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SYMBOLS AND ABBREWIATIONS

AC Aortic cross-clamping

A=CS Arterial-coronary sinus (difference)
ACT Actual clotting time

ALT Alanine aminotransferase

AST Aspartate aminotransferase

ATP Adenosine triphosphate

c£a2+ lonized calcium

Cl Cardiac index

CK-MB Creatine kinase isoenzyme MB

CPB Cardiopulmonary bypass

dPTv/dt max,pos Positive, maximum first derivative of
Teft ventricular pressure

d.W. dry weight

ECG Electrocardiogram

ec Natural tangential strain

e, Natural axial strain

e Shear angle

eendo,est Estimated subendocardial fiber shortening
FCR Fractional catabolic rate constant

Hb Hemoglobin

HBDH a-hydroxybutyrate dehydrogenase

HE Hematocrit

i.m. intramuscular

Tuv. intravenous

kd Apparent enzyme disappearance constant
LAICA Left anterior interventricular coronary artery
LCCA Left circumflex coronary artery

LYSHI Left ventricular stroke work index
MDH Malate dehydrogenase

MFGC Magnetic field generating coil

min minutes

n number of observations

Pao,sys Systolic aortic blood pressure

Pao,dia Diastolic aortic blood pressure



Pao ,mea
Plw
Plv,ed
PCO
pPLV
PGZ
Pup
3
SC
SD
SEM
TER
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Mean aortic blood pressure

Systolic left ventricular blood pressure
end-diastolic left ventricular blood pressure
Partial carbon dioxide tension

Plasma volume

Partial oxygen .tension

Pulmonary artery wedge pressure

seconds

Sensor coil

Standard deviation

Standard error of the mean
Transcapillary escape rate constant.
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Hormothermia {34°C) and intermittent aortic cross-clamping
Hypothermia (25°C) and intermittent aortic cross-clamping
Cardioplegia using continuous aortic cross-clamping in combipation
with ice-cold 5t Thomas Hospital cardioplegia

Animal groups

NB
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MC
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CON

EC

HPLV

Mormothermia (34°C) and intermittent aortic cross-clamping (4 times
10 minutes)

Hypothermia (25°C) and intermittent aortic cross-clamping (4 times
10 minutes)

Hypothermic potassium cardioplegia (St Thomas Hospital} with conti-
nuous aortic cross-clamping {60 min}

MWormothermia with intermittent aortic cross-clamping and multiple
left ventricular biopsies

Hypothermia with intermittent aortic cross-clamping and multiple
left ventricular biopsies

Normothermia without intermittent aortic cross-clamping

Hypothermia without intermittent aortic cross-clamping

Control group with complete instrumentation, but without cardio-
pulmonary bypass

Enzyme release during control conditions without cardiac manipu-
Tation

Hypothermia with intermittent aortic cross-clamping and multiple

plasma volume determinations



1. INTRODUCTION

1.1 Open-heart surgery

Congenital and acquired heart diseases have been known for a long time,
but it was not until about 30 years ago that the combined efforts of c¢li-
nicians, surgeons, biochemists and engineers enabled the performance of a
successful open-heart operation. Intracardiac operations are complex because
of the requirement of circulatory arrest during the performance of the cor-
rection. Initially short periods of systemic circulatory arrest have been
used for minor interventions, but in this procedure the time available for
surgery is 8-10 min and therefore of limited use. Adequate correction of most
cardiac diseases requires a quiet -and bloodless heart for surgical reasons.
Numerous efforts and subsequent discoveries in the past, as summarized in
table 1.1, finally resulted in the knowledge and experience necessary to
sustain the patients systemic blood circulation during the course of the
operation. This was achieved with cardiopulmonary bypass (CPBY, using an oxy-
genator and an artificial pump (fig 1.1). After connection of the extracor-
poreal circuit to the patient, a flow of 3 to 5 Titers per min can be main-
tained, which is adequate to support the peripheral circulation.

The highly dimportant oxygenator was designed to exchange oxygen and
carbon dioxide in the venous blood of the extracorporeal circuit. From the
many types of oxygenators constructed, nowadays the bubble oxygenator, sup-
plied with a heat exchanger, is commonly used in open-heart surgery. Membrane
oxygenators are used in pediatric patients and during Tong lasting opera-
tions.

Once the heart-lung machine could replace heart and lung function, it
became possible to arrest the heart and to stop the blood circulation within
the heart after cross-clamping of the aorta. Meanwhile peripheral circulation
was artifactually maintained. Cross-clamping of the aorta, however, induces
periods of global ischemia, limiting the time available for cardiac repair.
Extention of the ischemic period was found to be allowed when cardioprotec-
tive measures were taken.

Starting with the repair of congenital heart and valvular diseases in the
early years of cardiac surgery, we are now facing the widespread incidence of
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Table 1.1 Historical events in cardiopulmonary bypass (After Ream and

Fogdall, 1982).

1928
1930
1934
1948
1950

1951
1951
1953

1955

1956
1956

Pulsatile perfusion of dog's head, using piston pump.

