ribose, adenosine, and
AICAR (MAUSER et al. 1984), but only adenosine is able to increase previously
reduced ATP levels to near normal within 3 h of reperfusion. In the experiments
with adenosine and AICAR, the respective tritiated compounds were used in
trace amounts together with the unlabeled substrate. The enzymatic makeup of



Pathophysiology of Circulation and of Acute Coronary Insufficiency 63

mammalian hearts is such that inosine cannot be phosphorylated to IMP (Dg-
JonG 1979). It is first cleaved by purine nucleoside phosphorylase (PNP) to hypo-
xanthine and ribose-1-phosphate. Hypoxanthine combines with phosphoribosyl-
pyrophosphate (PRPP) to IMP, but removes thereby the basis for de novo bio-
synthesis. Inosine and hypoxanthine are not effective substrates for the salvage
pathway in postischemic reperfused dog myocardium. More optimistic results
obtained in rats (ZIMMER 1980) may be due to species-dependent differences in en-
zyme activity or to the utilization of a mechanism other than salvage pathways.
The fact that inosine inhibits 5'-nucleotidase (WORKU and NEwBY 1982) may have
interfered with adenosine formation.

The adenosine salvage pathway is difficult to utilize in the clinical setting be-
cause adenosine is vasoactive and causes a fall in blood pressure. Because it is rap-
idly deaminated by blood, one has to infuse relatively high doses and the kidneys
are loaded with fairly high amounts of poorly soluble uric acid. We have therefore
tried ways to conserve adenosine inside the myocardial cell by inhibition of nu-
cleoside transport and by inhibition of the enzyme adenosine deaminase. This is
best done in combination since blockade of transport alone is of little use because
deamination proceeds uninhibited. Neither does inhibition of deamination alone
make much sense because reflow would wash out and greatly dilute the conserved
adenosine. Inhibition of nucleoside transport is achieved by dipyridamole, the
first fairly specific coronary vasodilator, by dilazep, lidoflazine, and by nitroben-
zylthioinosine (NBMPR) and nitrobenzylguanosine (PATERSON et al. 1981). In-
hibition of adenosine deaminase is achieved by erythro-9-(2-hydroxy-3-nonyl)-
adenine (EHNA) (SCHAEFFER et al. 1974) (competitive) and deoxycoformycine
(noncompetitive, irreversible). The hypothesis behind this concept of conserva-
tion of adenosine for the salvage pathway is based on the assumption that cardiac
tissue concentrations of adenosine reflect those inside the myocyte and that the
fall of ATP during ischemia also reflects ATP inside the cardiac myocyte. Since
the rise in adenosine (deaminase blocked) equals the fall in ATP, the assumption
appeared valid. »

We tested several experimental situations where we combined nucleoside
transport block (dipyridamole) with inhibition of deamination (EHNA) in hearts
which had been made ischemic. In a first orientational experiment, the heart (dog)
was removed and incubated at room temperature, and tissue samples were re-
moved every 15 min for 3 h (Fig. 6). In this experiment, adenosine concentration
rose rapidly, but not to very high levels, fell again to almost normal levels, while
inosine (its breakdown product) rose. When nucleoside transport was blocked by
dipyridamole, adenosine rose to much higher levels and stayed elevated. The rise
in adenosine, inosine, and hypoxanthine paralleled the fall in nucleotides, i.e., the
sum of nucleotides, nucleosides, and bases remained about constant. When dipy-
ridamole and EHNA were given, adenosine was the only nucleoside formed, and
the rise in adenosine concentration paralleled the fall in nucleotides. These ex-
periments suggested that if ATP, ADP, and AMP are indeed present to a large
extent (probably 96%) in cardiac myocytes, adenosine as a major breakdown
product in untreated hearts will also be produced inside the cardiac myocyte. Part
of it will be deaminated inside the cell, but some fraction will leave the myocyte
by diffusion and transport and may be deaminated in another (nonmyocytic) cell
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Fig. 6. Nucleosides accumulate during global ischemia in the heart. The accumulation can
be drastically changed by inhibition of outward adenosine transport, by inhibition of the
enzyme adenosine deaminase (EHNA), and by a combination of both. Inhibition of
adenosine transport by dipyridamole leads to a drastic increase in tissue adenosine levels
and to a similar reduction of inosine content. This is explained by assuming a very active
adenosine deaminase outside the myocyte which cannot be reached when adenosine trans-
port is inhibited. Inhibition of transport plus inhibition of deamination leads to very high
adenosine levels, adenosine being the only product of nucleotide breakdown
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in the interstitium. Reasons to believe this stem from experiments with dipyrid-
amole: the much higher adenosine concentrations measured in these hearts are be-
lieved to reside within the cardiac myocyte because outward transport is in-
hibited. We must also conclude that there are two sites of adenosine deamination,
one inside the myocyte and the other in some other cell, whereby the latter must
be much more active than the former, otherwise the drastic rise in adenosine fol-
lowing total ischemia under the influence of dipyridamole is difficult to explain:
the transport block prevents adenosine reaching its second site of deamination,
its concentration rises almost as much as that of ATP falls. The blockade of de-
aminase by EHNA shows the activity of the intracellular and of the nonmyocyte
deaminase: the additional rise over and above that of dipyridamole alone quan-
titatively parallels the fall in ATP.

Similar results were also obtained in other experimental situations in intact,
in situ, beating hearts with coronary artery occlusion, and it was tempting to
study whether the increased adenosine concentrations accumulated under the
combined influence of dipyridamole, EHNA, and ischemia can be utilized during
reperfusion in the salvage pathway leading to AMP and finally to ATP. The re-
sults of these experiments were not very convincing: there was some increase in
ATP during a 3-h reperfusion period, but many experiments were needed to come
to a convincing statistical significance (HENRICHS and SCHAPER, to be published),
and exogenous infusions of adenosine were far more effective in restoring ATP
levels at lower intracellular concentrations than the much higher concentrations
under EHNA and dipyridamole. There are two explanations for these unexpected
findings:

1. It is known that adenosine kinase, the enzyme that phosphorylates
adenosine to AMP, is inhibited by its own substrate, and the high adenosine levels
may have reached inhibitory concentrations.

2. Another experiment shed doubt on the whole basis of “intracellular’ con-
servation and salvage of adenosine: in an in situ model (dog coronary artery oc-
clusion for 45 min and reperfusion), adenosine accumulation was tested during
ischemia under three conditions: without treatment, with dipyridamole, and with
dipyridamole plus exogenously infused adenosine deaminase.

Under control conditions, the adenosine concentration rose only briefly be-
cause of rapid deamination to inosine. Under dipyridamole, adenosine rose
steeply and stayed elevated as described. Under dipyridamole plus exogenous de-
aminase, the adenosine concentrations were very significantly less than with dipy-
ridamole, a totally unexpected finding, because the infused deaminase is known
to reside only in the extracellular space; if adenosine stems from intracellular ATP
breakdown and if dipyridamole blocks transport out of the cell, the adenosine
should not have reached the extracellular cell-free deaminase. Again two con-
clusions can be drawn from this experiment:

1. For as yet unexplained reasons the accumulated adenosine (Ischemia plus
dipyridamole) does not reside inside the cardiac myocyte, but rather in the ex-
tracellular space. It accumulates because dipyridamole does not permit entry of
adenosine into the cardiac myocyte. This would explain why the high adenosine
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concentrations during ischemia plus EHNA plus dipyridamole are not readily
used for the salvage pathway. But for the sake of logic, we have also to assume
that the amount of ATP converted into adenosine is outside the cardiac myocyte,
a very unlikely assumption.

2. Another, and probably more likely, explanation would be that the trans-
port inhibition by dipyridamole was not perfect and that a certain amount of
adenosine has diffused out of the cardiac myocyte. In the absence of cell-free ex-
tracellular deaminase, the extracellular adenosine (originating from the cardiac
myocyte) cannot enter other cells (pericytes, etc.), because their cell membranes
have become impermeable to adenosine owing to the action of dipyridamole.
Cell-free deaminase in the extracellular space, however, has free access to ex-
tracellular adenosine and is hence transformed to inosine. This explanation would
assume an asymmetric transport inhibition, i.e., the outward transport of
adenosine is less well blocked than the inward transport. such a mechanism was
proposed by BERNE (1980) some time ago.

All these different maneuvers, i.e., stimulation of de novo synthesis of adenine
nucleotides by infusions of ribose and AICAR and the intracellular conservation
of adenosine in ischemia and reperfusion by EHNA plus dipyridamole, were
meant to aid the heart to resume regional function quickly following reperfusion.

It has been known since the studies by DE BoER et al. (1980) that even short
coronary occlusions lasting only 15 min produce a regional dysfunction which
lasts for many hours or even several days. The parallelism with the slow return
to normal of tissue ATP concentrations suggested a cause and effect relationship.
Our successful attempts to replenish tissue ATP concentrations with exogenous
adenosine (MAUSER et al. 1984) appeared to be an interesting tool to test the hy-
pothesis whether steady state tissue ATP concentrations are related to the con-
tractile state. This hypothesis was tested using ultrasonomicrometer crystals im-
planted into a nonischemic and into a potentially ischemic region (dog hearts);
regional contractility was compared (see Fig.7) during ischemia, at reperfusion,
and during adenosine infusion directly in one coronary artery. Although
adenosine was indeed able to replenish ATP levels from 50% of normal (end of
ischemia) to 75% of normal (end of a 3-h period of reperfusion), the regional con-
tractility remained significantly depressed and showed no tendency to improve.

The question of a relationship between cardiac ATP concentrations and car-
diac contractility remains controversial. Some authors find such a relationship
(Re1BEL and ROVETTO 1978; WATTS et al. 1980; OHARA et al. 1981; NisHi0KA and
JARMAKAIN 1982), whereas others do not (GUDBJARNASON et al. 1970; VARY et al.
1979; NEELY et al. 1973). From a theoretical point of view, such a relationship is
not expected because the ATP concentration at which the actomyosin complex
is saturated is much lower than those concentrations that are usually found in car-
diac tissue (KATZ 1977).

The slow return of regional contractile function after a relatively short period
of ischemia is difficult to explain. As already stated, lack of ATP can be excluded
from the list of probable causes. The analysis of waveforms obtained from ul-
trasonomicrometer crystals shows that shortening does indeed occur, but at a lat-
er time in sytole. It looks as if the reperfused segment is only somewhat weaker
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than the normal muscle fibers exerting their force upon the reperfused muscle.
When the force of the normal segment declines below the force developed by the
reperfused segment, it results in measurable shortening. This would suggest that
the difference in developed force between a normal and a reperfused segment is
not as great as the measurement with ultrasonomicrometer crystals would sug-
gest. This situation can be compared to a tug-of-war where the winning team need
only be slightly stronger, i.e., the type of measurement may actually amplify small
differences in the force developed. It is not easy to differentiate between a true
and an apparent depression of regional contractility. One way to do this would
be the measurement of regional myocardial oxygen consumption. If regional
myocardial O, consumption does not differ markedly between the reperfused and
normal myocardium, the ultrasonomicrometer crystals have indeed amplified
small differences in developed force. Substantial differences in regional MVO,
would suggest that the observed differences in contractility are real. The measure-
ment of regional MV O, is not easy since local venous oxygen content is difficult
to obtain because of the large-caliber venous anastomoses which carry the danger
of contamination with blood from normal regions. Since blood flow to regions
of depressed contractility during reperfusion is lower than normal (after <30 min
of reactive hyperemia following release of the ligature), we may indeed assume
a reduced regional MVO,. However, reduced flow may have other causes, i.e., re-
gions of irreversible injury or edema formation.

