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Opsomming. 
 

Hierdie DSc  is fundeer op ‘n aantal aspekte rondom ‘n sentrale tema naamlik die algemene 

en streeksfunksie van die normale hart of die hart blootgestel aan die risiko van miokardiale 

isgemie.  

 

Die werk is oor ‘n bestek van 25 jaar gedoen en sluit in eksperimentele werk in groot en 

kleindiere sowel as data verkry in pasiënte. 

 

Hoofstuk 1 handel met globale en streeksfunksie in die normale hart met die klem op  die 

meer moderne benadering tot die koppeling van die hart met die sirkulasie en effek van 

middels op die twee komponente. Hierdie hoofstuk het waardevolle inligting gegee  t.o.v. 

fisiologie maar ook gehelp om die middels te kies vir daaropvolgende studies.  

 

Hoofstuk 2 bevat navorsing  wat verwys na die hart met kroonaarstenose. Onder andere 

word gesteun op ‘n  dieremodel van kroonaarstenose.  Die hoofstuk sluit  data in wat , as 

eerste en unieke bydrae, gewys het dat inhalasie narkose middels die reperfusie besering 

van die hart kan verminder. Hierdie data het spesifiek bygedra om die kliniese praktyk van 

narkose vir hierdie pasiënte te verander. 

 

Hoofstuk 3 verwys na werk  gedoen  om die hart gedurende elektiewe chirurgiese arres te 

oksigeneer. Die  effektiwiteit van verskillende kardioplegiese vloeistofsamestellings is ook 

krities ontleed. 

 

Die vierde hoofstuk handel met ‘n ernstige kliniese probleem naamlik akute pulmonêre 

hipertensie. By pasiënte met akute long besering  is hierdie verskynsel baiemaal die oorsaak 

van dood en of moeitevolle oksigenasie. Die werk het gelei tot beter insigte t.o.v. pasiënt 

hantering tot die punt dat baie van die pasiënte vandag gered kan word. 
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Summary. 

 

This thesis is based on a number of aspects with a central theme of global and regional 

cardiac function in the normal heart and the heart at risk of ischemia. 

 

It summarizes work done over 25 years and includes experimental work in large and small 

animals as well as data obtained from human clinical practice. 

 

Chapter one deals with global and regional heart function and especially the physiological 

concept of ventriculo-arterial coupling as a mechanism to explain and understand   the 

effects of inter alia commonly used drugs.  

 

Chapter 2 summarizes work done in hearts with a coronary artery stenosis. One of the 

interesting ,and  at that time, unique findings was that inhalation anesthetic drugs are 

effective in limiting the reperfusion injury of the heart. This insight helped to redirect 

techniques used to anaesthetize  patients with coronary artery disease. 

 

The third chapter examines methods to improve myocardial oxygenation during elective 

surgical cardiac arrest. It also includes data showing that not all the cardioplegic solutions 

are equally effective. 

 

Chapter four deals with a significant clinical problem i.e. acute pulmonary artery 

hypertension. This condition is often responsible for patient death, or contributes to, difficult 

oxygenation in patients with acute lung injury. The work in this chapter assisted in 

understanding the pathophysiology of the condition  and improved the management thererof. 

This insight, combined with progress in other areas in the pathology or acute lung injury, has 

led to many of the patients today  surviving their  illness. 
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Chapter 1. General comments and reference to the experimental model. 
 
 

1.3 General comments. 

 
 
The candidate will not  repeat what has been shown in the articles submitted in this thesis but rather 

make pointed remarks at the end of each submission, trying to highlight certain aspects from each 

publication. In addition, publications will not follow a strict temporal order and will rather be grouped 

together in areas of interest. The reason for doing this is that the publication dates does not 

necessarily reflect the time the research was done and it is also  an attempt to give an overview of the 

thought processes as they developed over the years (with regards to a specific topic). 

 

In some of the publications the candidate was not the first author. However, the candidate was the  

principle investigator in the  planning, execution of the research and writing of  the papers . In some of 

the papers the registrars were afforded the opportunity to participate in the experimentation and 

writing of the manuscript and it was envisaged that the reward of a published paper would stimulate 

the interest in research. In others, esteemed colleagues (Prof Pieter Fourie and Prof Amanda 

Lochner) were the first authors and the reason for incorporating these are again to demonstrate the 

areas and depth of interest underpinning the research efforts over the years. Again the candidate was 

a very active and equal participant in all the steps of the research and publication.   

 

The central themes of the thesis are the evaluation of a model and using the model to examine the 

effects of various pertubations on the heart function, cardiac dysfunction and its relationship with the 

circulation. Some of the work will deal with myocardial ischemia (both because of coronary vessel 

interventions and elective cardioplegic arrest); others refer to (potential) right ventricle ischemia and 

acute pulmonary hypertension. There are sections dealing with the effects of anaesthetic drugs on the 

heart,- all necessary in gaining a more complete understanding of how these impact on the model 

used but also answering some questions posed in clinical practice. 

 
 

1.4 Remarks. 
 
 
The  perceived, and later proven perioperative cardiac risk, associated with  anaesthesia and surgery 

in the patient with coronary artery lesion(s), was one of the topics in earlier books dealing with cardiac 
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anaesthesia as a subspeciality. (Waller 1979 ,Estafanous 1989,O’Connor 1987, Tarhan 1982, Thomas  

et al 1984, Ewy 1982). The interest in the implication of coronary artery disease for a patient 

undergoing  surgery, was also expressed in local publications by the candidate  (Coetzee 1984 and 

Ford 1984). In these articles we attempted to highlight, inter alia, the perioperative risk for myocardial 

infarction and death in patients with coronary artery disease. This was based on our interpretation of 

the published evidence at that time as the candidate had not yet embarked upon an own study of the 

subject. 

 

The ability to reduce the risk of myocardial ischaemia,was highlighted in a small clinical study by Prys 

Roberts et al (Prys Roberts 1971). This study, in the opinion of the candidate, gave significant impetus 

to the quest to reduce the risk in these patients. Naturally there is a limitation with regard to what 

interventions a researcher can expose patients to  and an animal model of myocardial ischemia 

should allow for more in-depth studies. To this purpose, Lowenstein, Foëx and colleagues established 

(in anaesthesia) a model of acute coronary artery stenosis which could be used to examine some of 

the burning questions (Lowenstein 1981). The advantage of this model was that it allowed the 

researcher to apply a properly defined critical coronary artery stenosis (Gould 1974) and examine 

regional myocardial function after various interventions. At that time the use of echocardiography, in 

clinical anaesthetic practice, was limited and therefore research was generally limited to the evaluation 

of global heart and  circulatory function as opposed to regional myocardial function (which is the 

hallmark of ischaemic heart disease).  

 

The author subsequently established a model, similar to that introduced by Lowenstein and 

colleagues, at the University of Stellenbosch and this formed the backbone of many studies over the 

next 20 years. I was fortunate to have worked with Prof Pierre Foex and Sir Keith Sykes during a 

tenure at Oxford and am indebted to them for the exposure to the model but also the critical thought 

processes which is necessary in the process of research. 

 

The studies presented for this degree mainly refer to ischemic heart disease. However, the work took 

on a wider perspective in an attempt to define the effects of certain drugs on  the circulation with the 

purpose to apply the knowledge in  clinical practice or to decide  which drug(s) should be studied  in 

the experimental animal model. In addition, validation of certain measurements were also undertaken 

to ensure that the conclusions drawn from the animal model, were indeed valid. 
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In 2012 many of the uncertainties of the 1970 and 80’s have been resolved. Hence, the work 

presented in this dissertation must be viewed from a historical perspective of how the author’s studies 

contributed to the growing body of knowledge that provided insight into cardiac and circulatory function 

during anaesthesia, surgery and critical care in normal and patients with cardiovascular disease. 

 

  

Stellenbosch University http://scholar.sun.ac.za



15 
 

Chapter 2:  General studies. 

 

2.1 Coetzee A, Fourie P, Badenhorst E 

Effect of halothane, enflurane and isoflurane on the end-sytolic pressure-lenght 

relationship. 

Can J Anaesth 1987:34:351 – 357 
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This study compared the effects of the then commonly used anaesthetic drugs, halothane, enflurane 

and isoflurane, on regional myocardial contractility. To do this, the load independant index of 

myocardial contractility, end-systolic pressure-length (ESPL) or maximum end-systolic elastance 

(Emax, Ees),  was used (Suga 1973,1974,1979, Sagawa 1977, 1981, Kaseda 1984(a) (b), Sodums 

1984, , Sunagawa 1985, Kass 1987). The advantage of this concept was that it allowed the physician 

to investigate the limits within which the ventricle had to operate and defines contractility 

independantly  of the loading conditions of the heart as well as of  the heart rate.  