Organ perfusion, bacterial filtering.

Roller pump for blood infusion (Debakey).

Invention of disc oxygenator.

First modern bubble oxygenator, first application of effective defoaming
{Clark and coworkers).

Successful organ bypass in man: direct bubble oxygenation device {Dogli-
otti and Costantini}.

First attempt of total bypass in man {Dennis and coworkers).

Success in open heart surgery using only hypothermia {Lewis and Mansar).
Successful bypass, using human lung in cross circulation

{Lillehei and coworkers).

Invention of disposable bubble design {(DeWall and coworkers).

First clinical use of membrane oxygenator [Clowes and coworkers).




coronary artery diseases, valve Tesions and aneurysms of the left ventricle.
Each of these heart abnormalities can be repaired with a low intraoperative
mortality risk and a good longterm survival. In combination with the advanced
diagnostic techniques, this has lead towards an increasing demand for open-
heart surgery. For instance, in the Netherlands the number of open-heart
operations nearly doubled within 3 years from a total of 3945 in 1979 to a
total of 7112 in 1982. This data mainly refers to coronary bypass surgery
(5036), wvalve replacements (1195) and congenital heart surgery (648) (data
from Begeleidingscommissie Hartchirurgie MNederland 1982). It is evident that
the rapid development of open-heart surgery in different clinical centres
around the world has introduced a variety of techniques and protocols for the
performance of the operation. This is especially true for the techniques to
protect the heart during the critical ischemic period, when the heart is
deprived from blood for a longer period of time {(see section 1.2). The need
for protection, the protective techniques applied to minimize ischemic damage
of heart tissue and the evaluation of their adequacy are dissussed in detail
in the consecutive sections, at Teast when relevant to aorto-coronary bypass
surgery and to the present study.

Protection includes reduction of the patient's blood temperature to 25°C
{systemic temperature) and selective cooling of the heart to 15°C with a
cardioplegic solution. A different protection technique 1is intermittent
cross-clamping of the aorta and thus introducing repetitive, short periods of
ischemia, each followed by a reperfusion (recovery) period. Development of
protective techniques requires reliable evaluation of the clinical outcome.
Beside the use of perioperative and postoperative mortality rates, for in-
stance analysis of changes in ECG, hemodynamic function and specific enzyme
release during the postoperative period have shown to be valuable tools. By
the development of accurate biochemical and ultrastructural indices, a varie-
ty of parameters has become available to more specifically evaluate the
clinical outcome. These parameters are discussed briefly in section 1.4 and
in more detail in section 2.2. Despite the fact that reliable variables to
evaluate aorto-coronary bypass surgery are at hand, contradictory results of
clinical and experimental research are still being reported (see section
1.5).

The final part of the Introduction (see section 1.6} reports on the
set-up of the clinical and experimental parts of this study, which were
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Fig 1.1 Schematic design of a heart-lung machine, including an oxyge-
nator, a heat exchanger and a pump, to sustain the blood circulation

during open-heart surgery.

Fig 1.2 Site of occlusion of the
ascending aorta above the inflow
agpening of the left and right
coronary arteries (AC = aortic
cross-clamping).



primarily designed to:

- analyse the clinical and experimental course of three techniques routinely
used for myocardial protection during aorto-coronary bypass surgery.

- provide hemodynamic and biochemical parameters to evaluate the behavior of
the heart during and immediately after open-heart surgery.

1.2 The need for myocardial protection

When replacing heart and Jung function by means of a heart-lung machine
the heart becomes unloaded. To perform surgical repair, it is necessary that
coronary blood flow is diminished. In particular during aorto-coronary bypass
operations a quiet and bloodless operating field is required to perform the
bypasses between the ascending aorta and the affected coronary artery. With
sustained coronary perfusion incision of the coronary arteries would cause
excessive bleeding. A “standstill of coronary flow is routinely obtained by
occlusion of the ascending aorta, just above the inflow opening of the coro-
nary vessels (fig 1.2).

The duration of aortic cross-clamping during aorto-coronary bypass sur-
gery is in general determined by the total number of aorta to coronary artery
grafts. Routinely the performance of one bypass takes 6-15 min. During the
period of aortic cross-clamping, when coronary flow is zerc (global ische-
mia}, oxygen and substrates will mot be delivered to the myocardium and
breakdown products will accumulate in this tissue. Because oxygen supply has
ceased, and the oxygen reserve is limited within the myocardial cells, the
cells immediately change from aerobic to anaercbic metabolism. Endogenous
glycogen, which is available in large quantities, will be used for lactate
production and the energy delivered should maintain the content of high-ener-
gy phosphates at physiological levels. Because meanwhile the removal of
breakdown products is hampered, C02 and such harmful products as H* ions and
lactate will accumulate. When ischemia lasts for longer periods of time, the
amount of high energy phosphates finally diminishes and cell metabolism
deteriorates. Consequently membrane integrity changes and intracellular
macromolecules enter the intercellular (interstitial) space.