Other indications that the observed differences of contractility are real stem
from the fact that creatine phosphate (CP) concentrations in reperfused muscle
are above normal values. This observation would suggest intact mitochondrial
function, but impaired utilization of ATP at the sarcomere site. The model of the
mitochondrial sarcomere energy shuttle, as described first by GUDBJARNASON et
al. (1970) and later by JaAkoBuUs and INGWALL (1981), predicts that ATP does not
leave the mitochondrion, but rather phosphorylates creatine at the outer mito-
chondrial membrane. CP is released into the cytosol where it transforms ADP to
ATP at the sarcomere. The higher than normal CP levels in reversibly injured re-
perfused myocardium would suggest that there is a slower ATP turnover at the
sarcomere which results in higher CP concentrations, both as a result of depressed
contractility. Another indicator for significantly depressed contractility in reper-
fused myocardium is our observation (HOFFMEISTER et al. 1984) that repeated oc-
clusions lead to a much slower fall of CP concentrations as compared with the
first occlusion where fully contractile myocardium was suddenly deprived of
blood and oxygen. Since all these arguments in favor of truly and significantly
reduced contractility (rather than an apparent reduction) are either indirect or
have been obtained with methods of limited accuracy, measurements of ATP
turnover in reperfused myocardium employing the rate of incorporation of 32P
into ATP should be carried out.

IV. Effect of Regional Ischemia on Local Myocardial Function

It is a well-known fact that regional ischemia leads to a functional impairment
of the affected myocardium. Clinical examples are the pump failure of the heart
in an acute myocardial infarction or the regional dysfunction after an acute cor-
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onary occlusion with a possible, at least partial, recovery of the previously isch-
emic segment after reperfusion. Dysfunction after coronary artery occlusion in an-
experimental model was described by TENNANT and WIGGERS (1935) and at-
tracted many further investigators (BUGGE-ASPERHEIM et al. 1969; EDWARDS et al.
1981; FRANKLIN et al. 1973; GALLAGHER et al. 1982).

The degree of dysfunction depends on the extent of ischemia, i.e., on the size
of the ischemic region and on the perfusion deficit. Therefore, one main factor
influencing the dysfunction is the collateral supply in the myocardium. In the pig,
with its lack of sufficient collaterals, a medium-size coronary artery occlusion rap-
idly causes a systolic outward bulging of the ventricular wall, whereas the same
occlusion in a dog, with a good collateral supply, may only lead to a delayed and
reduced contraction.

1. Measurement of Regional Function

The method most commonly used in experiments in intact hearts is pulsed sono-
micrometry. Short ultrasound impulses are sent and received at a high frequency
between two transducers. Since the speed of ultrasound in the myocardium is well
known, it is possible to determine the actual distance between both transducers
by measurement of the transit time. This method was described by RUSHMER et
al. (1956) for the estimation of global myocardial function and was further devel-
oped by many other investigators for the analysis of regional dysfunction (BuG-
GE-ASPERHEIM et al. 1969; EDWARDS et al. 1981; HAGL et al. 1976; THEROUX et al.
1974). The implantation of the newer microtransducers causes only minimal myo-
cardial lesions and thus allows determination of segment length in different layers
of the myocardium as well as wall thickness measurements with a high resolution
in time and space. The main advantage of this method is the fact that the trans-
ducers are not mechanically connected to each other. Other devices to monitor
regional function, like the Walton—Brodie gauge, mercury-in-silastic gauges, and
similar types, have the problem that mechanical connections lead to a loss of sen-
sitivity and produce artifacts (BUGGE-ASPERHEIM et al. 1969; EDWARDS et al.
1981). ScHELBERT et al. (1971) pointed out that mechanical force gauges are well
suited for measurement of isometric contraction without interference from neigh-
boring tissue. On the other hand, measurements of ischemic contractile changes
with ultrasonomicrometer crystals are always affected by the surrounding non-
ischemic myocardium and do not represent the function of the ischemic region
only. We share this view, but still prefer the more dynamic sonomicrometry be-
cause it allows a measurement during the entire cardiac cycle. It records the dif-
ferential of the power output between the ischemic segment and the nonischemic
segments which exert a force of opposing vectors on the ischemic fibers. We call
this a “tug-of-war”’ situation where even relatively small differences in power gen-
eration as well as a desynchronization of force development between these regions
may become very obvious.

2. Effects of Hemodynamic Changes

The measured indices of regional function can be influenced by induced or spon-
taneous hemodynamic changes. Changes of the preload affect the segment length;
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the end-diastolic length is particularly sensitive to loading changes. On the other
hand, the segment shortening is dependent on the afterload of the ventricle. In
the autonomic blocked conscious dog, a linear relationship between regional
work and regional end-diastolic length was obtained by preload changes
(GLOWER et al. 1983). One way to appreciate the influence of hemodynamic
factors on the ischemic and postischemic regional segment length and shortening
is the comparison between the ischemic/postischemic area and a control area
(HOFFMEISTER et al. 1984). But then two assumptions are necessary: (a) the isch-
emic region is small enough not to influence the function of the rest of the left
ventricle; (b) ischemic, postischemic, and nonischemic myocardium react similar-
ly to changes of preload or afterload. Because of these problems, the measure-
ment of the unstressed length (/) at zero transmural pressure recorded during
transient vena caval occlusions was introduced as a more load-independent vari-
able for the diastolic properties (RANKIN et al. 1980).

3. Role of Implantation Site

The extent of segment shortening is also dependent on the position of the micro-
transducers in the left ventricular wall. In the apex region, the ratio of shortening
to segment length is markedly higher than near the base of the ventricle. Since
ventricular geometry and fiber orientation influence the amount of segment
shortening, the largest amplitude in the subendocardial layer is usually obtained
along the short axis of the ventricle (HEmMISCH et al. 1981). The extent of short-
ening in the subendocardium was reported to be larger than in the epicardium
(SaBBAH et al. 1981). In a study on the role of myocardial fiber orientation for
subepicardial segmental contraction during coronary stenosis, the importance of
the implantation angle was shown under conditions of nonuniform transmural
blood flow (GALLAGHER et al. 1982). Therefore, it is necessary to have a very stan-
dardized technique of ultrasound crystal implantation. Additionally, the correct
position of the transducers in the layer under investigation should be controlled
after every experiment by heart sections to avoid artifacts, the most common be-
ing a partial wall thickness determination combined with a segment length mea-
surement.

4. Time Reference Points

To compare the influence of interventions it is necessasry to consider the different
variables which can be derived from the segment length curve obtained for that
region. A main problem is the definition of the time points of measurement. The
end-diastolic length is easily derived from such a recording, but other authors pre-
fer the onset of ejection as the beginning of shortening (GLOWER et al. 1983). An-
other nonstandardized point is the end of the systolic phase, especially with re-
spect to the surrounding myocardium. If only the footpoint of the length curve
is taken for end-systolic length, irrespective of time of occurrence, the measure-
ment becomes very insensitive and delayed contraction (dyskinesia) will be mis-
sed; on the contrary, an “improved function’ due to slight ischemia may even be
obtained since the delayed contraction, lasting into the early ventricular diastole,
may have an increased amplitude (HOFFMEISTER et al. 1984). The earlier one
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Fig.7a,b. Regional contractility measured by implantation of two pairs of ultrasonomi-
crometer crystals, one into a prospective ischemic region, the other into a control region
a Ischemia causes a holosystolic bulge; b to ensure that the degree of shortening is always
measured at the same moment within the cardiac cycle, the dp/dt signal is used as an inter-
nal standard

chooses the end point of shortening measurement toward the end of the ventric-
ular ejection period, the more sensitive the measurement becomes to slight
changes due to ischemia. But in any case, determinations during ejection are in-
fluenced by the afterload. For these reasons it is absolutely necessary to know
which points were chosen by the respective authors to describe regional systolic
function. Figure 7, showing a very obvious bulging, is a good example. Between
end-diastole and end of ejection one gets a “negative contraction,” but if one con-
siders only the ejection period, no length change or even a slight contraction is
observed, in spite of the obvious bulging.

Another derived variable from transit time sonomicrometry is d//dz,,,,. As can
be seen in Fig. 7 and 8, it declines during ischemia. A higher sensitivity of this de-
rivative compared with segment shortening could not be observed (HEYNDRICKX
et al. 1975). Some authors also calculated “segment work’ (TYBERG et al. 1974).
This variable is not exactly “work”, but the area of the global ventricular pres-
sure—segment length loop. It was shown that this index of regional function is not
superior to segment length alone which is reasonable if the pressure during inter-
vention does not vary. Dissociation of the time courses of segmental work, short-
ening, or velocity are more dependent on changes of hemodynamics or incorrect
normalization than on ischemia (HOFFMEISTER et al. 1984). One always has to be
cautions if preload or afterload of the heart are changing because these influence
the end-diastolic length and systolic function.

Other approaches to regional functional monitoring use local myocardial wall
thickness measurements either with small crystals (EDWARDS et al. 1981; HEYN-
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Fig. 8. This recording shows the typical length changes of a segment supplied by the LAD
during a proximal LAD occlusion in an open-chest dog. During coronary artery occlusion
left ventricular systolic pressure, dP/dz,y,,, and dP/dt,, decline and the ischemic segment
length increases. The end-diastolic (a), onset of ejection (b), and end of ejection (c) time
points are indicated and demonstrate the importance of the first measurement point for cal-
culation of shortening. For details see text

DRICKX et al. 1978) or with external ultrasound transducers (PADIAN and KERBER
1982). For these methods, independence of fiber orientation is claimed, but a glo-
bal wall thickness determination includes various layers of the myocardium which
have a different flow, a different biochemical status, and which react differently
to flow deprivation (SCHAPER 1979). It seems, therefore, not to be superior to the
determination of the length changes in a single myocardial layer (LEWINTER et al.
1975) as obtained by subendocardial crystal implantation. Measurement of re-
gional function with ultrasonic crystals was also performed in humans and the re-
sults were very similar to those from animal experiments (HAGL et al. 1978; HiLL
etal. 1978; Tyson et al. 1982).

5. Alterations Due to Ischemia

After an acute coronary artery occlusion, the most prominent sign is the loss of
contraction. A representative recording of a left anterior descending artery
(LAD) occlusion in an open-chest dog is shown in Fig. 8. It demonstrates an in-
crease of end-diastolic length as well as of end-systolic length. This is typical for
a severe acute ischemia, but since myocardial blood flow is different in different
layers of the myocardium and much influenced by the collateral supply, an occlu-
sion, e.g., of a LAD side branch, in many cases leads only to a reduction of re-
gional contraction (HOFFMEISTER et al. 1983 a), not always totally abolishing a sys-



72 W. SCHAPER et al.

tolic shortening. Depending on the degree of the perfusion deficit, all grades of
dysfunction from merely delayed contraction to holosystolic bulging can occur
as VATNER (1980) indicated, showing a sensitive correlation between flow reduc-
tion and decrease of shortening.

After the onset of ischemia, the amount of shortening until the end of ejection
and the velocity decline (HEYNDRICKX et al. 1975), and a further shortening may
occur early in ventricular diastole when the stresses exerted by the surrounding
normal myocardium decrease. A more severe sign of ischemia is an increase of
segment length at the onset of systole during the isovolumic phase. This is usually
combined with delayed contraction. With even more severe ischemia, the outward
bulding, registered as an increase in segment length, becomes holosystolic with a
decrease in length segment during early diastole. Beside these systolic alterations,
diastolic changes due to regional ischemia are seen such as an increase of the end-
diastolic length (SasayaMa et al. 1980; THEROUX et al. 1976) and an elongation
of the unstressed segment length (/,) (EDWARDS et al. 1981). A rightward shift of
the pressure—dimension curve occurs in ischemia (THEROUX et al. 1974), but using
a normalization with respect to [, and taking viscoelastic properties into account,
EDWARDS et al. (1981) calculated an increased myocardial stiffness due to isch-
emia.

6. Changes in the Nonischemic Part of the Ventricle
During Regional Ischemia

Segment length and shortening in the nonischemic part of the ventricle in the pres-
ence of an ischemic region depend on the size of that region. Side branch oc-
clusions in the dog with good collateral blood supply may have no effect on the
rest of the heart, but high LAD occlusions lead to a “compensatory hyperfunc-
tion” of the nonischemic left ventricle (SAsAYAaMA et al. 1980).