 

The myocardial depression was not linear and in order to get a clearer illustration of the effects of the 

drugs on myocardial contractility, the inverse of Emax (1/Ees) was plotted against the minimum 

alveolar concentration of the drug (MAC). Excellent fits for the linear regression equation were 

obtained (r
2 

= 0.90 – 0.98). The slope of the halothane regression was significantly less than those of 

the other two agents, indicating better preservation of myocardial contractility with increasing 

concentrations of this volatile agent. 

 

The experimental model used could not compare the effects of the drugs to awake controls and 

therefore the results had to be viewed against the background of thiopentone , fentanyl and 

pancuronuim. However, these were commonly used drugs in clinical practice and hence the authors 

were of the opinion that the results were instructive within that context. These were also common 

factors in the experimental model and were therefore unlikely to contribute to the differences in 

myocardial contractility that were demonstrated. 

 

As far as the candidate could establish was this the first time that the Ees concept was used to define 

the influence of anaesthetic drugs on the heart. 
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2.2 Coetzee AR, Fourie PR, Badenhorst E 

The effect of halothane, enflurane and isoflurane on the circulation. 

S Afr Med J 1989:76:417 – 421 
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In this study it was shown that the, then, commonly used anaesthetic agents, halothane, enflurane and 

isoflurane, had similar effects on the cardiac output. The cardiac output , and hence oxygen delivery, 

became deficient at approximately 1 MAC for the three anaesthestic agents and there was no real 

difference between the drugs. Circulatory deficiency was defined as the necessity for increasing the 

arterio-venous oxygen extraction i.e. the cardiac output did not deliver sufficient oxygen to satisfy the 

requirement for oxygen. Hence, from this global   perspective of oxygen delivery, there would have 

been very little to choose between the various agents. However, given that the central aim of the 

studies was aimed at ischemic heart disease, and the already known importance of a slower heart rate 

in the prevention of perioperative myocardial ischemia and infarction (Slogoff 1989), the user of the 

drugs could make an informed and tailored decision as to which drug suited the profile required to 

achieve a specific  endpoint (in the case of patients with ischemic heart disease, a slower heart rate). 

Halothane was the most appropriate drug in this regard.  

 

A counter argument, which could perhaps be raised, was that the addition of a beta adrenergic 

antagonist will slow the heart rate during the administration of the other 2 anaesthetic drugs and 

achieve a similar endpoint. However, it is necessary to understand that the various factors that 

determine cardiac output and oxygen delivery, i.e. heart rate, ventricular contractility, pre and afterload 

(and oxygen content), have an intricate and well defined interaction. We have previously 

demonstrated  that enflurane and isoflurane decrease myocardial contractility more than  halothane 

(Coetzee 1987) but this was compensated for with an increases in heart rate and the effects of these 

drugs on the loading  the heart. In the event that a beta adrenergic blocker be added, to prevent the 

increase in heart rate, the initial conclusion that the three drugs had a similar effect on the cardiac 

output and oxygen delivery, will no longer be  valid. 

 

This study was, inter alia, one of the reasons considered by the candidate, at that time , to continue 

using halothane in clinical practice and to pursue further  studies involving the effects of anaesthetic 

agents on cardiovascular function. 

 

Some of the data from this study was used in the thesis submitted by the author for a MD degree at 

the University of Stellenbosch. 
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2.3 Coetzee A, Fourie P, Rebel A 

Effect of halothane on arterial elastance and systolic and diastolic cardiac function. 

Cardiovasc J South Africa 1990:1;:132 – 136 
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This study was undertaken to gain insight into the effect of halothane on global left ventricular cardiac 

function. An important finding was that halothane does not change the effective afterload. This finding 

provided information as to the mechanism by which, the better maintenance of myocardial contractility 

associated with halothane,  could overcome the unchanged afterload (compared to isoflurane and 

enflurane). The left ventricular contractility decreased in a dose dependant fashion as the halothane 

concentration increased.  Halothane also increased the Vo i.e. the extrapolated volume in the ventricle 

when the ventricular pressure, at the end of systoly, is zero (i.e. the unstressed volume) , -  further 

confirming a decrease in the end-systolic elastance (Ees) associated with halothane. 

 

Increasing the halothane concentration did not increase the left ventricular end-diastolic volume. 

Hence we argued that the systolic depression, associated with halothane, was not similar to classic 

systolic failure where congestive symptoms usually are caused by an increase in the end-diastolic 

volume. We demonstrated slowing of the isovolemic relaxation of the ventricle but  the accompanying   

increase in diastolic ventricular elastance resulted in reduced diastolic filling. The result was that  the 

ventricular end-diastolic volume did not increase as was expected during depression of systolic 

function. We speculated that venodilation may also have decreased the atrial pressure and this could 

have further contributed to the diminished diastolic filling. 

 

The absence of a significant increase in the end-diastolic volume (Ved), associated with increasing 

halothane concentrations, assumes more significance in light of the increase in Vo (the unstressed 

ventricular volume). The equation: 

 

Left ventricular stroke word = [Ees(Ved-Vo)
2
].[(Ea/Ees)/(1+Ea/Ees)

2
] ( Sagawa 1988) 

 

explains the importance of an increase in Ved if and when the Vo increases. The role of the  increase 

in Vo vis a vis a constant Vo is illustrated by the following graph where the average values obtained in 

this study, was substituted into the above equation and compared to a scenario where Vo was kept 

constant.  
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Figure 2.3: Graph of left ventricular stroke work (LVSW) against myocardial contractility (Ees) to 

illustrate the influence of Vo on LVSW in the presence of unchanging Ea and Ved. As Ea and Ved  did 

not change during the experiment, averaged values for these variables were derived from Table 1 and 

2 (in the publication) used to calculate LVSW. Diamonds:  Vo held constant; Squares: Vo increasing 

with increasing inhaled concentrations of halothane (as per the experiment). Graph kindly produced by 

Prof Jeff Coetzee). 

  

 

This observation supports the clinical observation that the failing heart (low Ees) does not function well 

if the Ved is not optimized. The clinician has to test the ventricle preload with small volume challenges 

(within limits) to determine the best preload for a particular value of contractility (Ees). 

 

From these results another characteristic of halothane was demonstrated. Although the previous study 

indicated that halothane caused the least myocardial depression (Coetzee 1987), this present study 
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highlighted the dysfunctional coupling of the ventricle to the  circulation which occurs when halothane 

is used in high concentrations (as in the experiment and certainly not used  in clinical practice). The 

coupling concept (of the ventricular elastance to the arterial elastance) could be applied because both 

the systems (the ventricle and the arterial system) are quantified using  similar units i.e. elastance. 

During the administration of halothane, the ventricular elastance (contractility) decreased while the 

arterial elastance remained unchanged,- resulting in poor coupling. We anticipated that the inhalation 

anaesthetic drugs, that produced vasodilation, may result in superior coupling. Our result, and the 

speculation about the other anaesthetic drugs, were later confirmed by other researchers (Hettrick 

1996, Kawasaki  1994). 

 

The model that we used also allowed the quantification of myocardial oxygen consumption and hence 

left ventricular efficiency. During the lowest inhaled concentration of halothane, left ventricular  

efficiency was only in the order of 23 % and it decreased markedly as the halothane concentration 

was increased. 
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2.4 Coetzee A 

The effect of 50% N2O on the general hemodymanics of patients with heart valve 

lesions. 

S Afr Med J 1987: 72; 544 – 550 
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At the time this study was done, surgery for valve lesions was much more common than surgery for 

coronary artery disease (in the author’s institution). This was an opportunity to evaluate the effect of 

nitrous oxide on the general circulation (not contractility) and was instrumental, in conjunction with 

other studies, in the decision not to use nitrous oxide in patients with heart disease requiring surgery. 

 

General haemodynamics were studied in 24 patients undergoing surgery for a variety of heart valve 

lesions and valve replacements. All the patients received a similar benzodiazepine-opiate anaesthesia 

and 50% N2O was administered for 15 minutes. This was done before and after cardiopulmonary 

bypass and valve replacement. General haemodynamic variables were recorded before and after 

exposure to nitrous oxide. 