In order to reduce the metabolic activity of the heart during the criti-
cal period of ischemia the myocardium is usually cooled to 15-25°C. This can



be achieved by infusion of cardioplegic solutions or through topical cooling
with fice-water or a combination of these technigues. These procedures may
reduce the oxygen consumption to 50% at temperatures of 26°C (Badeer, 1956)
and to 0,33 m 02 per min per 100 g Teft ventricular tissue at 15°C {Chitwood
et al, 1979). This amounts to 6% of the values observed in the empty beating
heart at 37°C.

Animal experiments have shown that upto 30 min, global ischemia has no
irreversible influence on myocardial ultrastructural appearence ({Nohara,
1983; Taylor et ai, 1984), while after 60 min ischemia at 37°C the myocardium
becomes irreversibly injured (Flameng et al, 198la).

In between these extremes there is a transition from reversible to irre-
versible changes of the myocardial cells. The technique of myocardial protec-
tion should particularly aim at the extension of the onset of irreversible
tissue damage.

1.3 Techniques for myocardial protection

The development of techniques for myocardial protection during open-heart
surgery, was initially related to congenital heart abnormalities and valve
lesions. Therefore, these techniques had to protect the heart during rela-
tively Tong, uninterrupted periods of ischemia due to aortic cross-clamping.
Since the introduction of aorto-coronary bypass surgery in 1967 (Favaloro),
the earlier developed techniques were adapted to this procedure. In myocar-
dial protection two important aims have to be addressed. Firstly, the dura-
tion of anaerchbic metabolism should be limited and secondly, the intensity of
anaerobic metabolism should be reduced. Most of the techniques used nowadays
are dealing with one or both of these aspects. In aorto-coronary bypass
surgery reduction of the duration of anaerobic metabolism can be achieved by
intermittently cross-clamping the aorta (Delva et al, 1978). During each
ischemic period the distal anastomosis (coronary artery connection) of the
graft can be performed, while during the succeeding reperfusion phase the
proximal anastomosis (aortic connection) will be made. The number of cross-
clampings mostly equals the number of distal anastomoses unless the "snake"
method is applied (multiple distal anastomosis to one graft). The duration of
one ischemic period is commonly reduced to 6-15 min and metabolic recovery
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during the subsequent reperfusion period (10-20 min) precedes the next is-
chemic phase. Initially this technique was carried out at a systemic tem-
perature of 34°C {normothermia}, but was abandonned because of postoperative
complications. Good clinical results were obtained by lowering systemic
temperature to 25°C (hypothermia) and combining this method with hypothermia
became the technique of choice {Koster et al, 1977; Baur et al, 1979).
Mowadays a different approach to myocardial preservation, known as car-
diopiegia, is applied in nearly all centres for open-heart surgery (Weisel et
al, 1983). Cardioplegia, or cardiac arrest due to selective perfusion of the
coronary arteries during aortic cross-clamping with a variety of artificial
solutions, primarily aimes at reducing the intensity of anaerobic metabolism,
and has recently been reviewed by Hearse and his colleagues (1981}. In gene-
ral, cessation of electromechanical activity is achieved by low temparature
and a relatively high potassium content of the solution. The composition of
the various cardioplegic solutions as described in literature differs enor-
mously and even today the concept, on which the composition is based, varies.
Experimental results are not uniform in respect to the optimum combination of
constituents. In search of this optimum composition several criteria can be
mentioned. The cardioplegic solution should:
- stop heart activity
- minimize anaerobic metabolic activity
- preserve membrane integrity
- have an optimal oxygen capacity
- act as a buffer
- prevent tissue edema
- not contain toxic substances or particles.
Beside the composition of the solution, such factors as temperature, pH,
volume infused and intervals between the infusions can be manipulated. Impro-
vement of the technigque of cardioplegia is still being reported from many
laboratories and it seems to take still some time before the final and most
ideal cardioplegic solution has been developed and accepted.
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1.4 Evaluation of the clinical outcome

The evaluation of a patient after an open-heart operation can be based
upon two different approaches. Firstly, during the operation intensive moni-
toring in the operating room provides information about the systemic circu-
Tation, the blood gas values, the pump function of the heart and the ECG.
Correct anesthetic policy sustains the patient at the onset of weaning from
cardiopulmonary bypass and determines whether prolonged support of the heart
is needed. During the first hours after CPB heart rate, ECG, blood pressure
and cardiac output are routinely monitored. Complications as for instance an
unacceptable low cardiac output or evolved myocardial infarction can be
detected immediately. Within the first days after the operation, repetitive
cardiac output and ejection fraction determinations can be performed. This
policy takes care of the optimum condition of the patient and the parameters
mentioned are in general applied to determine the patient's clinical outcome
and recovery in the intensive care unit.