This hyperfunction is registered as an increased segment length amplitude. A
detailed analysis referring to the different phases of the heart cycle showed an in-
creased shortening only during the isovolumic phase in the nonischemic part, but
this needs further confirmation (LEW et al. 1983). Some authors reported a slight-
ly decreased ejection shortening in the control region during a LAD occlusion
(GLOWER et al. 1983), whereas other investigators described the very opposite site
of the ventricular ring working at least normally (LiMa et al. 1982). These results
make it very difficult to find a “control” region. KuMaDA et al. (1979) explained
the initial, but quickly recovering depression of dP/dt,,, and dP/dz_;, as the re-
sult of the synchronous behavior of the ischemic and nonischemic parts of the left
ventricle. Thus, while there is no doubt about the hyperfunction in most reports,
the reaction of the nonischemic myocardium during acute coronary artery occlu-
sion needs further detailed investigation.

7. Regional Function During Reperfusion of Previously Ischemic Myocardium

The effect of reperfusion on regional function depends mainly on the reversibility
and the amount of reversibly injured tissue in the myocardial segment investi-
gated. After the onset of reflow following reversible ischemia, myocardial func-
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Fig. 9. The reperfusion of a proximal occluded LAD leads to an increase of the left ventric-
ular systolic pressure, dP/d¢,,,, and dP/d¢,,;, in the open-chest dog. The segment length de-
creases, but in spite of the reversible tissue injury, a dysfunction with slow and delayed con-
traction (arrow) remains

tion recovers quickly (Fig.9), but not completely. This first improvement is fol-
lowed by a very slow further recovery to normal values. KLONER et al. (1981)
showed that even 4 days after 15 min of LAD occlusion, regional function was
not yet normal although the injury was histologically reversible. HEYNDRICKX et
al. (1975, 1978) also found a reduction of endocardial blood flow paralleling the
long-lasting functional segment recovery after 15 min coronary occlusion in the
conscious dog. A very similar time course of changes of diastolic properties (/;)
compared with the systolic dysfunction was seen by GLOWER et al. (1983). These
changes were supposed to be associated with ultrastructural alterations influenc-
ing the cross-bridge overlap relative to the actin filaments. Also, very short, but
repeated periods of ischemia lead to a dysfunction not only during ischemia, but
also during reperfusion. In open-chest dogs, an effect on the postischemic systolic
function as well as on the diastolic properties could be observed (HOFFMEISTER et
al. 1983 b). The degree of rapid recovery and the time needed for complete nor-
malization depend on the severity of the ischemic tissue injury which can be evalu-
ated by electron microscopic and biochemical methods (SCHAPER 1979). Interest-
ingly, the regional function during acute ischemia is not a reliable predictor of the
possible improvement during reflow. The duration of the perfusion deficit also
plays a considerable role. For example, if a high LAD occlusion leading to a
holosystolic bulging is released after 3 min, function can recover almost com-
pletely (HOFFMEISTER et al. 1984). But a 45-min side branch occlusion without ir-
reversible tissue damage producing only a decrease of shortening to 20% recovers
to only about 50% during the early reperfusion and remains at that level for the
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next few hours (HOFFMEISTER et al. 1983 a). Therefore, it is not the ischemic func-
tion (i.e., the actual intensity of ischemia), but the product of time and intensity
of perfusion deficit which is the best predictor.

Because of the striking correlation between the time courses of decreased pos-
tischemic ATP levels and the reduced postischemic regional function — both show
a very delayed recovery (KLONER et al. 1981) — an elevation of postischemic ATP
levels was supposed to improve the regional function. This hypothesis could not
be confirmed. Recently, the failure of accelerated ATP repletion during reflow to
affect the depressed postischemic function was demonstrated (HOFFMEISTER et al.
1983 a). In another experiment with repeated 3-min coronary occlusions leading
to a successive decrease of postischemic function and ATP levels, an attempt at
pharmacologic preservation of ATP by inhibition of both adenosine transport
and adenosine deamination had no influence on regional shortening, in spite of
an approximately 1 pmol/g higher ATP concentration compared with the control
group after 20 acclusions; for 20 further occlusions, no prospective beneficial ef-
fect of the relatively higher ATP-levels was seen (HOFFMEISTER et al. 1984). The
cause of postischemic dysfunction is still an unresolved problem. ,

In conclusion, the regional dysfunction caused by coronary artery occlusion
depends on the intensity of the ischemia. The main alterations are delayed and
decreased or totally abolished segment contraction and a partial or holosystolic
bulging. The diastolic properties also change and the end-diastolic length in-
creases. If the ischemic injury is reversible, a quick, but only partial recovery oc-
curs, depending on the degree of the tissue damage. Further recovery needs a long
time and cannot be influenced by acceleration of the postischemic ATP repletion.

D. Myocardial Infarction
I. Mechanisms Leading to Cell Death

From an ultrastructural point of view, subcellular organelles of myocardial cells
have been discussed in terms of bringing about the decisive event leading to cell
death. This section will describe the different subcellular systems in the possible
role of myocardial cells in the progression of ischemic injury until cell death oc-
curs.

1. Mitochondria and Nuclei

In ischemia, the mitochondria lose their normal matrix granules, the electron den-
sity of the matrix, and finally the cristae. The nuclei show gradual dissolution pre-
ceded by extensive swelling or clearing and different degrees of clumping of
chromatin. Most of these ultrastructural alterations of myocardial mitochondria
and nuclei in ischemia have been described extensively during the last 20 years
(JENNINGS 1969, 1976 a,b, 1979; JENNINGS and GANOTE 1972; JENNINGS and REI-
MER 1981; JENNINGS and SOMMER 1960; JENNINGS et al. 1964, 1965, 1969). In elec-
tron microscopy, a general agreement has been reached about the characteristic
subcellular symptoms of reversibly versus irreversibly injured mitochondria and
nuclei (SCHAPER 1979 b; JENNINGS 1969; TRUMP et al. 1976) in heart and different
tissues.
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Mitochondria, the central machinery of cellular metabolism, are the most sen-
sitive organelles toward the effects of ischemia (SCHAPER 1979 b; OpIE 1980; JEN-
NINGS 1976 b; SCHAPER et al. 1979 ¢). Structural changes of differing severity are
correlated with the intensity of the ischemic insult. The disappearance of the small
matrix granules as the earliest ultrastructural symptom of ischemia is comparable
to the rapid loss of CP as the earliest metabolic symptom, and to the loss of con-
tractile activity as the earliest functional defect. These changes coincide with re-
gard to duration of ischemia; they occur after 0.5-5 min of coronary artery liga-
tion in the canine heart. This finding is in agreement with JENNINGS’ (1979) ob-
servations.

The consistency of normal matrix granules in mitochondria is still a matter
of controversy in the literature, a fact most probably due to technical limits for
the analysis of these small (250-500 A) particles. Most authors, however, agree
that these granules contain Ca?* (DHALLA et al. 1977, 1978; HARrIS 1977,
PEACHEY 1964; VIAL et al. 1978). Since mitochondria are known to contain high
levels of Ca2* (HARRIS 1977; SAETERSDAL et al. 1980, 1981) and to be able rapidly
to accumulate or discharge Ca®" under various conditions (CARAFOLI and Ro-
MAN 1980; LEHNINGER 1982), intramitochondrial retention of Ca2* seems to be
an important factor in the regulation of cardiac function on the cellular level
(SorDAHL 1979), either for its contractile (DHALLA et al. 1978) or metabolic per-
formance (Wokowicz and McMILLIN-WooD 1981; CoeLHO and VERCESI 1980).
The capacity of uptake and release of Ca2" across the inner mitochondrial mem-
brane is an energy-dependent process occurring as exchange processes with other
ions such as Na® or H* (LEHNINGER 1982); this mitochondrial function is com-
pletely abolished in ischemia (DENTON et al. 1980). The disappearance of the small
granules from mitochondria in early ischemia may be indicative of an altered
membrane permeability, allowing massive amounts of Na* and other ions in ex-
change with Ca2* to enter the inner mitochondrial space which results in func-
tional disturbances (SORDAHL 1979).

There have been several technically different approaches to clarify the compo-
sition of “flocculent” (TRUMP et al. 1976) or “amorphous” (JENNINGS et al. 1965;
JENNINGS 1969) densities, those dark intramitochondrial deposits that are gener-
ally considered to indicate the occurrence of irreversible injury. It is our opinion
that these amorphous densities observed in cardiac mitochondria as a conse-
quence of severe ischemic injury are composed of the various lipid and protein
components from dissolved mitochondrial membranes as well as multienzyme
complexes plus Ca®* and perhaps other ions as well. These complexes are insol-
uble and very electron-dense; for both reasons they are easily detectable in the
electron microscope. Their number and size vary greatly, depending mainly on
the stage of progressing necrosis. Mitochondria in ischemia very often show an
electron-lucent matrix space with no increase of size or volume (SCHAPER et al.
1982). Since ischemic mitochondria also exhibit a diminution of their cristal mem-
branes, clearing of the mitochondrial content, as evidenced in the electron micro-
scope, may reflect the fact that dissolution of the formerly highly organized mi-
tochondrial components takes place during ischemia while the outer membrane
of this organelle is still structurally (but not functionally) intact. Fragmentation
and partial dissolution of cristae as well as remaining matrix proteins and lipids
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may give rise to the appearance of intramitochondrial homogeneous gray mate-
rial which then also gradually disappears at more progressed stages of ischemic"
injury.

Rupture of the outer mitochondrial membrane usually occurs at late (irrevers-
ible) stages of cardiac ischemia. Mitochondrial alterations as described by BUFFA
and PAsQUALI-RONCHETTI (1977) in chicken myoblasts treated with fluoroacetate
resembled those observed in ischemia; it is not surprising, therefore, that these
authors established a close correlation between the biochemical lesions of respi-
ratory enzymes and configurational changes of mitochondria in vivo which is also
in accordance with SIGSTRAND’s (1979) view that the permeability of the outer mi-
tochondrial membrane as determined by electron microscopy is closely related to
the metabolic rate of these organelles. A close relationship between mitochondrial
configuration and their metabolic capacity had been established for in vitro con-
ditions by HACKENBROCK as early as 1968, and it has been confirmed by many
studies since then (HACKENBROCK 1981).

In conclusion, mitochondrial and nuclear changes in ischemia can be differ-
entiated gradually into several degrees, reflecting the severity of ischemia.
Changes in these cellular organelles are the most sensitive and the most reliable
ultrastructural symptoms and allow the differentiation between well-defined
stages of reversible and irreversible myocardial ischemic injury.

2. Sarcolemma and Occurrence of Intracellular Edema

The sarcolemma shows increasing disruption in severe ischemic injury and it com-
pletely disappears in irreversible injury. The basement membrane is usually still
recognizable, even when the cell membrane is completely absent; for this reason
even extremely damaged myocytes still appear as a cellular unit with a very dis-
tinct borderline to the interstitial space. Morphological damage of the sarcolem-
mal membrane, however, is not necessarily correlated with the occurrence of in-
tracellular edema, and cells with apparently intact membranes can be extremely
edematous. In the current literature, the debate continues as to whether or not
structural damage of the sarcolemma must be regarded as the prerequisite for the
occurrence of fluid accumulation within cardiac cells. WILLERSON et al. (1977)
proposed an abnormal fluid distribution from the extracellular to the intracellular
space since edema frequently develops in the absence of an overall weight gain
while the sarcolemma remains ultrastructurally intact. Intracellular edema was
thought to occur prior to extensive irreversible cell injury, and according to WiL-
LERSON et al. (1977) it may be due to a reduced Na*, K *-ATPase activity.

LeAF (1970) has postulated that in ischemia as a consequence of the inability
of the Na*, K*-ATPase pump actively to extrude sodium from the interior of the
cells, an intracellular movement of Na*, C1~, and water results, thereby causing
cellular edema. This classical “pump leak” hypothesis (TOSTESON and HOFMANN
1960) implies that water content is related to Na*, K *-ATPase pump activity and
cell swelling to monovalent ions.