 

Administration of N2O resulted in a decrease in the cardiac index but the filling pressures, a surrogate 

marker for preload, did not change. Prior to bypass, the reduction in cardiac index was at least in part 

caused by a reduction in heart rate and after bypass the reduction in cardiac index was associated 

with a reduction in stroke volume. Plotting the cardiac index against vascular resistance suggested 

that that myocardial pump function was depressed by nitrous oxide but whether it was due to changes 

in contractility alone, could not be determined. 

 

It was clear from this study that the effects of nitrous oxide may not be as simple as previously 

believed and this led to our experimental study in which the contractility and elastic components of the 

circulation during  the administration of nitrous oxide were determined (Coetzee 1989). These studies, 

combined with the knowledge that narcotics, if properly used, could provide effective analgesia during 

surgery, was instrumental in the decision not to use nitrous oxide in anaesthesia in patients with heart 

disease. 
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2.5 Coetzee A, Fourie P, Bolliger C, Bedenhorst E, Rebel A, Lombard C 

Effect of N2O on segmental left ventricular function and effective arterial elastance in 

pigs when added to a halothane-fentanyl-pancurounuim anesthetic technique. 

Anesth Analg 1989: 69:313- 322 
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Nitrous oxide (N2O), was a very commonly used anaesthetic gas, - mainly used for its analgesic 

properties. Because the author had determined, in a previous clinical study of patients with heart valve 

disease (Coetzee 1987), that the administration of N2O resulted in depression of the circulation, it was 

deemed necessary to quantify the effect of the drug on myocardial contractility and the components of 

the circulation in an experimental model.  

 

From the above mentioned clinical study, it was indirectly inferred that N2O may well have an effect on 

the afterload and myocardial contractility of the left ventricle which could perhaps explain the decrease 

in cardiac index. To further examine this, the end-systolic elastance (Ees) and the  Windkessel model 

(Westerhof 1971; Weber 1982,Sunagawa 1985,) was employed to define the effect of nitrous oxide on 

the various components of the circulation. 

 

Our results showed that in the normal heart, nitrous oxide did not change the contractility or the 

afterload. This finding, in my view, gave credence to the already clinical (and very indirect findings) 

that nitrous oxide does not affect the normal myocardium (Bahlman 1971) but that care had to be 

taken in extrapolating this finding to the abnormal heart. 

 

A conscious decision was made to exclude nitrous oxide from future studies using the model because 

of the then uncertainty of its effect on  myopathic heart segments. In subsequent studies, Philbin and 

colleagues did demonstrate regional diastolic dysfunction in the presence of nitrous oxide (Philben 

1985), - justifying the decision to exclude the drug from our experimental work (and clinical practice).  

 

The true opposition to ventricular ejection is the effective arterial elastance (Ea) (Sunagawa 1985). 

The equation used to calculate this entity, as well as the primary data required to do so, is rather 

involved and make the use of the equation, in clinical practice, an impractical proposition. The 

simplified calculation, where Ea = (Peak systolic pressure/Stroke volume) is however available 

whenever the cardiac output is determined. It is reassuring that the correlation between the simplified 

and the more involved equation was significantly linear and assisted the candidate in introducing this 

concept into everyday clinical practice and teaching (rather than using peripheral resistance (SVR) 

which is only one third of the Windkessel truth). 
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2.6 Coetzee A, Fourie P, Coetzee J, Badenhorst E, Rebel A, Bolliger C, Uebel R, Wium C, 

Lombard C 

Effect of various propofol concentrations on regional myocardial contractility and left 

ventriclar afterload. 

Anesth Analg 1989: 69: 473 – 483 
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The (then) new anaesthetic drug, propofol, was studied in humans in 1983 (Adams 1983) and from the 

onset it was clear that a bolus dose of the drug resulted in  decreases in blood pressures of the 

patients. Being regarded as a major advantage from especially a pharmacokinetic point of view, the 

candidate proposed to examine the effect of the drug on cardiac function using the then already 

established model. 

 

This was the first study to demonstrate an important finding with regard to propofol’s hemodynamic 

effects. These experiments involved the exposure of hearts to very high propofol concentrations for 

several hours. Results showed that, not only did propofol depress the myocardial contractility in a 

dose dependant fashion, it also showed a hysteresis in which the contractility did not recover as the 

blood level of the short acting drug decreased.  

 

Because of this finding, the use of the drug was avoided in the experimental model as this would have 

introduced a confounding variable to the results. 

 

In the candidate’s experience in legal work, there is an unsubstantiated impression that propofol 

infused for long periods, in the presence of severe sepsis (with its temporary cardiac myopathy 

(Parker 1984, Parillo 1985, Crouser 2004, Levy 2007, Viellard Baron 2011) or in patients with poor 

cardiac reserve, has led to a number of deaths. This concern becomes more pertinent if one considers 

the phenomenon of the “propofol infusion syndrome” where the administration of propofol has led to 

irreversible cardiovascular collapse in patients in intensive care units. (Branca 1991, Schenkman  

2000,  Wolf 2001, Coetzee 2006, Dietrich 2011). This possible interaction would be an important study 

which should be undertaken to clarify  interaction(s) (if any) between the mitochondrial effects of 

propofol and the effect of sepsis on cardiac contractility. 
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2.7 Coetzee A, Fourie P, Badenhorst E 

The load independence of the end-systolic pressure relationship of the heart. 

S Afr Med J 1989: 76:191 – 194 

Stellenbosch University http://scholar.sun.ac.za



75 
 

Stellenbosch University http://scholar.sun.ac.za



76 
 

Stellenbosch University http://scholar.sun.ac.za



77 
 

 

 

Stellenbosch University http://scholar.sun.ac.za



78 
 

 

 

 

Stellenbosch University http://scholar.sun.ac.za



79 
 

 

 

 

 

One of the advantages of examining the elastic properties of the heart (at end-systoly) as an index of 

myocardial  contractility, is that it is load independant (Suga 1973). We had to decide whether to use 

an afterload increase or preload decrease in our model to generate various end-systolic pressure-

length points for the calculation of Ees. For the incremental afterloaded model an aortic balloon was 

inflated over a number of cardiac cycles and for the preload model an inferior vena cava balloon was 

inflated to decrease the diastolic volume. 

 

Linear regression showed that the Ees obtained using the two methods were linearly related and 

followed the line of identity. We also satisfied ourselves that the end-systolic pressure-length 

relationship indeed was linear in our model. 

 

This study established the validity and justified  our experimental model. We elected to use the 

afterloaded model in further  studies. 
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2.8 Coetzee A, Fourie P 

Postsystolic shortening as an index of regional myocardial ischemia in an experimental 

model. 

J Cardiothorac Vasc Anesthesia 1991:5: 546 – 550 
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The term, “postsystolic shortening” (PSS), was used by Lowenstein and colleagues to describe early 

diastolic dysfunction (Lowenstein 1981). It referred to regional myocardial shortening that occurred 

after the aortic valve closed. Hence, there was shortening of the myocardium into the isovolemic 

relaxation period. 

 

This being a useful method to describe early diastolic dysfunction, this study explored the validity of 

this measurement in a model of acute myocardial ischemia. Diastolic dysfunction has been shown to 

occur very early in myocardial ischemia (Theroux 1974 and 1974, Wyatt 1975, Forrester 1976, 

Kumada 1979, Vatner 1977, Smalling 1983, Brown 1987, Bonow 1987). Indeed, during the numerous 

studies conducted using an ischemic myocardial animal model, the candidate has been impressed 

how rapidly post-systolic shortening occurs once acute ischemia has been  established ( within 3 

beats whereas the ECG  changed only after 3 – 5 minutes).  

 

In this study the changes in diastolic dysfunction were correlated with coronary artery blood flow which 

was progressively decreased using  a micrometer-controlled snare around the coronary artery. Local 

venous lactate concentrations were also determined and it gave valuable insight into the 

hydrodynamics of coronary artery stenosis, decrease in coronary blood flow and lactate as a marker of 

tissue ischemia (Guth 1990). These measurements were then correlated with  post-systolic 

shortening. 

 

We could show that the PSS was visible when coronary blood flow was decreased by approximately 

33 %. This concurred with previous studies that indicated that a critical stenosis, in a similar model, 

was achieved at the time the coronary blood flow was reduced by 35 % (Gould 1974). It was 

noteworthy that, at the time that PSS was visible, systolic function still was intact, - confirming the 

value of echocardiography in detection of early myocardial ischemia, i.e. before the circulation is 

significantly affected. This also reminded the candidate that the term, “critical coronary artery stenosis” 

is often abused by anaesthesiologists, cardiologist and surgeons as the term has a distinct definition 

(which was reaffirmed in this study). It cannot be gauged by looking at coronary angiograms! 
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The lactate did not change from the onset of visible PSS.  Only when approximately 16%  PSS 

occurred, did  lactate change in a direct relationship with the PSS. We concluded that although there 

may well be other explanations for the early PSS, in our model the application of a progressively 

increasing  stenosis was associated with anaerobic metabolism of the muscle once the stenosis was 

deemed “critical” . From that perspective our critical stenosis model and the role of  PSS was 

validated. 