Secondly, comparison of the different surgical and/or protective tech-
niques should involve examination of more specific variables beside the
hemodynamic and clinical recovery. Especially the asessment of heart function
(i.e. Teft ventricular pressure and its maximum positive first derivative) is
useful when values as obtained following CPB, are compared to the values
before CPB. However, these parameters are finfluenced by multiple interven-
tions and are therefore not solely indicative for damage due to an ischemic
insult, Different from the hemodynamic measurements immediately after CPB is
the analysis of enzyme release, which is essentially initiated during the
operation, but effectuated only after hours or days following the operation.
The reliability of the measurement of the activity of one or a set of heart
gspacific enzymes for the detection of myocardial tissue damage has improved
during the past years. This is caused by the development of seperation tech-
nigues to determine isoenzymes and by the application of mathematical models
which allow multienzyme analysis.

Detailed information about the myocardium can be derived from myocardial
biopsies and coronary sinus blood samples during the period of CPB. To eva-
Tuate the effects of ischemia biopsies for studying heart metabolism and
ultrastructural examinations can be taken in the immediate postischemic
phase.
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1.5 Unsolved clinical problems

In interpreting the results from clinical studies in which different
groups of patients are compared, patient selection and history, and overall
treatment during the preoperative period have to be considered. Great diver-
sity of these factors may influence the final clinical outcome and even
hamper adequate interpretation of the results. Especially the hearts of
patients submitted to aorto-coronary bypass surgery may be subject to pre-
vious myocardial infarction or less well perfused areas. Also during surgery,
(even when the operation protocols are ment to be standardized) individual
anesthetic policies, to maintain adequate hemodynamic function, may differ
between patients.

Angther aspect of clinical studies deserves full attention. When the
protective technique has been replaced in time, the groups are treated ser-
ially and not in a randomized parallel way. The validity of serial obser-
vations is debatable because other factors beside myocardial protection may
change in time and affect the clinical outcome (Davids, 1982).

Although a variety of studies have been performed on myocardial protec-
tion during global ischemia, several aspects need to be clarified. Firstly,
the question whether hypothermia should be preferred above normothermia.
Deleterious influences of hypothermic ventricular fibrillation as compared to
the nermothermic empty beating heart, have been reported (Grover et al, 1977;
Vinas et al, 1979). On the other hand hypothermia has shown to reduce meta-
bolic demands and hence may be beneficial to the ischemic myocardium. Selec-
tive cooling of the heart to 15°C is routinely used and may result in cold
damage to cells or more specifically membranes. Whether this type of damage
occurs in heart tissue is still subject of discussion.

Secondly, as was mentioned in section 1.3 myocardial protection has
evolved to a number of cardioplegic solutions all of which are advocated as
being excellent. However, comparison of the cardioplegic solutions used, has
only been rarely reported in a clinical trial.

Thirdly, beside the deleterious influence of global ischemia during
aorto-coronary bypass operations, other interventions which may be harmful to
the myocardial tissue have been recognized. Especially reperfusion damage
pccurring after ischemia has been hypothetized to influence the state of the
myocardial tissue. In this respect the application of different reperfusion
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techniques is worthy to note (Engelman et al, 1977).

Fourthly, most of the aorto-coronary bypass operations are performed
routinely today and the incidence of myocardial necrosis due to perioperative
infarction 1is low, because of myocardial protection. To detect myocardial
necrosis, if any, very sensitive parameters are required. At the same time it
will be desirable to select parameters which will discriminate between rever-

sible and irreversible injury as well,

1.6 Aim of the present study

- Clinical set-up

Before this study was started cardiac surgeons from the St. Raphael
Clinics in leuven performed aorto-coronary bypass operations routinely by
combining intermittent aortic cross-clamping and normothermia (34° C) or
hypothermia (25°C) with good c¢linical results. Since comparable good results
were obtained in patients undergoing extensive aorto-coronary bypass surgery
combined with hypothermic St. Thomas Hospital cardioplegia and continuous
aortic cross-clamping, this study was designed to evaluate these three tech-
niques in a randomized way. The main question of the study was whether these
surgical techniques were different as far as the myocardial changes induced
by global ischemia during aortic cross-clamping ars concerned. It was obser-
ved in the literature that several surgeons operate with the use of one or
more of these techniques (Koster et al, 1977; Baur et al, 1979), while eva-
Tuation of these techniques within a clinical trial was not reported so far.

Table 1.2 shows the three patient groups including the type of cardio-
protective protocol employed (see section 3.1 for detailed information). AT}
patients included in the study were randomly allotted to one of the three
groups and they were all subjected to assessment of the parameters listed in
table 1.3.

The values of the hemodynamic wvariables after weaning from CPB were
compared with those measured prior to CPB, to obtain insight into the effects
of the surgical procedure on systemic circulation. Tissue metabolites were
determined to assess the preservation of high-energy phosphates and glycogen
stores, and the release of inorganic phosphate into the coronary sinus ef-

fluent as an index of high-energy phosphate breakdown. Simultaneously, in
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Table 1.2 Three groups of patients with their respective technique of
myocardial protection.