Metabolic blockade by immediate cold shock was shown to increase cell water
and monovalent cation content reversibly, owing to inhibition of the Na™,
K *-ATPase pump activity (PINE et al. 1979). However, PINE et al. (1979) also dem-
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onstrated that there exists a dissociation of sodium—potassium exchange by pump
activity and cell volume regulation. PINE et al. (1979) explained the loss of cell vol-
ume regulation in ischemic canine myocardium as observed by Jennings and his
co-workers (GROCHOWSKI et al. 1976; GANOTE et al. 1976) as secondary to the loss
of a mechanism of cell volume control other than the ouabain-sensitive Na*,
K *-ATPase pump. PiNE et al. (1979) drew attention to the fact that cell swelling may
be the cause rather than the result of increase in sodium permeability and that the
pump leak theory therefore will possibly have to be revised as an explanation of
myocardial volume regulation.

On the other hand, Jennings and co-workers (GROCHOWSKI et al. 1976;
GANOTE et al. 1976) believe that the loss of cell volume regulation in ischemic
myocardium is one of the early events in ischemic injury, leading eventually to
irreversibility of cellular alterations, i.e., to death of the cell (JENNINGS and
GANOTE 1972). JENNINGS and REIMER (1981) not only observed heavy edematous
swelling of ischemic heart tissue, but also showed the existence of plasmalemmal
defects in swollen myocytes by electron microscopy. In these studies, the reduced
selectivity of cell membrane permeability was claimed to be the cause of irrevers-
ible cell injury.

Our own ultrastructural results show that a slight to moderate degree of re-
versible ischemic injury is usually accompanied by the occurrence of intracellular
myocardial edema (SCHAPER 1984). This, in fact, is in the early stage of ischemic
injury at which cell permeability, when measured as the activity of the sarcolem-
mal Na*, K*-ATPase, has been shown to be intact (WINKLER et al. 1981). On
the other hand, movements of mono- or divalent ions may already cause osmotic
alterations and therefore the inward shift of fluid into the cells. In severe revers-
ible and in irreversible ischemic injury, edema may be present to varying degres;
it may also be completely absent, even when the sarcolemma is entirely destroyed.

In conclusion, intracellular water content alone is certainly not a good predic-
tor of cell viability, and sarcolemmal functional defects in early ischemia may not
correlate with its structural appearance, facts indicating that both these symp-
toms as seen in the electron microscope do have importance in the evaluation of
the degree of ischemia when they are distinctly abnormal. Absence of intracellular
edema and/or of membrane defects in ultrastructural investigations, however,
should not be overestimated when other cell organelles are severely injured.

3. Myofilaments and Lysosomes

In more severe ischemia, the myofilaments show an irregular arrangement; the
sarcomeres are either contracted or relaxed with wide I-bands exhibiting a fine
N-line. In more progressed stages of ischemia, especially in irreversibly damaged
cells, the Z-line is irregular or completely absent, actin filaments appear to dis-
solve and/or to clump together, and in advanced necrosis only myosin filaments
are still present.

The mode of degradation of myofilaments is still a matter of discussion. It has
been shown that lysosomal proteases are present in cardiac cells and that these
enzymes, cathepsin B and D, are released from lysosomes and activated during
the early phase of ischemia (BIRD et al. 1980; DECKER et al. 1977, 1979). Lyso-
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somes have been shown to disappear with increasing severity of ischemia while
releasing lytic enzymes, and they have been implicated in the occurrence of cell
death. Furthermore, though mitochondrial as well as myofibrillar proteins under-
go enzymatic degradation, it is still unclear whether or not lysosomal enzyme ac-
tivity is the cause or the consequence of ischemic myocardial injury (WILDENTHAL
1978; WILDENTHAL et al. 1977). On the other hand, BIrRD et al. (1980) in a recent
review, described the existence of several proteinases of nonlysosomal origin,
present either in myocardial cells or located in mast cells, which were all impli-
cated in the early disruption of the sarcomeres, especially of Z-line material and
a-actinin. The claimed selectivity of protein degrading enzymes would be in accor-
dance with our own ultrastructural observations that Z- and I-band material dis-
appears earlier in ischemic cells than do myosin filaments.

According to our experience (SCHAPER et al. 1979¢), global ischemia of canine
hearts produces relaxation of sarcomeres that is usually increased in severe isch-
emia, and relaxation is also evident in late stages of autolysis of the heart. In re-
gional ischemia, however, the situation is more complex because of the mechan-
ical stretch of contracting myocardium acting on ischemic tissue, and because the
infarcted area is usually only partially ischemic, owing to collateral blood flow.
Therefore, the existence of both relaxed and contracted myofibrils in the same cell
and the concurrent incidence of contracture bands are not surprising.

In conclusion, in the electron microscope it is notable that:

An increased number of relaxed sarcomeres indicates a more severe ischemic in-
jury.

The lysis of myofibrils begins at the Z-lines and within the I-bands, whereas the
A-bands, i.e., myosin filaments, persist for a longer period of time.

Lysis of the myofibrils begins at early stages of ischemia, i.e., with moderate, still
reversible, ischemic injury.

4. Other Cellular Components

Numerous other ultrastructural changes may be seen in cells finally undergoing
cell death in ischemia. Accumulation of lipid droplets and proteinaceous material
and disappearance of glycogen are indicative of severe disturbances in cellular
metabolism. Dilatation and final dissolution of T-tubules and the sacroplasmic
reticulum system may be a morphological symptom of the loss of excitation—con-
traction coupling. Morphological disturbances of the Golgi apparatus and the
rough endoplasmic reticulum may indicate the inability of the injured cell to re-
synthesize cellular material needed for its survival.

5. Summary and Conclusion

From the foregoing text it becomes evident that an ischemic event finally leading
to cell death involves all cellular components. This statement is mainly based on
morphological observations, but it is firmly believed that these accurately reflect
actual or possible functional alterations. It is further believed that hypotheses in-
volving only one particular cellular component in the process of cell death depend
mostly on the fact that in biochemical studies only purified fractions, e.g., sar-
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colemma, mitochondria, or sarcoplasmic reticulum, are being studied. Ultra-
structural studies, on the other hand, takeinto account the entire cell with its dif-
ferent constituents; i.e., electron microscopy, though investigating static
situations, provides a more complete insight into cellular processes leading to cell
death. On the basis of our own ultrastructural data, the theory is proposed that
cell death is of multifactorial origin. Mitochondria, because of their unique role
in providing cellular energy by metabolic processes and because of their well-es-
tablished close link to the metabolic state of the cell, are certainly those cellular
organelles that seem to be the prime candidates for bringing about cell death
when their capacity is exhausted. On the other hand, mitochondrial membrane
properties are closely connected with those of the sarcolemma, both membrane
systems regulating the ion balance in each cell. Failure of the membrane pumps,
i.e., of membrane enzymes, owing to ischemia, may contribute to cell death by
allowing uncontrolled loss (potassium) and accumulation (calcium, sodium) of
ions. Disturbances in the sarcoplasmic reticulum further add to the inability of
the cell to maintain an ionic balance. On the other hand, even if mitochondria,
sarcoplasmic reticulum, and the sarcolemma survive the ischemic insult, the
ongoing destructive processes involving nuclei, Golgi apparatus, and rough endo-
plasmic reticulum would mean a loss of recuperative power through resynthesis
of cellular components. The early occurrence of disturbances in and destruction
of the contractile material would mean the loss of the specific functional capacity
of the myocardial cell, even if the energy necessary for contraction could still be
provided by the mitochondria.

In conclusion, ischemia finally leads to cell death by simultaneously involving
all cellular organelles and therefore all cellular functions, i.e., energy provision,
ion and fluid balance, contractile capacity, including excitation—contraction cou-
pling, and the ability to resynthesize cellular components.

II. Reduction of Infarct Size as a Therapeutic Goal

To prevent the spread of necrosis from reaching its expected size some time after
acute coronary artery occlusion was the theme of cardiac research in the 1970s.
Initiated by BRAUNWALD and MAROKO (1979), the concept of “infarct size reduc-
tion” (a misnomer) was met with great enthusiasm by the cardiovascular research
community worldwide. The problem was not particularly well phrased in the be-
ginning; it was rather the dissatisfaction with the existing and mainly symptom-
oriented therapy (treatment of pain, arrhythmias low blood pressure, etc.) that
initiated a more direct approach toward protection of myocardium, especially
since it had become an accepted fact that primary and secondary mortality were
significantly influenced by the amount of muscle undergoing necrosis. The supply
and demand concept dominated the whole spectrum of coronary heart disease
and since the supply side was believed immovable, reduction of demand was
thought to be a worthwhile therapeutic goal. This coincided with the availability
of and the interest in f-adrenergic blocking agents that are potentially able to re-
duce myocardial oxygen demand. However, agents and compounds not reducing
MVO, were also tried in the hope of finding “inherent” protective activity.
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Methods in the early phases of this endeavor were crude, like ECG surface map-
ping, or did not live up to expectations, like washout curves of creatine phos--
phokinase activity in plasma. Only after several years of industrial screening ac-
tivity and hastily initiated clinical studies it became quite clear that the patho-
physiologic basis of the new research activity was either not well enough known
or available knowledge was ignored. It became quite obvious that when studying
infarcts one has to measure them with quantitative morphological techniques and
that a proper reference system is needed with which the size of an infarct must
be compared. The proper basis of reference for the size of an infarct is the region
of perfusion of the occluded artery. By definition, and in practice, an infarct can
maximally reach 100% of the perfusion area of the artery. This concept was in-
troduced by SCHAPER et al. (1969) and reintroduced by SCHAPER et al. (1979 a).

It also required several years before it was realized that the supply side (i.e.,
collateral blood flow) is an important part of the equation and that animal species
lacking collateral blood vessels are unsuited for the purpose (SCHAPER 1979 a). Al-
ready existing knowledge about the course of tissue decay (SCHAPER et al. 1979 a)
was often simply ignored or became accepted very slowly. The reliance on indirect
indices of tissue damage and the lack of a proper reference system created an er-
roneous concept of tissue salvage: it was believed that irreversible tissue damage
spreads from an ischemic centre in a “bulls-eye” fashion toward the periphery and
the lateral spread was believed to be the target of intervention (Cox et al. 1968).
The “lateral border zone” concept became a hotly debated issue because it was
almost immediately recognized by others (HIRZEL et al. 1977) that infarcts do not
spread laterally, but rather spread like a wavefront (REIMER et al. 1977; SCHAPER
etal. 1979 b) from the entire subendocardium toward the subepicardium.

1. Present Concepts

The general lack of a solid conceptual basis was often felt as a fundamental weak-
ness of this research endeavor and the industrial screening activity for active com-
pounds and the multitude of active compounds so discovered made the weakness
of the central hypothesis rather more apparent. My own concept of salvage is
based on the assumption that heart muscle dies in spite of the fact that the residual
(collateral) blood flow provides enough energy for structural survival for at least
70% of the area at risk. The fact that (in the canine heart) over 70% of the risk
region undergoes necrosis is seen as the result of “poisonous” influences amena-
ble to corrective treatment. It is known from the studies of BRETSCHNEIDER (1964)
that an oxygen supply of 0.7 ml/min per 100 g heart tissue is needed for the main-
tenance of structural integrity of the nonbeating heart at 37 °C. The activation
of ionic pumps requires an additional 0.7 ml/min per 100 g (based on a rate of
60 beats/min and a duration of systole of 0.4 s), i.c., the activated but nonbeating
heart requires 1.4 ml/min per 100 g. To deliver this amount of oxygen, about 9

ml/min arterial blood per 100 g tissue is needed. In the dog heart on the average
8 ml/min per 100 g is delivered via collaterals to the subendocardium (inner third
of left ventricular wall) 12 ml/min per 100 g to the midmyocardial third, and 28

ml/min per 100 g to the subepicardial third. These values, obtained a few minutes
after acute coronary occlusion (SCHAPER 1979 a), increase substantially beyond
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the first 6 h after occlusion (with the exception of those for the subendocardium)
and they almost double for the subepicardium after 24 h.