 

It was very informative to measure myocardial oxygen consumption as the stenosis was progressively 

made worse. There was a point at which the relationship between oxygen delivery and consumption 

changed so that  oxygen consumption became oxygen supply dependant i.e. myocardial hibernation 

occurred (Braunwald 1986). 

 

The author has, at the time this study was done, used the term COD  (coefficient of oxygen delivery 

(COD) = CaO2/(CaO2-CcsO2) derived from DO2/VO2 = CaO2.CBF / CBF.(CaO2 – CcsO2) where cs = 

coronary sinus, D = delivery, CBF = coronary blood flow) in the general circulation in the critical care 

setting. The advantage was that this index did not rely on the measurement of flow and was used for 

the first time in the coronary circulation. It was also used in clinical practice by asking the surgeon to 

obtain a heparinized sample of blood from the coronary circulation, taking a  blood sample from the 

arterial line and calculating COD during cardiac surgery. The critical value, at which the lactate started 

increasing, was approximately 1.3 (unpublished observations). This was an instructive exercise for the 

registrars demonstrating simple cardiac energetics in clinical practice. 
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2.9 Coetzee A, Moolman J 

Regional pressure-length relations during acute myocardial ischaemia and prolonged 

post-ischemic dysfunction. 

Cardiovasc J Southern Africa  : 1997:Suppl 4. S Afr Med J; August ;C205 – C209 

\
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This study also contributed to understanding the model  used to describe regional myocardial function 

and dysfunction associated with a critical coronary artery stenosis. By evaluating the slope of the  end-

systolic pressure-length relationship and extrapolated intercept of the end-systolic volume when the 

left ventricular pressure is zero (unstressed volume) , regional myocardial mechanics during acute 

ischemia and reperfusion could be elucidated.  

 

During acute ischemia, there was ischemic paralysis of the regions subjected to ischemia. This was 

evidenced by the passive increase in the end-systolic pressure-length slope implying that, during 

systoly, the increased left ventricular pressure  caused bulging of the paralysed section i.e. work was 

done on the segment rather than by the segment itself.  Lo was regarded as a surrogate for the 

unstressed volume. The increase in Lo suggests  paralysis of the muscle i.e. an increase in 

compliance , - manifested by the longer regional length (increase volume) at the extrapolated 

unstressed ventricular pressure.  

 

During reperfusion, the pressure-length loop demonstrated depression of the regional myocardial 

function (decrease in the slope of the end-systolic pressure length relationship) and is evidence of the 

classic “stunning” of the heart i.e. temporary and reversible myocardial depression once reperfusion 

was instituted. Given that intracellular calcium overload during reperfusion was one of the accepted 

mechanisms of causing stunning, we postulated that the decrease in Lo was indicative of stiffening of 

the region subjected to reperfusion resulting in a decreased  unstressed length (decreased volume). 

Our results concurred with results obtained by Sagawa and others in an experiment wherein they 

modelled the changes in regional myocardial function and shifts in the Ees (Sagawa 1988). 

 

This study again assisted in the validation of the model subsequently used but also assisted in the 

understanding of the pathophysiology and clinical course of severe myocardial ischemia and 

reperfusion. For instance, immediately after a myocardial infarction, the general ventricular compliance 

may  remain stable (naturally depending on the size of the ischemic area) and hence filling pressures, 

measured by the pulmonary artery wedge pressure or central venous pressure, may not change. 

However, during reperfusion the compliance decreases and, depending on the size of the ischemic-

reperfused area, higher filling pressure will be recorded for a particular end-diastolic volume. Unless 

these dynamic changes are understood, the clinician may come to the wrong conclusions and institute 

incorrect therapy. In these patients, using indirect measurements of ventricular volume (wedge 
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pressure or central venous pressure) can  therefore be misleading and the use of the echocardiogram, 

to determine the correct end-diastolic volume, is of significant value in deciding on further clinical 

management.  

 

The candidate found the results from this experiment very instructive in understanding observations 

made in daily clinical practice. 
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2.10 Coetzee A, Fourie P, Badenhorst E, Els D 

Die suurstof balans in die normale hond miokardium gedurende toenemende 

konsentrasies van inhalasie narkosemiddels. 

 

[The oxygen balance in the normal dog myocardium during administration of 

increasing concentrations of inhalation anaesthesia] 

S Afr Med J  1988:73: 303 – 306 
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This study gave insight into the oxygen use of the heart muscle as the inhalation anaesthetic dose 

was increased. Despite significant myocardial contractile depression associated with the inhalation 

anaesthesia, aerobic myocardial metabolism was maintained as gauged from the lactate extraction 

across the myocardium. The study also laid the foundation for the understanding of myocardial oxygen 

consumption as a beat by beat phenomenon (as opposed to a more conventional approach of 

expressing oxygen consumption on a per minute basis,- see Chapter 2).  

 

As a student one reads about the oxygen consumption of organs and briefly remembers some of the 

figures. Doing this experiment gave a very practical feel for the real values, -a simple but rewarding 

exercise. 

 

 The candidate was rather proud of an initial achievement (before buying the Doppler flow probe to 

measure coronary blood flow), of applying the Fick principle in the heart model in the quest to 

measure oxygen consumption. A 14 gauge cannula was sutured into the coronary sinus and a loop of 

silk stitched around the sinus. By simply occluding the coronary sinus with the loop and draining the 

coronary blood flow into a calibrated beaker against a stopwatch, the total myocardial blood flow could 

be obtained. In addition, lactate and coronary sinus blood oxygen tension were determination. Using 

these values in the Fick equation, and weighing of the heart after the experiment, allowed for the 

determination of myocardial oxygen consumption per gram tissue. This gave  tremendous satisfaction, 

- this method probably was used before (without me knowing) but being able to solve a simple 

problem and then bringing the physiology next to the (experimental) bed (so to speak), was a 

rewarding exercise ! 

 

The second aspect which contributed to the understanding and validation of our model, was the 

significant correlation found between the myocardial oxygen consumption (per beat) and the pressure-

length area (PLA) as described by the pressure-length loops (obtained with the combination of 

regional myocardial systolic shortening and left ventricular pressure). The PLA , being the integral of 

the pressure and length, is a valid index of regional myocardial stroke work (SW)  and the latter 

dictates oxygen consumption (MVO2). Our results supported previous results  namely that there exists 

a significant correlation between the pressure – volume area (PVA) and oxygen consumption (Suga 

1981). Having established  this association, the authors could then embark upon addressing 

interesting aspects such as efficiency (MVO2/SW) and stroke work reserve which later were helpful in 
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understanding chamber failure in, for instance,  acute pulmonary hypertension associated with acute 

lung injury (please see Chapter 5). 

 

It is often correctly stated that inhalation anaesthesia depresses myocardial oxygen consumption and 

that this may well be an advantage in the heart threatened by ischemia. This study gave the candidate 

a practical feel for this and, combined with the understanding of the effect of inhalation anaesthesia on 

cardiac output, the candidate had a better understanding of this concept and it’s applicability in clinical 

practice. 

 

 

Stellenbosch University http://scholar.sun.ac.za



104 
 

2.11 Coetzee A, Fourie P, Badenhorst E 

Response of the heart to acute hypertension during halothane, enflurane and isoflurane 

anesthesia. 

Anesth Analg 1987: 66: 1219 - 1226 
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This study was an attempt to demonstrate the clinical effects of increasing the dose of inhalation 

anaesthesia in the presence of increased opposition to ejection (afterload).  

 

Ross and colleagues (Ross 1964) described a framework for the function of the heart with reference to 

its response to an increase in afterload. By examining the pressure-volume loops, it is possible to 

understand how the response of the normal and failing heart will differ when subjected to increased 

ejection pressure. The normal heart has a steep end-systolic pressure-volume relationship (Emax or 

Ees) and an increased afterload results in increased stroke work (SW) and a minor decrease in stroke 

volume (SV). On the other hand, when the a heart with decreased contractility (less steep Emax or 

Ees) , is subjected to an increased ejection pressure, the result is a significant decrease in the SV and 

SW. In order for the failing heart to restore the SV, it is necessary to increase the end-diastolic volume 

by a relatively large amount. This is accompanied by a large increase in SW and hence oxygen 

consumption. 