Group Number of Technique of myocardial protection
patients
Normothermia 24 Normothermic intermittent aortic cross-
clamping (34°C)
Hypothermia 23 Hypothermic intermittent aortic cross-

Cardioplegia 25

clamping {25°C})
Continuous aortic cross-clamping combined
with St. Thomas Hospital Cardioplegia

Table 1.3 Parameters and variables used to evaluate the efficacy of

the three protective techniques under investigation.

Hemodynamic variables

Metabolic substances

Tissue metabolites

Tissue ultrastructure

Catecholamines

Plasma enzyme activity

Cardiac output, arterial pressure, left
ventricular pressure (and its maximum
positive first derivative), heart rate,
pulmonary wedge pressure.

Lactate, inorganic phosphate, potassium
and oxygen in arterial and coronary sinus
blood.

High energy phosphates and glycogen in
myocardial biopsies.

Mitochondrial appearance in myocardial
biopsies.

Epinephrine, norepinephrine and dopamine
in systemic venous blood.

AST, creatine kinase, CK-MB and HBDH in
systemic wvenous blood upto 36 hrs after
cardiopulmonary bypass.
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coronary sinus effluent we determined lactate as a wmeasure of anaerobic
glycolysis during myocardial ischemia, potassium as a marker of transsarco-
Temmal fon transport, and the arterial-coronary sinus difference of the
oxygen content to assess tissue oxygen consumption.

Subendo and subepicardial tissue specimens were obtained from the left
ventricular free wall to determine ultrastructural changes in mitochondria,
as a measure of reversible and irreversible tissue injury. The serum content
of catecholamines was assayed to estimate the possible correlation with
changes in the hemodynamic performance. Up to 36 hours after CPB serjal mea-
surements of plasma enzyme activity of aspartate aminotransferase (AST),
creatine kinase, its isoenzyme CK-MB and alpha-hydroxybutyrate dehydrogenase
(HBDH) were used to quantitate irreversibly damaged cardiac tissue.

The combination of parameters and variables (Table 1.3) was selected to
distinguish between changes from reversible (for instance moderate metabolic
disturbances occurring after a short ischemic period) and irreversible cell
damage (for instance massive enzyme release in the circulation associated
with cell necrosis due to long lasting ischemia).

- Animal experiments
Although a Tot of information about the efficacy of protective measures

could be obtained from the clinical study, additional animal experiments were

performed to investigate aspects, which could not be studied in patients.

Therefore, an animal model, resembling the clinical situation, was developed.
The animal model allows the investigation of

- quantitative myocardial metabolism enabled by the measurement of myocar-
dial biood flow with radivactive microspheres and an electromagnetic flow
probe.

-~ transmural distribution of myocardial blood flow to assess whether sub-
endocardial regions are preferentially underperfused after cardiopul-
monary bypass.

- myocardial metabolism in wmore detail because of the larger number of
biopsies that can be taken. Biopsies just prior to ischemia and at the
end of ischemic periods were obtained to differentiate between changes
induced by ischemia and by reperfusion.

- the effect of cardiopulmonary bypass per se on the variables and para-
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meters measured, because aortic cross-clamping could be deleted.
- the effect of anesthesia and instrumentation on the parameters measured.
Besides, in the animal model we investigated the rapid changes in hematocrit
using plasma volume measurements before and after cardiopulmonary bypass.
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2 SURYEY OF THE LITERATURE

7.1, Myocardial protection

2.1.1, Introduction

In the early days the clinical outcome after open-heart surgery was not
always adequate and in particular perioperative infarction was freguently
observed in association with postoperative low cardiac output (see for re-
views Bedard et al, 1977; Davids, 1982). Recognition of these complications
has been a strong impetus for investigations aiming at the development of
techniques to protect the heart during the surgical procedure.

To position the methods of protection presently available in perspective
of their development, some important changes in attitude towards myocardial
protection will be discussed. Since the first 25 years of myocardial protec-
tion have already extensively been reviewed by Hearse and coworkers (1981),
and Conahan [1982), three selected topics will be discussed in this chapter.

The first part includes the specific conditions of the heart during the
procedure of aorto-coronary bypass surgery. These conditions are the empty
beating, fibrillating and flaccid heart as well as the global ischemia of the
myocardium due to aortic cross-clamping. Secondly, the effect of the afore-
mentioned conditions of the heart on the tolerance to ischemia as a function
of temperature will be discussed. Finally, protective techniques which have
been developed from experimental and clinical investigations will be consi-
dered, in particular the techniques of intermittent aortic crossclamping and
cardioplegia.

The choice of these topics closely relates to the type of surgery used in
the present study. Acrto-coronary bypass surgery differs from other openheart
surgical procedures, mainly because of the duration of aortic crossclamping
and the necessity to operate upon coronary arteries. These differences have
resulted in adaptations of the myocardial protection policy. In general,
valve replacement and correction of left ventricular aneurysms or congenital
heart abnormalities require a continuous period of relatively long-lasting
aortic cross-clamping (Flameng et al, 1980). The concomitant oxygen depri-
vation of the heart is tolerable if profound myocardial cooling, commonly in



- 18 -

combination with cardioplegic solutions, will be applied. In contrast, during
aorto-coronary bypass surgery the instalment of each single graft can be
succeeded by a reperfusion period allowing the myocardium to recover from a
relatively short ischemic period, commonly lasting from 6 to 15 min.