It is clear from these data that O, supply via collaterals is only slightly defi-
cient for the subendocardium, but nevertheless more than two-thirds of the left
ventricular wall undergoes necrosis. If we add to aerobic energy the ATP produc-
tion from glycolysis and from substrate level phosphorylation of Krebs cycle in-
termediates obtained via transamination from aspartate and glutamate (TAEGT-
MEYER 1978), even the subendocardium should be more resistant to necrosis than
it actually is.

The reasons for this “unnecessary” loss of tissue may be the result of the fol-
lowing influences:

Additional energy is spent in futile attempts to contract

Ischemia-related release of catecholamines “flogs” failing muscle and increases
energy expenditure

Free fatty acids (FFAs) from endogenous lipolysis, and from collateral flow
“short-circuit” glycolysis, inhibit energy transfer between mitochondria and sar-
comeres, and exert detergent (i.e., damaging) actions

Calcium overload occurs

Calcium-activated phospholipases destroy membranes

Slightly damaged cell membranes attract leukocytes which intensify the damage
to myocytes that may have survived — with or without reflow

Free radicals may be produced from the cleavage of purines and from the catab-
olism of catecholamines and they may lead to damaging peroxidation of vital
structures.

Among these potentially detrimental influences, electrical activation of the
ischemic myocardium, subsequent electromechanical coupling, and abortive at-
tempts to contract are probably the most important ones because of their energy-
wasting effects. If drugs were available that would inhibit electromechanical cou-
pling only in ischemic myocardium, structural damage might be greatly delayed
if not altogether prevented.

It is known that myocardial ischemia releases catecholamines and interferes
with reuptake processes (HIRCHE et al. 1980). The release as well as the inhibition
of reuptake stimulate adenylate cyclase and the tissue concentration of cyclic 3'-
5’-monophosphate rises (WOLLENBERGER et al. 1969; PODZUWEIT et al. 1978). Al-
though these actions of catecholamines can be blocked with S-blocking agents,
several members of this class of compounds have been tested in the canine coro-
nary occlusion model and have not been found effective as protective agents.

All other listed mechanisms that are potentially detrimentral to survival prob-
ably play only a minor role. FFAs are often increased in plasma of patients with
acute myocardial infarction because of secondary adrenergic stimulation (OLIVER
1976). They enter ischemic myocardium via collateral flow and may disturb me-
tabolism in several ways: by short-circuiting glycolysis at the level of glyceralde-
hyde-3-phosphate because FFAs are reesterified to triglycerides, fat droplets can
be visualized with the electron microscope. They may, in the form of long-chain
acylcoenzyme A, inhibit the adenine nucleotide translocase of mitochondria
(SHUG et al. 1975), thereby interrupting the supply of ATP from the mitochondria
to the cytoplasm and they may damage membranes because of their detergent ac-
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tion. Excessive concentrations of FFAs are associated with the occurrence of ar-
rhythmias (OLIVER 1975). There is evidence that the activation of glycolysis (and -
of glycogenolysis) is always associated with lipolysis (HULSMAN and Stam 1979)
although fatty acids cannot be oxidized in ischemia. Endogenous lipolysis in isch-
emia may even be of greater damaging importance. Drugs that inhibit lipolysis
have been shown to reduce indirect indices of ischemia; conclusive evidence about
the protective action of these drugs is missing.

Calcium overload was postulated as a pathogenetic mechanism of cell death
in some animal models that are only remotely related to coronary-induced isch-
emia, i.e., acute poisoning of rats with excessive doses of isoproterenol (RONA et
al. 1975). Necrotic cells have a high affinity for calcium and cause and effect rela-
tionships are thus difficult to establish. However, compounds known to inhibit
calcium channels of the cell membrane prevent necrosis in these models
(FLECKENSTEIN 1983) and it was therefore concluded that calcium overload is a
cause rather than a consequence of catecholamine-induced necrosis. In a coro-
nary occlusion model, the situation is by no means very clear: surviving but
heavily damaged ischemic and reperfused myocardium does not show a net up-
take of calcium, only irreversibly damaged (i.e., infarcted) tissue does (R. B. JEN-
NINGS 1984, personal communication). No conclusions can be drawn from these
experiments pertaining to intracellular redistribution of calcium. The activation
of phospholipases during ischemia and its quantitative role (probably small) is
difficult to estimate at present.

The production and the damaging effects of free radicals is particularly well
known in the lung, but interesting new observations also suggest a role in isch-
emia, mainly during reperfusion (MCcCorD 1983). Free radicals of oxygen are
formed in enzymatic reactions involving oxidases where electrons are directly
transferred to oxygen. The conversion of hypoxanthine to xanthine and from
xanthine to urate is catalyzed by xanthine oxidase, and part of the catabolism of
catecholamines involves monoamine oxidase. Xanthine oxidase is an interesting
enzyme, because in some tissues (intestines) it is transformed during ischemia
from xanthine dehydrogenase, an enzyme not producing free radicals.

Since adenine nucleotides are broken down during ischemia to urate (and al-
lantoin in the dog), the production of free radicals is a very real possibility, and
if they are produced, it is almost certain that they produce tissue damage. Al-
though this new hypothesis is very attractive, a few observations tend to limit the
significance of free radicals in ischemic tissue damage:

Since oxygen is in very short supply during ischemia, the oxidase reaction may
be limited by the availability of oxygen. It appears that more favorable conditions
for free radical production exist during reoxygenation. This leads immediately to
the question of reperfusion damage which probably does not exist (SCHAPER and
SCHAPER 1983).

Xanthine oxidase is not present in all human hearts nor in all mammalian
hearts. If xanthine oxidase is present, its activity is low. Our own experiments with
nucleoside transport blockers have shown (HENRICHS et al. 1984 b) that xanthine
oxidase probably does not reside within the cardiac myocyte, but rather in peri-
cytes and in endothelium.
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Experiments employing allopurinol, a xanthine oxidase inhibitor, have pro-
duced controversial results: no myocardial protective action was reported by K.
REIMER (1983, personal communication), whereas a significantly protective effect
was reported by AKizuki et al. (1984).

Premature “autoaggression” by leukocytes is another concept which tries to
explain premature cell death. The casis for this hypothesis are the following ob-
servations:

Smaller infarts were reported after coronary ligation in the dog heart when the
animals were previously made leukocytopenic either by antisera or nitrogen mus-
tard (J. CAULFIELD 1983, personal communication)

Smaller infarcts were reported after coronary ligation in the dog heart with steroi-
dal and nonsteroidal anti-inflammatory agents

Very soon after coronary occlusion (i.e., 3040 min) leukocytes can be found in
the extravascular—extracellular space (SCHAPER 1979)

Autoaggression of potentially viable cells, that are only reversibly damaged
by ischemia, is probably not a viable hypothesis, because ultrastructural studies
from my group (SCHAPER 1979b) have shown that early leukocyte invasion is
found only in the vicinity of irreversibly damaged myocardial cells. Since the di-
agnosis of cell death rests on ultrastructural criteria that are not influenced by the
presence of leukocytes (appearance of mitochondria), we believe that irreversible
damage of myocytes is the primary event, and invasion of leukocytes is a conse-
quence rather than the cause. Early studies with leukocytopenia could have been
misled by the light microscopic appearance of irreversible ischemic injury. Areas
of no flow at all, i.e., posterior papillary muscle after proximal left circumflex oc-
clusion in poorly collateralized canine hearts, do look well preserved under the
light microscope, but they are, in fact, “mummified” because vital reactions to cell
death come late, because of the total absence of blood flow. If studied with the
electron microscope, these mummified cells have all the classical signs of cell
death.

The earlier mentioned NIH-sponsored study, where four laboratories in the
United States tested coded solutions in their animal models, produced only neg-
ative results with the nonsteroidal anti-inflammatory agent ibuprofen (NIH
1984). Our own studies with the ibuprofen derivative flurbiprofen in the anesthe-
tized, open-chest, two-vessel occlusion model (MATSUOKA and SCHAPER 1984)
was also negative. In spite of reported positive results with cortisol and its deriv-
atives, this principle of treatment was soon abandoned because it interfered with
scar formation, and the incidence of ventricular aneurysms was increased.

2. Diagnosis of Experimental Infarcts and Measurement of Infarct Size

As already pointed out, the measurement of infarcts must rely on morphological
criteria. Infarct size so determined must be compared with the perfusion area of
the occluded coronary artery. This comparison is necessary because otherwise in-
farct size depends mainly on the size of the occluded coronary artery: occlusion
of small arteries produces small infarcts and vice versa. Before the introduction
of the concept of the perfusion area (or risk region), infarcts were often compared
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with the surface area of a left ventricular ring, which produced enormous vari-
ation because the perfusion areas of arteries vary so much. For the diagnosis of
infarcts and for the measurement of infarct size, light microscopic histology is the
“gold standard”. Light microscopic diagnosis depends on the visualization of cell
lysis, on vital reactions to myocardial cell death (leukocyte invasion, macro-
phages, activated mesenchymal cells), and on altered staining properties of dead
tissue. All these signs become positive discriminative criteria only after 12 h, i.e.,
when it is too late for intervention. For a correct infarct size measurement, in-
farcts as well as reperfused infarcts must have been present for at least 24 h or,
preferably, 2 days. This makes histology a very time-consuming method, not to
mention the technical difficulties in producing and processing histologic sections
from the entire left ventricle of a large mammalian heart (dogs, pigs).

We showed (SCHAPER et al. 1969; KLEIN et al. 1981 a) that incubation with ei-
ther triphenyltetrazoliumchloride (TTC) or with para-nitroblue-tetrazolium (p-
NBT) produced results identical to those of histology (SCHAPER et al. 1979) with
the added advantage that the diagnosis of infarcts and the measurement of infarct
size is possible after relatively short occlusion times (longer than 3 h) or after very
short occlusion times (2040 min) if the myocardium is reperfused. Tetrazolium
salts are electron acceptors, and the transition from a colorless incubation medi-
um containing tetrazolium to a dye precipitate over noninfarcted muscle of a ring
of left ventricular tissue requires the activity of dehydrogenases. Since enzyme ac-
tivity declines in infarcted myocardium, partially because enzymes “leak” out of
damaged cells and are washed out of the infarcted area by collateral flow, and
partially because of denaturation, the absence of staining over infarcted tissue
was always explained by the absence of dehydrogenase activity. In experimental
myocardial ischemia followed by reperfusion, this mechanism is not operative, al-
though a discriminative staining takes place. We were able to show (KLEIN et al.
1981 b) that occlusions lasting up to 24 h have sufficient dehydrogenase activity
for the reaction to proceed. With short occlusions (2040 min) followed by reper-
fusion, dehydrogenase activity is perfectly normal in clearly infarcted tissue. We
discovered (KLEIN et al. 1981a,b) that the mechanism of differential staining
(normal tissue stained, infarcted tissue not stained) is not the absence of dehydro-
genase activity, but rather the absence of NAD, i.e., the coenzyme for most de-
hydrogenase reactions:

If a tissue slice with an experimental infarct is incubated in p-NBT, the non-
stained infarcted tissue turns purple immediately upon addition of NAD.

If a similar tissue slice is incubated in p-NBT (or TTC) and succinate is added
as a substrate, the previously nonstained infarct turns purple immediately: succi-
nate dehydrogenase does not require NAD as a cofactor.

If NAD is actually measured in a p-NBT-negative (infarcted) tissue sample,
the tissue concentration of the sum of NAD plus NADH is extremely low (KLEIN
etal. 1981 a, b) and does not recover upon reflow. Reflow usually decreases NAD
further.

The reason for the disappearance of NAD/NADH is the activation of a cell
membrane-bound enzyme (glycohydrolase) by ischemia, probably via damage of
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the sarcolemmal membrane. NAD is cleaved by glycohydrolase and thereby irre-
versibly lost. This process coincides with (and is probably causally related to) the
“point of no return”, i.e., the moment when reversible injury becomes irreversible.
Although the correlation between ultrastructure and NAD tissue concentration
is excellent (KLEIN et al. 1981 a, b), we have reason to believe that irreversible in-
jury begins before cleavage of NAD: a myocardial infarct cannot be diagnosed
with tetrazolium salts before about 3 h of coronary occlusion — unless the tissue
is reperfused. If, for example, a coronary occlusion has lasted for 2 h and the tis-
sue is not reperfused, the tissue will stain uniformly, i.e., the NAD concentration
is sufficient for electron transport. If the tissue is reperfused, the NAD content
suddenly drops in infarcted tissue and the tissue does not stain. I interpret this
observation by a “labilization” of NAD which had already left its natural com-
partment, but which was still available for the staining reaction. With reperfu-
sion, this labile NAD is rapidly washed out and staining becomes discriminative.