 

These concepts are illustrated in the following figures (page  109 where units are arbitrary and values 

approximate). Graph A depicts the normal pressure-volume relationship during the cardiac cycle (loop 

abcd). When the end-systolic pressure (ESP) is raised from 30 to 40 units, the resulting loop is ebfg. 

This result in a small decrease in SV from 20 to 17 units accompanied by an 18% increase in SW from 

500 to 595 units. Graph B depicts how increasing the EDV by a small amount (3 units) , the SV is 

restored to 20 units and SW further increased to 700 units (loop ehig). The events are summerized in 

Table I. 

 

Graph C depicts the ventricle with decreased contractility (less steep Ees (Emax)). A SV 20 units 

working against an ESP of 30 units is produced by a raised EDV (loop jklm compared with loop abcd 

in Graph A). On increasing ESP to 40 units, SV decreases by a large amount to 7 units accompanied 

by a large decrease in SW (loop nkop). Graph D illustrates that, in order for SV to be restored to 20 

units, it is necessary to increase EDV by a relatively large amount (12 units) and that this occurs at a 

cost of a very large increase in SW (185%. Loop nqrp). Graph C also illustrates the principle by which 

the SV of the failing heart can be improved by means of afterload reduction (converting nkop to loop 

jklm). 
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Normal contractility

Volume
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30
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f
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EesB

Table I

Ees  = 2.3 mm Hg/ml

EDV 40 40 43

ESP 30 40 40

SV 20 17 20

SW

Loop

500

abcd

595

ebfg

700

ehig

Increase in SW = 17%

% Increase in EDV =7.5%

Decreased contractility

Volume
0

j k

o

l

n

p

m
p 40

30

Ees

C

Volume
0

q
k

r

n

opp 40

30

Ees

D

Table II

Ees = 0.86 mm Hg/ml

EDV 65 65 77

ESP 30 40 40

SV 20 7 20

SW

Loop

500

jklm

245

nkop

700

nqrp

Increase in SW = 185%

% Increase in EDV = 18%
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By applying the Ross global model to regional function in our model, and causing progressive 

myocardial depression with increasing doses of inhalation anaesthesia, we were able to demonstrate 

that, in general, if less than one MAC of the drugs were administered, the heart essentially acted like 

the normal myocardium. These results placed the experimental work, done on contractility (Coetzee 

1987), in a clinical context and also assisted in understanding the effect that halothane would have on 

the function of the model which was used in further experimental work.  

 

The candidate found this illustration instructive. It also is very helpful in teaching registrars the effects 

of inhalation anaesthesia on the myocardium,- it give a realistic understanding of a well known 

principle. 

 

The results also confirmed that the normal myocardium was reasonably afterload independent while  

the failing heart was more sensitive to changes in  afterload. This observation is further confirmation of 

one of the treatment options often used in managing the failing heart namely reduction in the afterload.  

 

Applying  afterload reduction, in conjunction with Near Infrared Spectroscopy (NIRS) as a method to 

quantify brain tissue oxygenation, allows for  targeted deliberate induced vasodilation and hypotension 

to maintain  LV ejection in the severely compromised heart. The NIRS (in conjunction with fractional 

excretion of sodium and urine volume) allows for determining the level of hypotension which could 

(presumably) safely be tolerated in these patients. This approach is, in the experience of the author, 

especially helpful in patients with severe left ventricular dysfunction after bypass and more so after 

ventriculotomy for aneurysm surgery. 
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2.12 Coetzee A, Fourie P 

Ventricular –arterial coupling. 

Cardiovasc J of Southern Africa 1993:4: 53 – 55 
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The author and his engineer-medical physiologist colleague, Prof. Pieter Fourie, found the concept of 

the ventriculo–arterial coupling an attractive concept to explain the ventricular ejection against a 

specific load. The basis for this concept is the ability to describe both the ventricular function (Ees)  

and the vascular characteristics (Ea) in terms of elastance.  

 

This publication confirmed that the interaction between the Ees and the Ea dictates stroke volume. 

 

As will be shown later, when dealing with the experiments on acute pulmonary hypertension (See 

Chapter 4), this study assisted in the understanding of what is meant by right ventricular failure. In 

clinical practice, patients with acute lung injury, invariably suffer from acute pulmonary hypertension 

(Zapol 1977). The right ventricle, being a thin walled structure, cannot cope with the acutely increased 

load. Consequently the cardiac output decreases and the circulation becomes inadequate, -resulting is 

a decrease in the  mixed venous oxygen saturation. The latter will, in the presence of a significant 

pulmonary shunt, aggravate arterial hypoxia (Coetzee 1987). By critically evaluating right ventricular 

stroke work against the effective afterload (Ea = peak systolic pulmonary artery pressure / stroke 

volume ( Burkhoff 1986, Sunagawa 1985 )), one can, early on in the course of the pulmonary 

hypertension, define acute right ventricular failure and institute effective ventricular support. 

 

Having the opportunity to experience the concept of ventriculo-arterial coupling in own experiments, 

made it a useful clinical tool and it also became standard teaching for registrars. The advantage being 

the fact that one had the experience of manipulating own data rather than relying on published data 

only.  
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Summary. 

 

This chapter utilized some of the more recent (at the time) cardiovascular physiological concepts to 

mainly address anesthesia related questions. 

 

The end-systolic pressure and length relationship was, for the first time, used to describe the effect of 

inhalation anesthesia on myocardial contractility. However, from the perspective of  oxygen delivery,  

contractility is not the only determinant and therefore the effects of the same drugs were studied with 

reference to general circulatory competence, i.e. the ability to sustain tissue oxygenation as 

anesthesia was deepened. Results obtained from these studies allowed the practitioner to make an 

informed choice of which anesthetic vapour to use and he or she could tailor the choice to specific 

requirements, for instance, maintenance of a slow heart rate in the patient with ischemic heart 

disease. By applying an old concept, i.e. evaluating the response of the LVSW against a raised 

afterload, the circulatory effects of the anesthetic drugs could further be placed into clinical 

perspective. Finally, the concept of ventriculo-arterial coupling was used as a tool to illustrate the 

important interaction between two elastic chambers (the LV and the systemic arterial bed)  in 

determining the LV stroke  volume. 

 

One of the very instructive studies was the effects of the drugs on myocardial blood flow, cellular 

oxygenation and metabolism. This elevated the author’s understanding of our commonly used drugs 

to a unique level. 

 

Studies were then extended to evaluate the effects of nitrous oxide on the circulation. For this the 

animal experimental model and human studies were utilized. The conclusion was the routine use of  

nitrous oxide, given its cost, should be discontinued. Today this is common practice i.e. the use of an 

air – oxygen mixture has, to a large extent, replaced the use of an oxygen-nitrous oxide mixture during 

general anesthesia. 

 

Some of the studies reported in this chapter were used to validate the measurement of regional 

contractility i.e. the end-systolic pressure length relationship and the concept of post-systolic 

shortening as an early marker of regional  ischemic myocardial dysfunction. Being able to validate 

these indices in an own laboratory gave confidence in the future use of these interesting tools. 
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Chapter 3.  Effects of various pertubations on regional and myocardial 

function in the presence of coronary artery stenosis. 

 

 

 

 

3.1 Coetzee A, Vivier R 

Incidence and pathophysiology of pre-operative hypoxemia in patients about to 

undergo coronary artery bypass graft surgery. 

Cardiovasc J South Africa 1993:4: 152 - 154
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This study was prompted by the observation that a number of patients coming for coronary bypass 

surgery, were hypoxemic when they reached the operating room  on the morning of  surgery. It was an 

easy matter to quickly correct  this with a raised inspired oxygen concentration. 

 

However, given the experimental results (please see the next section 3.2), there was a concern that 

the hypoxemia may well be detrimental to myocardial oxygenation, especially given that, at that time, 

beta adrenergic blockers were not routinely used. It was therefore thought that it was important to 

understand the mechanism of the hypoxemia in order  to enable the physician to correct the 

underlying pathophysiology rather than simply administer oxygen. 