2.1.2. Borto-coronary bypass surgery

An essential requirement during aorto-coronary bypass surgery is a quiet
and bloodless operation field. After instalment of cardiopulmonary bypass the
heart is empty beating. This can be changed into & flaccid heart (cardio-
plegia) or a fibrillating heart. (induced electrically or by hypothermial.
Next, cessation of coronary artery flow is achieved by cross-clamping the
ascending aorta permitting incission of coronary arteries for the performance
of distal anastomoses without excessive loss of blood (for details see Cona-
han, 1982).

The initial employement of a fibrillating state during open-heart surgery
offered many practical advantages. However, it has been subject of continuous
debate whether fibrillation during this type of surgery is detrimental to the
heart in itself. In an experimental model Senning {1952) observed no change
in the rate of oxygen consumption during fibrillation as compared to the
empty beating heart. In contrast decreased oxygen consumption in the fibril-
Tating heart, as compared with the working heart, was reported by Paul and
coworkers (1954). An increased oxygen consumption as compared to the non-
working heart, was found by other investigators (Jardetzky, 1956). The func-
tional recovery after prolonged periods of induced fibrillation was reported
to be adequate in both dogs and patients (Race et al, 1964).

More recently fibrillation during cardiopulmonary bypass was found to
cause an increase in myocardial oxygen consumption and redistribution of
coronary blood flow within the left ventricular wall, preferentially to the
subepicardial layers (Ghidoni et al, 1969; Hottenrot et al, 1974; Buckberg
and Hottenrot, 1975; Brazier et al, 1975; Vinas et al, 1979). These changes
indicate that the fibrillating state may cause an imbalance between myocar-
dial metabolic demand and supply resulting in a shortage of oxygen in the
subendocardial layers. Under mild hypothermia the supposed deleterious effec-
ts of fibrillation were found to be reduced (Vinas et al, 1979). Other expe-
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rimental studies did not confirm the negative effects of fibrillation. For
instance, McDonagh and coworkers (1982) reported that spontaneous fibrilla-
tion during 20 min did not increase myocardial oxygen consumption. Besides,
Isom and colleagues ({1973} were unable to detect redistribution of flow from
the subendocardium towards the epicardium. Nowadays continuous, electrically
induced ventricular fibriliation is used less frequently in the clinical
setting.

The ultimate effect of fibrillation on myocardial tissue is dependent on
the model of investigation (Utley et al, 1981). Vinas and coworkers ([1979)
and Hottenrot and collaborators (1974) employed continuous, electrically
induced fibrillation under normothermic conditions in dogs on an extracor-
poreal circuit. They observed that during fibrillation coronary flow was
Tower when electrical stimulation was applied continucusly than when the
heart was fibrillating without such a stimulus. This difference was espe-
cially pronounced after 60 min of fibrillation. Ventricular fibrillation will
automatically occur when hypothermia is applied as part of the technique of
myocardial protection unless cardioplegia is used (Molina et al, 1977). All
reports mentioned 50 far were dealing with non-ischemic conditions of the
heart.

Beside the necessity of a quiet heart during aorto-coronary bypass sur-
gery, cessation of coronary blood flow is also required which can be obtained
by cross-clamping the aorta. This situation is referred to as global ischemia
and its consequences for the myocardial tissue have been studied extensively.
In clinical conditions ischemia affects the myocardial tissue depending on
the efficacy of the technique for myocardial protection employed (Reul et al,
1975). The technique of protection should not only reduce the reversible
changes induced by ischemia, but should especially prevent firreversible
damage to occur.

2.1.3. Hypothermia

One of the first papers on systemic moderate hypothermia in open-heart
surgery in infants reports on the successful preservation of the myocardium
and other organs after circulatory arrest of 8.5 min without the use of
cardiopulmonary bypass (CPB; Swan et al, 1953). Earlier dog experiments had
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shown the reversal of changes in cardiodynamics and systemic circulation
after cooling to 20°C for a short period of time and subseguent rewarming
{Bigelow et al, 1950). The advantage of reduced metabolic demands at reduced
body temperature has been applied during the first C(PB procedures. Cooling
was initially performed by placing the body in a tub of crushed ice and
water, which improved survival rate (King et al, 1958). Cooling of the core
of the body became possible with the development of CPB equipment, and this
technique subsequently vreplaced peripheral cooling (Galetti and Brechner,
1962). During systemic cooling by means of CPB the temperature of the heart
will equal that of the body. An additional advantage of this technique is the
fibrillating state of the heart offering a quiet operating field for the
surgeon.