The differences between TTC and p-NBT are minor, but they may become sig-
nificant under special conditions: TTC is diffusible, whereas p-NBT is not, TTC
crosses cell membranes and can be infused intravenously for the staining of nor-
mal tissue. Since tissue respiration is bypassed, the injection is usually lethal. The
easy diffusibility of TTC causes a somewhat fuzzy border between normal and
infarcted tissue, whereas the p-NBT border is very sharp: the reaction takes place
only on the cut surface of a cell and the reaction product is completely insoluble,
whereas formazan (the dye precipitate) from TTC is slightly soluble in water. If
TTC- and p-NBT-treated tissue are stored in formaldehyde, the traces of meth-
anol, usually present in formalin, will rapidly dissolve formazan from TTC, but
not that from p-NBT.

Infarcts visualized with tetrazolium salts are usually measured by planimetry
and expressed as a fraction of the region at risk. There are several methods to
measure risk regions. The first and one of the most reliable methods was intro-
duced by Kalbfleisch and Hort (KALBFLEISCH 1975) who measured risk regions
of the human heart using barium—gelatin injections of the coronary arteries at
autopsy. The vascular territories were identified on the basis of stereoangiograms
of the whole heart and on the basis of angiograms of heart slices. The angle of
penetration of the arteries and the density of filling of small arteries are reliable
estimates of the risk region. Anatomic risk regions based on the area of perfusion
of the occluded artery are also obtained by postmortem perfusion of the occluded
artery with TTC and of the remaining normal myocardium with a blue dye (Mon-
astral blue, methylene blue, etc.). Under the condition that both perfusions occur
simultaneously and under identical perfusion pressures, three color zones are ob-
tained: nonischemic normal tissue is blue, ischemic surviving tissue is red, and in-
farcted tissue is (almost) white. The latter is also caused by the washout of myo-
globin.

An essentially different method of measuring the risk region is the systemic
or intracoronary injection of radioactive tracer microspheres (AKIZUKI et al.
1984). Since delivery of these microspheres is by coronary and collateral blood
flow, this risk region may be somewhat smaller than the anatomic risk region. In-
farct sizes based on a microsphere flow risk region are usually somewhat larger
than those that are compared with anatomic risk regions.
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3. Determinants of Infarct Sice

The speed of necrosis and the final size of an infarct relative to the perfusion area
of the occluded artery is determined by three factors:

Time after occlusion

Collateral blood flow

Myocardial oxygen consumption.

Time after occlusion is a very obvious determinant of speed and extent of ne-
crosis: myocardium does not die immediately after cessation of blood flow. If a
heart is made globally ischemic, as in the early days of cardiac surgery, by clamp-
ing venous return as well as the aorta, the heart, after ischemic arrest, could be
successfully resuscitated after about 15-20 min at 37 °C. Replacing ischemic ar-
rest by cardioplegic arrest (procainamide or high potassium concentrations) in-
creased the reversible ischemic interval, and cooling of the heart to reduce oxygen
requirements increased survival to about 2 h and longer, depending on tempera-
ture and type of cardioplegia. With these experiments, certain principles were es-
tablished (delay of necrosis by reduction of O, demand), but these principles are
difficult to translate into the clinical management of acute coronary occlusion.
The acute coronary occlusion in humans is comparable to ischemic arrest at 37 °C
with two modifications:
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Fig. 10. Infact size (IS) is expressed as a fraction of the perfusion area (PA) of the occluded
artery. This fraction is contrasted with the perfusion deficit which is expressed as the ratio
of supply (collateral flow) to demand (flow to nonischemic left ventricular regions). The
graph shows that short occlusion times (45 min) are tolerated even in the presence of low
supply : demand ratios. Infarct size increases with time and with the perfusion deficit. Data
from about 200 hearts were subjected to a five-point smoothing procedure which leaves
some uncertainties near the 100% infarction mark; a supply : demand ratio of 0 with a 24-h
occlusion should give a 100% infarct. Extrapolation of the 24-h curve would have inter-
sected at the 100% mark
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Unlike elective ischemic arrest in cardiac surgery, there is an unknown amount of
collateral blood flow (a positive modifier)

Unlike ischemic arrest, normally perfused myocardium exerts strong physical
forces upon the noncontracting of weakly contracting ischemic myocardium (a
negative modifier)

The outcome of the struggle between these opposing factors is difficult to pre-
dict, but depends crucially on the presence of collateral blood flow: if there is no
collateral flow, time would remain the only determinant of infarct size, and any
modification of cardiac metabolism in vivo would have only a small influence on
the speed of necrosis and all tissue within the risk region is doomed. The existence
and amount of collateral blood flow markedly changes the speed and extent of
the necrotizing process and modifications of cardiac metabolism (reduction of O,
demand) influence the speed of infarction only in the presence of collateral flow.
Let us assume a situation of acute coronary occlusion in a heart with good col-
lateral blood flow (about 30 ml/min per 100 g): the change from a high normal
blood flow of 100 ml/min per 100 g to 30 ml/min per 100 g is quite feasible by re-
duction of heart rate to about 50 beats/min. These 30 ml transport O, 6 ml/min
per 100 g to the tissue of which at least 4.5-5 ml/min can be extracted. This
amount of oxygen allows mechanical function at a low heart rate and prevents
ischemia and infarction. At a high O, demand, infarction is inevitable. The rela-
tionships between O, demand and collateral blood flow are shown in Fig. 10. The
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Fig. 11. Infarcts size expressed as a fraction of the perfusion area is plotted versus occlusion
time. All values (with the exception of 48 h) show reperfused myocardium. Infarct diagno-
sis was made with p-NBT. The graph shows the influence of MVO, and collateral blood
flow. Salvage of ischemic myocardium by low MVO, and relatively high collateral blood
flow is possible up to 6 h after occlusion, but at 48 h identical infarct sizes have been
reached
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ratio of collateral flow to flow in nonischemic muscle reflects the relationship bet-
ween supply and demand. Demand-is met by sufficient flow in the normal region.-
True supply to the ischemic region is the collateral flow. When this ratio is 1, no
flow deficit exists; with no collateral flow, the ratio is zero, the tissue is maximally
ischemic, and will die soon. If the perfusion deficit is 0.5, i.e., collateral flow is
50% of normal flow, no infarction will occur up to 3 h of occlusion, but about
50% of the risk region will infarct if the occlusion is maintained for 24 h.

A simpler way to demonstrate the relationship between time, collateral blood
flow, and O, demand is the “characteristic curve” of tissue decay (Fig. 11) which
plots infarct size (relative to risk region) as a function of time with O, demand
and collateral flow as parameters on the curve. Figure 11 shows that interventions
aimed at reduction of O, demand do indeed delay tissue necrosis, but they cannot
prevent it: final infarct size is virtually the same. The delay of the necrotizing pro-
cess has already been shown in Fig. 10, it assumes special significance in clinical
reperfusion, i.e., streptokinase treatment or acute coronary artery bypass oper-
ations.
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CHAPTER 3

Pharmacodynamic Principles of Action
of Antianginal Drugs

O. Kraurp

A. Introduction

Actions of substances on biological systems are termed pharmacodynamic when
they are considered to counteract a particular disease of the underlying patholog-
ical disorder. It follows that throughout the ages the pharmacodynamic principles
of action have been directly dependent on the prevailing concepts of pathology
and developed in close conjunction with advances in this field. The clinical phar-
macological testing of preparations on patients on the basis of these consider-
ations frequently failed to result in any clinical efficacy, not least because the
pathological concept of the disease in question proved to be incorrect. The mutual
interdependence of pharmacodynamic principles of action and fundamental
pathophysiological concepts of the causes and nature of specific disturbances has
been manifest in coronary disease with greater clarity than in any other disease.

The concept expressed by BRUNTON (1897) of the antianginal action of amyl
nitrite was the elimination of the pressure load of the heart during an anginal at-
tack by means of the peripheral vasodilating action of the substance. Advances
in the pathophysiological basis of coronary disease corrected this concept by
bringing “the disparity between the myocardial demand for oxygen and the sup-
ply brought by the coronary circulation” (LEwis 1931; HAMMAN 1935) into the
foreground in explaining the mechanism of cardiac pain. The logical consequence
of the new concept was to ascribe the clinically proven antianginal action of the
organic nitrates and nitrites to coronary dilating components of action, as shown
to occur in vitro (Essex et al. 1940; KaTz et al. 1938). The pharmacodynamic
guiding principle of coronary artery dilatation led, consequently, to the develop-
ment of a series of specific coronary vasodilators, whose effect on the total cor-
onary circulation in the intact animal by far outstripped the action of nitrates,
both with regard to intensity and duration (BRETSCHNEIDER et al. 1959; KrRaUPP
et al. 1964; N1tz and PoETZSCH 1963; SCHAPER et al. 1966).

The clinical failure of coronary dilators of the dipyridamole type to cut short
attacks of angina pectoris (KINSELLA et al. 1962; DEGRAFF and LyoN 1963;
FouLbs and MACKINNON 1960; HUNSCHA et al. 1966; SBAR and SCHLANT 1967)
led to new concepts of the site of action of vasodilating substances on the coro-
nary circulation and their influence on the blood flow to, and metabolism of, isch-
aemic tissue. This applies, in particular, to the effect on collateral blood flow
(ScHAPER 1979D) and to the blood distribution between endo- and epicardium
(BECKER et al. 1971; MoIr 1972; BERDEAUX et al. 1976; WINBURY 1971; MOIR and
DEBRA 1967) and also between ischaemic and normal myocardium (Fam and
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MACGREGOR 1964; BECKER et al. 1971; SarTo 1976; P1T and GRAVEN 1970; THUIL-
LEZ et al. 1983; TOMIOKE et al. 1978; NUMORA et al. 1980). A further result was’
the discovery of the unfavourable redistribution of blood from ischaemic to nor-
mal myocardium (coronary steal phenomenon) under the influence of such
vasodilators (BECKER 1978; CoHEN 1982; COHEN et al. 1976; Gross et al. 1978;
MANTERO and CONTI 1969; MEYER et al. 1974; SCHAPER et al. 1973; WICHMANN
etal. 1978a,b; WILCKEN et al. 1971).

B. The Principles of “Unloading’’ the Heart

Because of the dominant role of autoregulation of metabolic processes in the con-
trol of the vasal components of coronary resistance, neurogenic and cardiodyna-
mic influences receded temporarily into the background, not only as factors re-
sponsible for physiological regulation, but also as causes of circulatory distur-
bances. However, the development of modern methods to measure and record
blood flow and pressure in intact animals and humans drew attention to the sig-
nificance of extravascular factors in circulatory regulation under physiological
conditions, as well as to their role in the pathological mechanism of circulatory
disturbances (BRAUNWALD and MAROKO 1979; BRAUNWALD et al. 1958; FEIGL
1983; Kirk and HoONIG 1964; MEESMANN 1973; MULLER and RORvIK 1958;
PARKER et al. 1966; RAFF et al. 1972). The following feedback mechanisms were
recognized as being of causal significance with respect to the course of acute myo-
cardial ischaemia: decrease in blood flow due to intravasal processes; peripheral
initiation of anaerobic metabolism; lowering of contractility with increase in left
ventricular diastolic pressure; increase in left ventricular volume and wall stress;
increase in the intrinsic components of coronary resistance; and, finally, augmen-
tation of the hypoxia in the poststenotic peripheral areas. In parallel to this there
are: decrease in contractility; increase in preload; decrease in stroke volume, car-
diac output, and systolic blood pressure; activation of the sympathetic nervous
system, and, thus, a rise in heart rate and in the peripheral vascular resistance,
as well as in the contractility of the as yet adequately perfused myocardial areas;
and increase in oxygen consumption with a consequent further increase in
hypoxia of the already ischaemic myocardium.