 

The results were instructive and contra the initial hypothesis that the hypoxemia was  probably the 

result of alveolar hypoventilation caused by the opiate premedication. Results demonstrated that the 

cause for the desaturation was an increase in pulmonary shunt and we postulated that the 

combination of age, early morning premedication (and the patient not  mobilizing),  residual effects of 

sleep on the FRC in the elderly, combined with the administration of nitrates prior to coming to 

surgery, were the probable explanation. 

 

The observation that hypoxemia only occurred in certain patients, despite similar treatment, probably 

reflects a genetic component that influenced the hypoxic pulmonary vasoconstriction response. The 

latter probably was partially inhibited by the nitrates (Colley 1981, Holmgren 1982) and hence the 

increase in calculated shunt fraction. 

 

Our clinical practice was subsequently adapted, - the nitrates were omitted from the premedication 

and beta adrenergic blockers given to diminish the risk of myocardial ischemia. 
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3.2 Coetzee A, Holland D, Foex P, Ryder A, Jones L 

 
The effect of hypoxia on the normal and ischemic myocarduim. 

 
Crit Care Med 194:12:1027 – 1031 
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The coronary circulation is depicted as a low flow, high extraction system, - therefore the natural 

reserve for increasing delivery, is an increase in coronary blood flow (West 1989). In the presence of 

hypoxia, the oxygen delivery to the myocardium can only be sustained if the coronary blood flow 

increases. 

 

In this experiment the section of the heart supplied by the normal circumflex coronary artery, 

confirmed the normal (expected) physiological response to hypoxia, i.e. an increase in coronary blood 

flow. In fact, in the presence of significant hypoxia, the increase in coronary blood flow was sufficient 

to provide oxygen to maintain normal regional function. These results suggest that the normal heart, 

supplied by normal coronary arteries, is fairly resistant to the effects of significant hypoxia (within the 

limits of this experiment). 

 

The section of the heart supplied by the LAD coronary artery which was subjected to a critical 

stenosis, reacted as one expected i.e. once the oxygen delivery was limited (by the low arterial oxygen 

content) combined with the inability to increase the coronary blood flow, severe regional myocardial 

ischemia and dysfunction occurred.  

 

The concept of a decrease in oxygen consumption, in the presence of a limited oxygen supply, is 

generally known as hibernation (Rahimtoola 1989). This is aimed to protect the organ against injury by 

trying to match the function, and hence the oxygen requirements, to the (limited) supply. This 

phenomenon is reversible once the blood flow is restored (provided the ischemia did not  result  in 

infarction which is irreversible).  

 

A confounding factor in this study was the increase in the heart rate. Although it is the normal 

physiological response, and may well be part of the pathophysiology which threatens the patients 

when hypoxia occurs, the liberal use of beta adrenergic blocking drugs may modify the effects if one 

can maintain the rate within acceptable limits. By doing so, the coronary perfusion time during diastole 

is better preserved. However, from a physiological point of view, such protection will be only partial. 

 

It would be instructive to repeat these experiments in the presence of effective beta adrenergic 

receptor blockade. 

 

The  results from this study help one to understand the likely consequences of hypoxia in patients with 

ischemic heart disease subjected to inadvertent hypoxia. It goes without saying that, in clinical 

practice, one will also immediately institute actions to correct the hypoxia. 
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3.3 Coetzee A, Holland D, Foex P, Ryder A, Jones L 

Coronary blood flow during variation in coronary perfusion pressure. 

S Afr Med J 1985:68:15 - 18 
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In a critical coronary artery stenosis, as was used in this model, there will be maximum coronary 

vasodilation in the vessel distal to the stenosis. This implies that the autoregulation ability has been 

exhausted. Under these circumstances, flow becomes directly pressure dependant. 

 

The loss of intravascular volume, and resultant hypotension, led to under perfusion of the myocardium 

supplied by the constricted coronary artery. This in turn led to severe regional myocardial dysfunction. 

 

This study therefore confirmed the importance of maintaining the coronary perfusion pressure in the 

presence of a critical coronary stenosis. 

 

However, although this study mimicked the clinical scenario, it did not distinguish between the low 

perfusion pressure being the culprit  causing the ischemia and the tachycardia associated with 

hypotension (or a combination of the two factors) being the primary cause of the ischemia.  In theory, 

if the blood pressure is decreased, the stroke work will decrease and hence the oxygen requirement is 

less. Hence, lowering the blood pressure is not a one-dimensional factor as lowering the blood 

pressure will, to an undefined extent, protect against ischemic dysfunction as the stroke work (and 

oxygen consumption) will decrease pari passu with the decrease in blood pressure. The  decrease in 

diastolic perfusion time, associated with the tachycardia, will aggravate the under perfusion of the 

muscle , especially if the driving pressure is low across the coronary constriction.   

 

It would be an instructive exercise to repeat this study in the absence of a tachycardia, - such as 

would be the case of a patient receiving a beta adrenergic receptor blocker. Such a study will give 

perspective to the effects of a lowered stroke  work vis a vis a decreased perfusion time and driving 

pressure. The problem in clinical practice of course is that the clinician cannot be in a position to weigh 

these variables and hence will not know when the advantage of reduced cardiac work is insufficient to 

counter the decrease  in myocardial perfusion. 
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3.4 Coetzee A, Holland D, Foex P, Ryder A, Jones L 

Myocardial ischaemia during a tachycardia- not due to an increase in myocardial 

oxygen demand. 

S Afr Med J  1985:67: 496 – 499 
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The textbooks on cardiac anaesthesia (please see chapter 1) uniformly refer to a tachycardia as a risk 

for inducing myocardial ischemia in the presence of coronary artery disease because it increases the 

oxygen consumption. This implies a demand induced process. 

 

This candidate always was sceptical of this concept. In the heart with normal function, but with 

coronary artery pathology, a tachycardia will result in a reduction in stroke volume and hence a 

predictable reduction in stroke work. As work is the determinant of organ oxygen consumption, the 

often quoted statement defies physiological logic. 

 

This study therefore attempted to measure the myocardial oxygen consumption per beat and specified 

heart mass. It was shown that, in this model, pacing induced tachycardia did not increase the oxygen 

consumption of the heart muscle  if viewed per beat. Naturally, if viewed per minute, there will be an 

increase in oxygen use (for rather obvious reason). However, the clinician should consider the oxygen 

supply to demand relationship on a beat by beat basis (and not per minute). The reason is that normal 

physiology dictates that oxygen is consumed mostly during systole after which  the diastolic coronary 

blood flow resupplies the myocardium with oxygen before the onset of the next beat. The resupply 

certainly does not occur after a minute (or some other elected time period) ! 

 

Data from this study confirmed that the oxygen utilization per beat did not change as the heart rate 

increased.  However, given that it was clear that an increase rate was a significant factor in the 

induction of myocardial ischemia (Slogoff 1985), the concept of a demand induced ischemia needs to 

be reviewed.  Ischemia associated with tachycardia is probably a supply driven problem and hence  

careful management of the heart rate, in order to protect the diastolic coronary perfusion time, is 

important in clinical practice. 

 

This study, inter alia, was instrumental in convincing  this candidate  that the use of beta adrenergic 

blockers should be useful in the majority of patients with ischaemic heart disease presenting for 

surgery or are managed in the intensive care unit.  
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3.5 Coetzee A, Holland D, Foex P, Ryder A, Jones L 

The effect of hypocapnia on coronary blood flow and myocardial function in the dog. 

Anesth Analg  1984:63: 991 - 997
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This study confirmed that, in the normal coronary artery, hypocapnia causes vasoconstriction. 

However, it did not induce myocardial  ischemia or dysfunction. The  local regulatory mechanisms in 

the heart muscle probably prevented the  vasospasm from becoming so severe that it resulted in 

regional dysfunction. 

 

But, in the coronary artery with a critical stenosis, hypocapnia did not cause vasoconstriction. Again 

the local tissue oxygenation, mediators and or metabolic products ensured maximum coronary 

vasodilation in the artery distal to the stenosis. This clearly overcame any vasoconstrictive effect due 

to hypocapnia. This and other studies, during which the candidate did sample the blood from the 

coronary vein draining the area supplied by the constricted coronary artery, confirmed increased levels 

of lactate and carbon dioxide. It was interesting to note that the venous carbon dioxide was the earliest 

first marker of ischemia (unpublished observations). 

 

This study created an awareness that, in the presence of Prinzmetal’s angina, where there is an 

exaggerated normal response, hypocapnia may well be detrimental. This has indeed been shown in 

patients (Yasue 1978) and although the condition is relatively rare (in South Africa) , it is important to 

be aware of this possible precipitating factor which is easy to prevent and treat if an when it does 

occur. 