It s not practical to decrease body (systemic) temperature below 25°C,
but profound cooling of the heart has shown to improve protection during
ischemia. External cooling of the heart using ice-cold saline solutions
inside the pericardial cradle by addition of crushed ice, has initially been
employed {Shumway et al, 1959; Hurley et al, 1964). From then on cold injury
to the myocardium became subject of discussion (Speicher et al, 1962, Marco
et al, 1977; Shragge et al, 1981). At the time coronary artery perfusion
through separate lines was 1ntroducedQ more uniform cooling of the myocardium
could be achieved (Bernhard et al, 1960; Van der Schaar et al, 1966), al-
though inhomogenieties due to pre-existing occlusions or stenoses of the
coronary arteries have to be considered (see final part of this section}.

The possibility to adjust myocardial temperature made it urgent to consi-
der the optimum temperature. In 1979 Chitwood and coworkers reported a study
in dogs, subjected to separate, uninterrupted perfusion during CPB, in which
they varied myocardial temperature from 37°C to 15°C with the use of potas-
sium enriched cold blood. At this decrease in temperature they noticed a
reduction of arterial-coronary sinus difference of oxygen content from 3.92
to 0.42 vol %, and an increase in myocardial blood flow of 43 %. This may be
benificial to patients, especially when underperfused myocardial areas al-
ready exist due to atherosclerotic lesions of the coronary arteries.

Profound levels of hypothermia {6-18°C) were investigated by Balderman
and coworkers {1983) in dogs on CPB. They found myocardial preservation
during 120 min of global ischemia to be satisfactory at a myocardial tempera-
ture of 14°C. Cooling to lower degrees impaired postoperative myocardial
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function. ¥Kao and coworkers (1982) studied the preservation of high-energy
phosphates in the isolated working rat heart during and after one hour of
ischemic potassium arrest at temperatures varying from 4 to 37°C with incre-
ments of 4 degrees. They observed optimum protection at temperatures of 12°C
or lower, without the occurrence of cold injury to the heart. Despite some
tack of agreement (Gays, 1980), the experimental and clinical findings indi-
cate that during ischemia the optimum temperature is in the range of 12 to
16°C (EV1is et al, 1979; Manners and Mielsen, 1981).

Since hypothermia decreases oxygen demand of the tissue by slowing down
metabolic activity, this aspect has been studied in detail in relation to its
potential protective effect. Besides, other biochemical and biophysical
aspects should be considered as well. They include the increased solubility
of oxygen in plasma and the reduced release of oxygen from hemoglobin for a
given oxygen partial pressure. The reduced overall oxygen requirement and the
increase in viscosity of blood with decreasing temperature makes hemodilution
preferable. Hypothermia and hemodilution are routinely combined in open-heart
surgery.

2.1.4. Technigques of myocardial protection

Initially progress in open-heart surgery was dependent on the surgical
skill and the adequacy of extracorporeal circulation (i.e. oxygenation,
priming solution etc.). The application of aortic cross-clamping resulted in
long periods of coronary blood flow interruption and myocardial ischemia,
associated with perioperative infarction and a high mortality rate {Favaloro,
1979). In the early years surgical repair mainly imvolved valve operations
and congenital heart abnormalities. These surgical procedures were combined
with several types of protective measures. The application of aortic cross-
clamping combined with selective coronary artery perfusion permits the un-
interrupted delivery of blood to the myocardium. Aortic cross-clamping with-
out coronary artery perfusion at normothermia or with moderate systemic
hypothermia, implies no or only a small reduction in metabolic rate, but has
the advantage of a short duration of operation and no complications from
intracoronary catheters. Besides, local cooling of the heart could be used,
resulting in diminished myocardial metabolic demands at the time of ischemia



- 29 -

{Bernhard et al, 1960; Hurley et al, 1964).

Initially these techniques of myocardial protection were adapted to
aortocoronary bypass surgery (Favaloro, 1967). Selective coronary artery
perfusion was rarely used, because of coronary blood obfuscating the surgical
field when the distal anastomoses {on the coronary artery) had to be made.
However, aortic cross-clamping at normothermia, hypothermia, or with the use
of profound local cooling of the myocardium were assumed to be appropriate in
aorto-coronary bypass surgery (Baur et al, 1979).

A completely different technique is the local occlusion of the distal
coronary artery. This technique, however, has shown to be inferior to ische-
mic arrest as induced by aortic cross-clamping (E11is et al, 1975), although
this approach may be prefered under certain circumstances when aortic cross-
clamping is less desirable {Akins, 1984},

Especially after Lewvitsky and Feinberg (1975) reported the depletion of
tissue high energy phosphate and glycogen stores after 60 min of continuous
normothermic ischemic arrest, surgeons limited the duration of coronary flow
obstruction by intermittently cross-clamping the aorta. Myocardial necrosis
after prolonged normothermic ischemic cardiac arrest was established by other
investigators {Buja et al, 1970; Merchant et al, 1974). Intermittent reper-
fusion did not improve this situation (Levitsky et al, 1977}. These experi-
mental findings caused a shift from moderate hypothermia (30-34°C) towards
hypothermic (25°C) intermittent aortic cross-clamping in combination with
moderate hemodilution in the clinical setting (Delva et al, 1978). However,
intermittent cross-clamping of the aorta was found to have a similar pro-
tective efficacy as continuous cross-clamping under profound local cardiac
hypothermia (Koster et al, 1977}).