These events lead to the concept of angina on effort, with the assumption of
a primary rigid stenosis at typical sites on the epicardial coronary artery branches
and the secondary development of these cyclic pathological processes on effort
and on exceeding the coronary reserve. On the basis of this concept it is possible
to derive several pharmacodynamic principles of action which largely aim at the
abolition of feedback effects of disturbances of cardiac dynamics on the circula-
tory and metabolic state of the ischaemic myocardium. In this connection it is
necessary to distinguish between pharmacodynamic measures to reduce the oxy-
gen requirements of the heart and those aiming to reduce the extravasal compo-
nent of coronary resistance.

The oxygen consumption of the heart largely depends on the contractility,
heart rate and total force generation in the ejection phase (afterload) (BRET-
SCHNEIDER 1972; SONNENBLICK et al. 1968; BRAUNWALD 1971; WEBER and JANICKI
1979). Hence, feasible and purposeful individual pharmacodynamic effects to re-
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duce myocardial oxygen consumption are: (1) a decrease in preload; (2) a de-
crease in contractility; (3) a diminution of-heart rate; and (4) a decrease in after-
load: (a) through a decrease in arterial impedance; and (b) through a reduction
in left ventricular volume.

Pharmacodynamic effects aimed at reducing the extravasal components of the
coronary resistance are: (1) a fall in left ventricular diastolic pressure (reduction
of preload); (2) a prolongation of the relative duration of diastole; and (3) a re-
duction in systolic tension development. The individual functions influenced by
these effects are closely interrelated within the regulatory mechanisms of cardiac
activity. Hence, the pharmacodynamic action components are also subject to mu-
tual interference and are, moreover, affected by the activity and state of the indi-
vidual biological function.

An important aspect is the differentiation between effects on the heart with
normal output and effects on the decompensated heart. One example to illustrate
this point is as follows: a negative inotropic effect usually leads to a decrease in
oxygen consumption in the heart with a normal stroke volume. On the other
hand, a negative inotropic effect on the decompensated heart with raised diastolic
pressure values and reduced ejection fraction results in a further increase in
preload and in a reflex activation of the sympathetic nervous system, whereby the
increase in heart rate and contractility may antagonize, or even reverse, the orig-
inal effect on cardiac oxygen consumption. This accounts for the fact that a posi-
tive inotropic effect on the decompensated heart may lead to a lowering of the
raised myocardial oxygen consumption via a diminution of reflex activation of
the sympathetic nervous system (COVELL et al. 1966; WEBER and JaNICKI 1979).

C. Groups of “Unloading Substances”

The substances selected according these principles of action and introduced into
the armamentarium of clinical management of coronary disease all display sever-
al components with respect to their spectrum of action. Three groups of coronary
drugs of this type can be distinguished according to their clinically and ex-
perimentally proven principal mode of action:

1. Drugs whose main effect is to achieve a diminution of a raised preload by
means of lowering the venous return: organic nitrates (reviewed by LICHTLEN et
al. 1981; NEEDLEMAN 1975), molsidomine (reviewed by BASSENGE and SCHMUTZ-
LER 1982; LOCHNER and BENDER 1979). These are vasodilators with a segmental
preference for the smooth muscles of the postcapillary capacity vessels (PARKER
etal. 1967; WiLLIAMS et al. 1965; MARCHETTI et al. 1964; MASON and BRAUNWALD
1965; HoNiG et al. 1960; FERRER et al. 1966; HOLTZ et al. 1978; WILKINS et al.
1937) and a specific mechanism of action utilizing activation of cytoplasmic
guanylate cyclase via the intermediary formation of S-nitrosothiols (IGNARRO et
al. 1981). Direct consequences of this principal action are: (a) a reduction of the
extrinsic component of coronary resistance (VATNER and HEYNDRICKX 1975); (b)
a diminution of ventricular size (WILLIAMS et al. 1965; Frick et al. 1968; VATNER
et al. 1972; O’ROURKE et al. 1971); (c) a reduction of diastolic and systolic wall
tension (WILLIAMS et al. 1965; Frick et al. 1968; Kirk and HoNIG 1964; COHEN
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et al. 1973); and (d) a decline in myocardial oxygen consumption (MARCHETTI et

HOESCHEN et al. 1966). Further components of action are a weak vasodilating ef-
fect on the large epicardial arterial branches (FaAM and MACGREGOR 1968; WIN-
BURY et al. 1969; HARDER et al. 1979; SCHNAAR and SPARKS 1972; FORMAN and
Kirk 1980; CoHeN and Kirk 1973; FELDMAN et al. 1981) and, moreover, a dila-
tory effect on the peripheral circulation, with a decrease in peripheral resistance
and an increase in aortic compliance (WILLE et al. 1980; BERNSTEIN et al. 1966;
SAUER et al. 1981) and, consequently, an additional lowering effect on afterload
(WILLE et al. 1980; VATNER et al. 1972). The diminution of the extrinsic compo-
nent leads, in addition to a dilating action on the epicardial arterial circulation,
to an improvement in the blood flow to the subendocardial myocardium (BECKER
et al. 1971; MoIR 1972; MATHES and RivAL 1971; WINBURY 1971; MOIR and DE-
Bra 1967), and to an increase in collateral blood flow to ischaemic myocardial
segments (FAM and MACGREGOR 1964; MATHES and R1vAL 1971; GOLDSTEIN et
al. 1973, 1974; WINBURY et al. 1969; HorowITzZ et al. 1971; LINDER and SEEMAN
1967).

2. Drugs whose main effect consists of a lowering of the arterial impedance,
and, thereby, of a reduction in the afterload of the heart (calcium channel block-
ing agents). These are vasodilators with a preferential site of action on smooth
muscles of the arterial vessels and a specific mechanism of action through block-
ade of the slow influx of calcium ions across the membrane (reviewed by
FLECKENSTEIN and RoskamMm 1980; FLECKENSTEIN 1983). Regarding the anti-
anginal action, the inhibition of calcium entry is associated with at least four ben-
eficial effects: (a) unloading of the left ventricle owing to a decrease in peripheral
arterial impedance (SELWYN et al. 1979; Ross and JORGENSEN 1967; GRross et al.
1979; WARLTIER et al. 1983; SATO et al. 1971; EKELUND 1978; VERDOUW et al.
1980; RoskaMM et al. 1966; KALTENBACH et al. 1972, 1979; Kurirta 1975); (b) cor-
onary vasodilation (NAYLER et al. 1968; NAGAO et al. 1972; GRUN and FLECKEN-
STEIN 1972; HIMORE et al. 1975b; ANGUS et al. 1976; RuDOLPH et al. 1971) with
an increase in collateral blood flow to ischaemic segments (WARLTIER et al. 1983;
ZYVOLOSKI et al. 1982; HENRY et al. 1978; SELWYN et al. 1979; WEINTRAUB et al.
1981; NAGAO et al. 1975; JoLLy and Gross 1980); (c) redistribution of blood flow
from epicardial to endocardial parts of the myocardium (BERDEAUX et al. 1976;
WARLTIER et al. 1981; MiLLARD 1980); and (d) reduction of myocardial con-
tractility (SELWYN et al. 1979; NomuURa et al. 1980; HimoR1 et al. 1975a; NAYLER
and SzeTO 1972; ANGUS et al. 1976).

3. Drugs whose main effect is a lowering of the sympathetically induced in-
crease in heart rate, contractility, and myocardial metabolism (f-adrenoceptor
blocking agents: PARRATT 1980; PRICHARD 1981; BRAUNWALD et al. 1983). These
substances act as competitive inhibitors of the agonistic action of norepinephrine
released from sympathetic nerve endings or catecholamines released from the ad-
renal medulla on the f§;-receptors of the heart (LEDSOME et al. 1974; MINNEMAN
et al. 1979; SAAMELI 1972). The most important consequence of the principal ac-
tion is an economization of cardiac performance under conditions of stress (JOR-
GENSEN et al. 1973; WOLFSON and GORLIN 1969), owing to a diminution of the rise
in heart rate (HiLLIS et al. 1979; MUELLER and AYRES 1977; Roskamm 1972) and
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contractility (RoskaMM 1972; SONNENBLICK et al. 1965; WoLFSON and GORLIN
1969), in conjunction with a compensatory increase in stroke volume (BATTLER
et al. 1979; Roskamm 1972). There is a simultaneous diminution of a stress-linked
increase in myocardial metabolism (ARMSTRONG et al. 1977; GOODLETT et al.
1980; PiepER et al. 1980) and oxygen consumption (ARMSTRONG et al. 1977,
MAROKO et al. 1973; MUELLER and AYRES 1977). Further components of action
consist of: (a) a redistribution of blood from the subepicardial to the subendocar-
dial myocardial layers, owing to a depression of vasodilating f-adrenergic influ-
ence and, hence, a predominance of a-adrenergic tone in the larger epicardial ar-
teries (BECKER et al. 1971; BERDEAUX et al. 1978; Gross and WINBURY 1973; PAR-
RATT and GRAYSON 1966; STEIN et al. 1967) as well as an improvement of collat-
eral blood flow to ischaemic segments (BARCIA et al. 1976; KLONER et al. 1971;
Pit and GRAVEN 1970; TOMOIKE et al. 1978; VATNER et al. 1977); and (b) a shift
in myocardial metabolism from free fatty acid oxidation to the relatively oxygen
sparing aerobic metabolism of carbohydrates (MARCHETTI et al. 1968; MUELLER
et al. 1974; OpiE and THOMAS 1976).

D. The Vasospastic Concept

Over the past decade concepts of the nature of the pathophysiological mech-
anisms of disturbances of myocardial blood flow have undergone certain changes
(SpanN 1983). The observations of PRINZMETAL et al. (1959) and, especially, the
work of MASERI et al. (1975, 1976, 1978) gave the impetus for reconsideration of
the vasospastic genesis of, or at least a vasospastic contribution towards, distur-
bances of the cardiac circulation (HILLIS and BRAUNWALD 1978). A series of clini-
cally proven and well-documented cases of vasospastic angina (CHENG et al. 1973;
MACALPIN et al. 1973; OL1vaA et al. 1973; OLiva and BRECKENRIDGE 1977) pro-
voked experimental studies on conscious dogs with reinvestigation of the influ-
ence of the a-adrenergic nervous system on the resistance and blood flow param-
eters in the coronary circulation. The long-standing theory of the exclusive
dominance of metabolic autoregulatory influences on the coronary vessels was no
longer tenable (FEIGL 1983, pp 107ff) on the basis of the results obtained.

An increase in coronary resistance, which was preventable by a-blockade, was
elicited by direct and indirect reflex stimulation of efferent sympathetic nerve fi-
bres (P1TT et al. 1967; SZENTIVANYI and JUHASZ-NAGY 1963) and by intracoronary
injection of norepinephrine (VATNER et al. 1974). It is now certain that a-receptors
at the larger coronary artery branches play a role in the pathogenesis of certain
forms of disturbances of coronary circulation. In particular, there appears to be
a tendency towards release of lumen-narrowing constrictor substances in areas af-
fected by partial occlusion (FREEDMAN et al. 1982; HARKER and RiTcHIE 1980;
Henry and Yokoyama 1980; Maseri et al. 1980). The concept held over decades
that angina on effort is caused by rigid stenosis and that acute myocardial infarc-
tion is due only to occlusive degenerative changes in the vessel wall was modified
by the assumption of simultaneously occurring vasospastic processes (MASERI et
al. 1980). This augmented view of the pathophysiological nature of cardiac circu-
latory disturbances goes hand in hand with a change in the concepts of pharma-
codynamic action. The therapeutic principle of coronary vasodilation, which had
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been virtually deserted on discovery of the coronary steal phenomenon following
the intravenous administration of coronary drugs of the dipyridamole type has
been reintroduced in a modified version. Drugs with a specific vasodilating point
of attack on the smooth muscles of the larger arterial branches (calcium channel
blocking agents, nitrates) with a positive effect on the collateral blood flow to
ischaemic myocardial segments are now used as the drugs of choice in the man-
agement of suspected coronary angiospastic processes (BRAUNWALD 1981; Dis-
TANTE et al. 1979; FLECKENSTEIN 1983, pp 297-306).