 

Retrospective review of this study raises two issues: 

 

On application of the LAD  constriction, the LC blood flow increased (in absolute values). One possible 

explanation is increased flow via collaterals. However, the collateral flow must come from the LAD in 

which the flow was deliberately decreased with the application of the constriction.  Hence, this 

explanation is questionable. Also, we measured the flow in the epicardial section of the coronary 

arteries (proximal) and the collaterals are at arteriolar level,- again the collateral theory does not seem 

to be a valid explanation. 

 

Secondly the coronary flow through the LC artery did not decrease significantly during hypocapnia 

once the LAD was constricted (it did however decrease in absolute values). The author does not have 

a ready explanation for this but one probable explanation is that the study was underpowered to detect 

a difference, if present. 
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3.6 Coetzee A, Coetzee G 

β Adrenergic blockade during severe ischemia. 

J Cardiothorac Vasc Anesth  2002: 16: 670 678 
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This study examined the effect of the administration of a beta adrenergic blocker during acute regional 

myocardial ischemia. Results confirmed the concept that beta blockers did not change the regional 

myocardial oxygen consumption per se, -it improved the coronary blood flow and that led to an 

increase in oxygen consumption.  I.e. the advantage was in the supply side of the supply-demand 

relationship. The heart rate was not significantly affected by the beta blocker and hence the 

improvement in coronary blood flow was not simply due to an improvement in the diastolic perfusion 

time (in this model). It is likely that there was redistribution of flow from perfused areas to the poorly 

perfused area. . 

  

This study gave insight into one of the mechanisms by which beta blockers improve regional myocardial 

energetics during ischemia and was accompanied by an Editorial in the same journal edition. 
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3.7 Coetzee A, Fourie P 

Regional myocardial function in the presence of coronary artery stenosis and inotropic 

intervention: A case for myocardial hibernation ? 

Anesth Analg 1990: 71: 327 - 333 
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Patients with myocardial ischemia, as many other patients, may at times have to be subjected to 

inotropic support. Given our understanding of the myocardial oxygen supply-demand, it was expected 

that such intervention would be detrimental to an area of the heart supplied by a stenosed coronary 

artery. This study attempted to shed some light on this concern. 

 

In humans, clinical data suggests that, in the presence of coronary artery pathology, but in the 

absence of myocardial failure, dobutamine causes regional myocardial ischemia (see reference 4). 

The model we used for this study, was similar to this group of patients and represents the majority of 

patients in our clinical practice (as opposed to coronary artery disease with cardiac failure where 

dobutamine did not cause myocardial ischemia (see reference 3).  

 

Our results indicated that the area of the heart supplied by the stenosed coronary artery, did not 

respond to the inotropic stimulation (opposed to the area supplied by a normal coronary artery). 

Because there was no increase in coronary blood flow (due to the stenosis), we were of the opinion 

that our observation met the criteria of “hibernation” (Braunwald 1986, Rahimtoola 1989). There 

however was a caveat in interpreting these results: When the  heart rate increased (especially at the 5 

μg.kg/min dose range), postsystolic shortening occurred in parallel. This indicated early ischemic 

myocardial dysfunction. In addition, the extent of the dysfunction had a direct relation with the increase 

in heart rate. 

 

Taken together, this study demonstrated that the normal myocardium will respond as expected and 

the area supplied by the stenosed coronary artery will not be negatively affected by an inotropic agent 

provided  the heart rate is controlled.  

 

These results could be the basis for an interesting study i.e. the use of beta adrenergic receptor 

stimulation (in moderate doses), in combination with beta adrenergic blocking drugs. Viewed 

superficially, this approach seems like nonsensical poly-pharmacy but in clinical practice the candidate 

has, on numerous occasions, had to control rate with small titrated intravenous doses of beta  

adrenergic receptor blockers in patients with active ischemia and on inotropic support presented for 

(emergency) coronary artery surgery. The measured cardiac output was not affected by this practice 

but the heart rate certainly decreased and more often than not, active ischemia decreased (as judged 

by ECG and transesophageal echocardiography). I suspect that this varying response may be related 

to a differential sensitivity of the ino- versus chronotropic response of the heart to stimulation. 
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3.8 Coetzee A, Brits W, Genade S, Lochner A 

Halothane does have protective properties in the isolated ischemic rat heart. 

Anesth Analg 1991: 73: 711 - 719 
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The Langendorff model used in this and the following studies, had the distinct advantage that it 

enabled determination of the high energy phosphate  (HEP) state of the myocardium during and after  

ischemia. This was very instructive to the candidate as it highlighted the fact that temporary post-

ischemic myocardial depression, or “stunning”, was not due to substrate deficiency.  It was a 

mechanical dysfunction that was probably rooted in the control of the (dysfunctional) calcium currents 

that follow  ischemia. As indicated in the text, there was already, at that time, sufficient evidence that 

halothane had an effect on the transmembrane calcium currents and hence the hypothesis was that it 

may well be protective in the post-ischemic myocardium. 

 

The data clearly demonstrated that halothane does not offer any protection during severe ischemia. 

However, the beneficial effect of halothane was clearly demonstrated in the post-ischemic period 

inasmuch as the myocardial function and systolic reserve were significantly greater in hearts exposed 

to halothane either during or after the ischemic period. The fact that halothane, given during ischemia, 

improved post–ischemic function, probably related to the presence of the halothane in the myocardium 

early in the reperfusion period. As will be shown later, in intact animal studies, the timing of the 

halothane administration, was important. The depression of myocardial function by halothane, prior to 

the ischemia, could not explain the improved performance after the arrest as the ATP and CP were 

equally depressed at the end of the ischemic period for those hearts receiving halothane or not 

receiving halothane. We therefore speculated that the probable beneficial effect had to do with the 

ability of the halothane to remedy the dysfunctional calcium currents which appeared to be a 

characteristic finding in the heart during and after ischemia (Henry 1977, Bourdillon 1981, Watts 

1985,Ikemoto 1985, Bosnjak 1986).   

 

This study was the one of the reasons why the candidate elected to use inhalation anaesthesia in 

patients with ischemic cardiac disease even while there was, for some time, an unsupported and 

subjective impression that intravenous anaesthesia may be more “cardio-stable”.   
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3.9 Coetzee A, Skein W, Genade S, Lochner A 

Enflurane and isoflurane reduce reperfusion dysfunction in the isolated rat heart. 

Anesth Analg 1993: 76:602 - 608 
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This study yielded similar results as the previous study (see 3.8) where halothane was examined.  

 

These results further reinforced the author’s conviction that inhalation anaesthesia should be used in 

patients with a potential risk of ischemic myocardial injury  
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3.10 Lochner A, Harper I, Salie R, Genade S, Coetzee A 

Halothane protects the isolated rat myocardium against excessive total intracellular 

calcium and structural damage during ischemia and reperfusion. 

Anesth Analg 1994: 79: 226 - 233 
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Note that the first author of this study was Prof Amanda Lochner . The work was however part of a 

greater study exploring the protective effects of inhalation anaesthesia on the ischemic and reperfused 

heart planned by the candidate and executed in conjunction with the co-authors. Although the 

candidate also participated in the physical experimentation, the study contained  technical elements 

such as the measurement of calcium and electron microscopy which the candidate was not qualified 

to perform physically and hence it was deemed necessary that Prof Lochner be the first author. 

 

This study was the logical extension of previous work where we have shown that halothane, isoflurane 

and enflurane protected the myocardium after ischemia. Results suggested that the protection was 

mainly (if not only) applicable to the reperfusion period and not  simply due to the preservation of high 

HEP substrate. We speculated, in the previous studies, that the control of the dysfunctional 

intracellullar calcium movement, could perhaps explain our results. 

 

This study confirmed the hypothesis. The total calcium was less in the hearts subjected to ischemia 

and reperfusion in the presence of halothane. The electron microscopy also showed improved 

ultrastructure of the hearts receiving halothane. 

 

Our results were in agreement with those of Ikemoto (1985), Bosnjak (1986) and Hoka (1987). In 

addition we demonstrated some agreement between the functional recovery, ultrastructure and 

calcium overload when halothane was used to protect the ischemic heart in the reperfusion period. 
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3.12 Coetzee A, Moolman J 

Halothane and the reperfusion injury in the intact animal model. 