As an alternative to intermittent aortic cross-clamping, Melrose and
colleagues (1955) and Berglund and coworkers {1957) introduced the so called

"cardioplegia” technique. During continuous cross-clamping of the aorta the
coronary arteries were perfused with cold solutions introduced via the clamp-
ed aortic root. Much research has been performed to find the optimum compo-
sition and temperature of the cardioplegic solution. Bretschmeider and asso-
ciates (1975), for instance, advocate solutions, the composition of which 1is
essentially based on the concentration of crystalloids inside the myocardial
cells. The most striking feature of their cardioplegic solution is the ab-

sence of calcium jons.
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In contrast, other investigators proposed solutions related to the extra-
cellular composition of the heart, supplemented with a relatively high con-
centration of potassium and magnesium {McFarland et al, 1960; Tyers et al,
1977; Hearse et al, 1981). In our study we applied the St. Thomas hospital
cardioplegic solution as proposed by Hearse and coworkers {1981). This solu-
tion has a high sodium chloride content {110 mmni.l_l), and further includes
potassium chloride (16 mmol.Y'}}, magnesium chloride (16 mmo],l'l), calcium
chloride (1.2 mm01.1~1) and sodium bicarbonate (10 mmo1.1'1)h This solution
has been studied during recent years with respect to the optimum potassium
concentration (Hearse et al, 1976; Jellinek et al, 1981) and the addition of
procaine (Hearse et al, 1981} and high-energy phosphates {Hearse et al, 1976;
Robinson et al, 1984). Both animal experiments (Sink et al, 1979; Nugent et
al, 1982) and clinical studies (Fisk et al, 1977; Tyers et al, 1977) have
shown the beneficial effects of potassium cardioplegia, and its superiority
as compared to Bretschneider's cardioplegic solution (Jynge et al, 1978).

A different policy in cardioplegic composition was developed in the
United States, where the group of Buckberg and Follette concluded that blood
cardioplegia was more effective to protect the myocardium from dischemic
damage than crystalleid cardioplegia (Follette et al, 1978). The rationale
behind blood cardioplegia is an enhanced delivery of oxygen to the myocardial
tissue during cross-clamping of the aorta (Hendriks et al, 1983) and an
improved colloid osmolality of the cardioplegic solution. The cbservation of
Singh and coworkers (1982) that blood cardioplegia is superior to crystalloid
cardioplegia in preserving myocardial ultrastructure and reducing the release
of dintraceliular enzymes, such as CK-MB, however, is at variance with the
findings of, for instance, Engelman and coworkers (1981). They did not find
differences 1in myocardial oxygen consumption, when crystalleid or blood
cardioptegia was evaluated. The latter results were in keeping with the
findings of Shapira and coworkers (1980). An explanation for this discrepancy
can not be offered at this moment.
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2.2 The myocardium during aorto-coronary bypass surgery

In this section aspects of hemodynamic function, coronary blood flow,
local mechanical function, cellular metabolism and ultrastructural appea-
rance, and the loss of intracellular enzymes will be discussed as far as they
are relevant to the clinical and experimental study in this thesis. Basic
information on the myocardium can readily be obtained from text books (Mc
Alpine, 1975; Guyton, 1976; Berne, 1979; Drake-Holland and Noble, 1983).

2.2.1 Hemodynamic function

The early clinical reports on the status of the patient during and after
aorto-coronary bypass surgery did not routinely include data on left ventri-
cular function or hemodynamic recovery. More recently, functional parameters
such as heart rate, central venous pressure, mean pulmonary artery pressure,
mean left atrial pressure, mean radial artery pressure, cardiac index, stroke
volume index, stroke work index, systemic vascular resistance and left ven-
tricular minute work index were used by Griepp and colleagues {1975). On the
basis of these parameters, no substantial differences between surgical tech-
niques could be observed, although postoperative enzyme release was signifi-
cantly different in these techniques. It may therefore be concluded that the
assessment of these hemodynamic variables is inadequate to discriminate
between different techniques, which is in agreement with the findings of
Sapsford and coworkers (1974).

Later studies, performed by Cunningham and coworkers (1979), Fennel and
colleagues (1979) and Rosenkranz and Buckberg (1983), indicate that post-
operative cardiac output and left ventricular end-diastelic pressure were
useful parameters to evaluate the adequacy of myocardial protection during
the surgical procedure and that these variables correlated well with peri-
operative complications. Jalonen {1980) showed that the end-diastolic volume,
rather than the end-diastolic pressure, was more reliable for the examination
of individual patients than for groups of patients.

Although the first derivative of Teft ventricular pressure has shown to
be a sensitive marker of myocardial contractility [Mason et al, 1964; 1969;
Schaper et al, 1965), in particular to study the effect of regional (Szekeres


































































































































































































































































































































































































































































































































































