E. Concepts Underlying Inhibition of Platelet Aggregation

A concept of simultaneously occurring anatomical (obstructive) and functional
(constrictive) processes has become manifest also with respect to the pathogenesis
of acute lumen-narrowing processes on the basis of atherosclerotic changes of the
intima. The concept of rigid stenosis determining coronary reserve has been re-
placed by a more dynamic model (MASERI et al. 1980). The central effect consists
of platelet aggregation at the site of intimal lesions (HARKER and RiTCHIE 1980;
MaASERI et al. 1980; MUSTARD 1976) or of unfavourable flow conditions (COLMAN
1978; Dock 1946), triggered off by the action of additional factors: platelet acti-
vators such as ADP (BOrRN 1979; BorRN and KRATZER 1981; JORGENSEN et al.
1967), or norepinephrine (HAFT et al. 1972). Platelet aggregation can produce a
temporary narrowing, which either resolves spontaneously or, alternatively, leads
to permanent occlusion (HARKER and RircHIE 1980). In a secondary phase,
vasoconstrictoring substances such as thromboxane A, and serotonin are re-
leased (HAMBERG et al. 1975; HENRY and YOKOYAMA 1980; MULLER-SCHWEINIT-
ZER 1980; SVENSSON et al. 1976), a procedure which is considered to initiate vaso-
spastic reactions (HARKER and RitcHit 1980; HENRY and YOokoyamA 1980; HIRsH
etal. 1981 b; MaseRI et al. 1980; NEEDLEMAN et al. 1977; SVENSSON et al. 1976).

Current views of the initial processes of platelet aggregation achieve special
importance on consideration of preventive or curative pharmacodynamic con-
cepts. Two major concepts are being followed up at present and subjected to mu-
tual assessment.

1. The assumption of a primary causal role of an intravasal ADP increase,
whereby the erythrocytes provide the ADP source as a result of chemical or me-
chanical damage (BorN 1979; BORN and KRATZER 1981; BOrN et al. 1976; GAAR-
DER et al. 1961).

2. Changes in the dynamic equilibrium between aggregation-inhibiting pros-
tanoids in the vessel wall (prostacyclin) (AIKEN et al. 1981; GRYGLEWSKY et al.
1976, MONCADA et al. 1976 a, 1977) and aggregation-triggering prostanoids in the
platelets (thromboxane A,) (DEMBINSKA-KIEC et al. 1977; ELLIs et al. 1977,
GRYGLEWSKY et al. 1976; Hirsh et al. 1981 a; MoncADA and VANE 1970).

Pharmacodynamic concepts emanate from both views (BRAUNWALD 1978).
Pharmacodynamic effects leading to an inhibition of ADP release are in accor-
dance with the basic concepts of the ADP theory (BorN 1976, 1979; BOrN and
WEHMEIER 1979; BORN et al. 1976). Stabilizing effects on the erythrocyte mem-
brane also fall into this category (chlorpromazine) (BOrRN 1976; BoRN and WEH-
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MEIER 1979; BORN et al. 1976), since a fleeting incident of haemolysis at a point
tal role in the initial phase of platelet aggregation (BorRN and KrRATZER 1981,
BoRN et al. 1976; GAARDER et al. 1961). Pharmacodynamic concepts on the basis
of prostaglandin metabolism aimed for the first at a general blockade of synthesis
at the cyclooxygenase step (FOLTS et al. 1976; HirsH et al. 1981a; LEwy et al.
1979; Pick et al. 1979). Clinical trials of various cyclooxygenase blocking agents
showed no influence on the incidence of attacks in patients with variant angina
(Miwa et al. 1981; ROBERTSON et al. 1981). The reason for this failure of response
is though to be due to a simultaneous decrease both in prostacyclin content of the
vessel wall and in thromboxane A, content of the platelets, owing to blockade
of synthesis of the common precursors of both substances (CHIERCHIA et al. 1980;
DuUsTING 1983; Miwa et al. 1981; ROBERTSON et al. 1981). A further development
is the attempt at differential inhibition of the synthesis of both prostanoids:

1. On the basis of the different sensitivity of prostacyclin synthetase and
thromboxane A, synthetase to specific inhibitors (BAENZINGER et al. 1977;
BasisTA et al. 1978; BURCH et al. 1978; ELLIs et al. 1980; MASOTTI et al. 1980), a
concept which has proved true in the successful clinical evaluation of low doses
of acetylsalicylic acid, resulting in a specific decline in thromboxane A, content
of platelets (BAENZINGER et al. 1977; ELLIS et al. 1980; ELwooD and WILLIAMS
1979; ELwoop et al. 1974).

2. On the basis of specific synthetase blocking agents (GORMAN 1980). Spe-
cific inhibitors of thromboxane A, synthetase were developed for this purpose
and tested in vivo (ALLAN et al. 1980; GRYGLEWSKI et al. 1977; GORMAN et al.
1977; MoNCADA et al. 1976 b; MYERS et al. 1981; SCHROR et al. 1980; SMITH et al.
1980; TyLER et al. 1981). The synthetase blockers caused not only a decrease in
thromboxane A, content of the platelets, but also an increase in prostacyclin con-
tent of the vessel wall, in conjunction with simultaneous sensitization of the
platelets to prostacyclin (AIKEN et al. 1981). It is, thereby, possible to guide spe-
cific blockade of the synthesis of prostanoids from common endoperoxide pre-
cursors in a certain direction (AIKEN et al. 1981; DUSTING 1983).

F. Conclusion

In conclusion, a short synopsis of essential pharmacodynamic effects on distur-
bances of myocardial blood flow is given, whereby the guiding principle is the
abolition of, or improvement in the disproportion between oxygen demand and
oxygen supply in ischaemic myocardial tissues.

I. The Augmentation of Oxygen and Substrate Supply to the Heart

1. Diminution of coronary vascular resistance

1.1. Effects on the vasal component

1.1.1. Vasodilating effects on the smooth muscles of larger arterial segments (cal-
cium channel blockers, organic nitrates, molsidomine): antianginal effects: (a) in-
crease in perfusion pressure at the prearteriolar collateral vessels (BECKER et al.
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1971; FAM and MACGREGOR 1964; MATHES and RIvaL 1971; NoMURA et al. 1980;
THUILLEZ et al. 1983); and (b) antagonism to coronary vasospasm (BRAUNWALD
1978, 1981; HiLLis and BRAUNWALD 1978)

1.1.2. Vasodilating effects on the smooth muscle of arteriolar (precapillary)
vessels (dipyridamole, chromonar, hexobendine, dilazep): effects with the same
site of action as the mediator substances of autoregulation (BERNE 1964; FEIGL
1983), with possible effects on the formation of collateral vessels in chronic myo-
cardial ischaemia (FAM and MACGREGOR 1964; VINEBERG et al. 1962) and with
the risk of redistribution from ischaemic to normal myocardium (coronary steal)
(Conen 1982; MEYER et al. 1974; SCHAPER et al. 1973; WILCKEN et al. 1971), espe-
cially after intravenous administration

1.2. Effects on the extravasal component of coronary vascular resistance

1.2.1. Diminution of the left ventricular diastolic pressure (nitrates, molsido-
mine). Antianginal effect: increase in diastolic blood flow to the endocardial seg-
ments of myocardium (VATNER and HEYNDRICKX 1975)

1.3. Redistribution of blood flow from epicardial to endocardial segments of nor-
mal and ischaemic myocardium (f-adrenoceptor blocking agents) caused by bra-
dycardia and dominance of a-adrenergic constricting influences on the larger epi-
cardial vessels and, consequently, an increase in the endocardial : epicardial flow
ratio (BECKER et al. 1971; Gross and WINBURY 1973; KLONER et al. 1971; PAR-
RATT and GRAYSON 1966; P1T and GRAVEN 1970; STEIN et al. 1967; VATNER et al.
1977). '
1.4. Antagonistic effects to lumen-narrowing processes

1.4.1. Inhibition of platelet aggregation

1.4.1.1. Inhibition of platelet thrombus formation by preferential inhibition of
thromboxane A, formation (low doses of acetylsalicylic acid, selective inhibitors
of thromboxane synthetase) (ALLAN et al. 1980; CHIERCHIA et al. 1980; DUSTING
1983; ELLIS et al. 1980; GRYGLEWSKI et al. 1977; MASOTTI et al. 1980; MONCADA
etal. 1976 b)

1.4.1.2. Inhibition of platelet thrombus formation by augmentation of platelet
3,5-cAMP content (dipyridamole) (BEST et al. 1979; GAARDER et al. 1961; MoON-
capA and KorBUTT 1978; MiLLs and SMITH 1971)

1.4.1.3. Inhibition of platelet thrombus formation by prevention of ADP release
and stabilization of erythrocyte membrane (dipyridamole, sulfinpyrazone, chlor-
promazine) (BOrRN 1979; BorRN and KraTZER 1981; BorRN and WEHMEIER 1979;
Bornetal. 1976)

1.4.2. Inhibition of blood coagulation (heparin, oral anticoagulants) (CHALMERS
etal. 1977; SELZER 1978; STEELE et al. 1978; WESSLER and GILEL 1979)

1.4.3. Recanalization by fibrinolytic agents (streptokinase, urokinase) (GANZ et
al. 1980, 1981; GoLp and LEINBACH 1980; HirsH et al. 1981 a; MATHEY et al. 1981;
ReNTROP et al. 1981; RUTSCH et al. 1980)

II. Reduction of Myocardial Oxygen Demand: Improvement
in the Economy of Cardiac Performance

Principles of action: diminution of arterial pressures with concomitant increase
in cardiac output; depression of heart rate with simultaneous increase in stroke



Pharmacodynamic Principles of Action of Antianginal Drugs 105

volume; diminution of left ventricular end-diastolic volume and diameter and
1. Partial blockade of myocardial f-adrenoceptors

Antianginal effect: reduction of myocardial oxygen consumption by prevention
of sympathogenic increases in heart rate and contractility (ARMSTRONG et al.
1977; GoobpLETT et al. 1980; HILLIS et al. 1979; JORGENSEN et al. 1973; LEDSOME
etal. 1974; RoskamMm 1972)

2. Diminution of preload by reduction of the venous return (nitrates, molsido-
mine)

Antianginal effects: diminution of left ventricular end-diastolic pressure and vol-
ume, decline in wall stress (BERNSTEIN et al. 1966; Frick et al. 1968; HOLTZ et al.
1978; HONIG et al. 1960; O’ROURKE et al. 1971; PARKER et al. 1971; WILKINS et
al. 1937; WiLLIAMS et al. 1965)

3. Decline in afterload by diminution of arterial impedance and of the ventricular
volume (calcium channel blockers, nitrates, molsidomine); antianginal effect: de-
crease in myocardial oxygen consumption by diminution of afterload (EKELUND
1978; Gross et al. 1979; HasHiMOTO et al. 1975; KALTENBACH et al. 1972, 1979;
Kurita 1975; RoskamM et al. 1966; RuDoLPH et al. 1971; SELWYN et al. 1979)

4. Direct and indirect effects on myocardial contractility (calcium channel block-
ing agents, B-adrenoceptor blocking agents, cardiac glycosides); antianginal ac-
tion: decrease in myocardial oxygen consumption by diminution of the velocity
of fibre shortening (ANGUS et al. 1976; HimoRr1 et al. 1975a; NAYLER and SZETO
1972; NoMURA et al. 1980; RoskaMM 1972; WoLFsON and GORLIN 1969); on the
decompensated heart: decrease in myocardial oxygen consumption by increase in
contractility, and, consequently, a diminution of preload and afterload and,
moreover, a decrease in heart rate by reflex attenuation of the sympathetic ner-
vous system (cardiac glycosides) (COVELL et al. 1966; WEBER and JANICKI 1979).
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