Anesth Analg 1993: 76: 734 - 744 
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This study confirmed, in a relevant intact animal model, that halothane provided protection of  the 

heart during reperfusion. Even a low concentration of halothane (0.2 %) was effective in limiting the 

reperfusion arrhythmias while the protection against “stunning” showed a positive relationship with the 

concentration of halothane administered. The changes noted in the Lo, i.e. the  length of the region of 

the heart when the extrapolated ventricular pressure was zero (the unstressed length), also increased 

as the halothane concentration was increased. It was speculated that this was a reflection of the lower 

calcium accumulation which occurs during reperfusion. The latter led to less “stiffness” of the heart. 

 

This study was one of the first to show in a relevant intact animal model that inhalation anaesthesia 

had the potential for protecting the heart during reperfusion. 

 

This study was used as part of a PhD dissertation presented at the Stellenbosch university. 
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3.13 Coetzee A, Conradie S 

Calcium antagonist Verapamil and  reperfusion injury of the heart. 

J Thorac Cardiovasc Anesth 2007: 21: 337 - 343 
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At the time of this study, there was sufficient evidence from our own previous studies and others, that 

inhalation anaesthesia exerts protective effects on the heart during the reperfusion period. We had 

previously speculated that cellular calcium overload was part of the total reperfusion injury and 

dysfunction and our own experiments strengthened the hypothesis. The obvious next step was to 

show that a specific calcium antagonist would have beneficial effects in an intact heart model. 

 

One of the problems with this particular approach was the experience that, in humans, using  

verapamil in clinically relevant doses after cardiopulmonary bypass, resulted in  significant systemic 

hypotension. Such hypotension, possibly threatening cerebral perfusion pressure, cannot be tolerated 

during termination of cardiopulmonary bypass and rewarming, considering that during that phase of 

the procedure, the core temperature is at approximately 35
o
C. Hence the brain is no longer protected 

from hypoperfusion by the elective hypothermia as used during the bypass . At that time the modality 

of the Near Infrared Spectroscopy (NIRS) was not clinically available in our practice and hence 

reducing the blood pressure to low values was regarded as unsafe. We speculated that, if a small 

dose of verapamil could be given directly into the coronary circulation, the systemic effects could be 

circumvented and the possible advantage of verapamil on the reperfusion injury of the heart could still 

be obtained. 

 

This study confirmed our hypothesis. If the verapamil was present in a small amount at the time the 

reperfusion was initiated, the recovery of the myocardial region subjected to severe ischemia, 

recovered more quickly compared to reperfusion in the absence of the verapamil.  

 

An interesting observation made during this study was the significant increase in coronary artery blood 

flow once verapamil was injected directly into the coronary artery. At times the increase in blood flow 

was such that the registration of the coronary blood flow exceeded the scale of the laser doppler flow 

apparatus !  We implemented this observation  in clinical practice as follows: 

 

 We modified the coronary artery / vein flush mixture from a papaverine based solution to a 

0.9%saline solution with 25 μg/ml verapamil, 100 U heparin/ml , 15 μg/ml nitroglycerine and 

adjusted the pH with NaHCO3 to 7.38 – 7.42. We do not have data showing that this was an 

improvement on the classic papaverine solution but the clinical impression was indeed very 

positive. 

 The role of verapamil, in treating  spasm of the transplanted internal mammary or radial 

arteries, was reconfirmed. 

 This solution resulted in rather dramatic improvement of the perfusion in a number of lower 

limbs  threatened by limited arterial  inflow / spasm. We inserted a small cannula directly into 

the femoral artery and administered the verapamil solution as a continuous infusion. Perhaps 

the most dramatic of these was an 18 year old girl with an undefined vascular disorder who 

was at significant risk of losing her leg. After the infusion was started there was an 

immediate improvement and after the overnight infusion of the verapamil solution, the leg 

was saved. 
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3.14 Coetzee A 

Reperfusion injury in the presence of a coronary artery stenosis. 

Cardiovasc J South Africa 1995: 6: 10 -16 
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This was the first of a series of experiments where anesthetic  techniques were compared in their 

ability to modulate ischemia and / or the reperfusion injury of the heart. At the time of this publication, 

there was a common and uncritical approach to patients with ischemic heart disease,- called :”cardio-

stable” anesthesia. This unpublished approach was aimed at the maintenance of blood pressure 

rather than  heart rate (my interpretation of a rather nebulous concept) using total intravenous 

anesthesia. Given my own  body of work to date, i.e. that inhalation anesthesia has beneficial effects 

on the isolated and intact animal model , and the data which clearly suggested  that a slower heart 

rate is best in the presence of a coronary artery lesion, direct comparison between different anesthetic 

techniques were thought necessary. 

 

This study confirmed the beneficial effects of inhalation anesthesia on the reperfused area of the 

myocardium after a severe ischemic event. This benefit was absent in the presence of anesthesia 

which did not include a volatile agent. In addition, this experiment was designed  to mimic the clinical 

scenario where a patient, with a coronary artery stenosis, has an ischemic event and thereafter the 

reperfusion occurred through the still stenosed artery. This approach differed from the previous 

experiments where the reperfusion occured through a non-constricted  coronary artery. 

 

Today ischemic and pharmacological “preconditioning” of the myocardium that result in attenuation of 

ischemic and reperfusion injury are accepted and proven concepts  (Murry 1986; Yellon 2003, Schultz 

1995; Zaugg 2003). It is well known that besides volatile anaesthetics, fentanyl and other opiates can 

also provide protection by preconditioning ((Schultz 1995, 2001, Takashi 1999). Fentanyl was used in 

both divisions of this experiment and because there was no control group that did not undergo 

anaesthesia,the protective effects of fentanyl cannot be discussed. However, what seems quite clear 

is that the use of halothane did add a distinct advantage over and above whatever benefit could be 

obtained from the opioid included in the anesthetic management. To this day it is the candidate’s 

impression , although not supported by any data of my own, that the modulation of the reperfusion 

period is a more powerful  method of modulating the effects of myocardial ischemia when compared to 

preconditioning. The study from White and collegues (1994) compared halothane with fentanyl in their 

ability to modulate the ischemic-reperfusion injury in dogs. They concluded that halothane was more 

effective in attenuating regional myocardial dysfunction after a transient ischemic episode. Given that 

opioids open the mitochondrial K-ATP channel and that this action is instrumental in the process of 

preconditioning (Zaugg 2002), one can probably safely assume that the combination preconditioning 

and modulation of the reperfusion injury associated with the volatile anaesthestic drugs, are probably 

more effective than preconditioning alone. 
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3.15 Conradie S, Coetzee A, Coetzee J 

Anesthetic modulation of myocardial ischemia and  reperfusion injury in pigs: 

Comparison between halothane and sevoflurane. 

Can J Anaesth 1999: 146: 71 - 81 
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Yet another animal study comparing the effects of two different anesthestic drug’s ability to modify the 

reperfusion injury in the intact animal model. 

 

From these results, and keeping in mind the limitations as indicated in the study, it was concluded that 

halothane was associated with less reperfusion arrhytmias and faster recovery during  reperfusion. 

We speculated that this difference relates to the known effects of halothane on the calcium currents 

and the difference between the drugs in this regard may well relate to their structural differences, - 

sevoflurane  being an ether and halothane a simple hydrocarbon compound. 

 

There is clinical evidence that sevoflurane does protect the heart during coronary bypass surgery (de 

Hert 2004). The protective effects in their study was determined by the mode of admininstration ,- the 

authors showed that sevoflurane resulted in better function compared to propofol but that the best 

results were obtained if sevoflurane was administered throughout the procedure, i.e. preconditioning 

was activated and the reperfusion injury was contained. I do not believe the administration of 

sevoflurane during the cardiopulmonary bypass added an advantage except for the fact that the 

sevoflurane was present at the time when the reperfusion was initiated. Given that the timing of the 

reperfusion modulation is crucial (please see 3.13), the administration of sevoflurane ensured that the 

possible beneficial effects (on reperfusion), by sevoflurane, was optimized by being present when the 

reperfusion was initiated.  

 

From this experiment it appears that halothane is more effective in protecting the heart when 

compared to sevoflurane. This was later confirmed by Piriou  in animal experiments (Piriou 2002).  

They showed that the infarct size was less if halothane, isoflurane and desflurane were used to 

precondition the myocardium (compared to sevoflurane). Because of our methodology, we probably 

also caused preconditioning although we only evaluated the reperfusion injury per se.  The 

mechanisms of preconditioning and reperfusion injury are different and the preconditioning 

experiments, such as used by Piriou, utilized the classic infarction size model and we specifically 

(attempted) to avoid infarction by using a 15 mintue occlusion model. We are not in a position to 

distinguish between advantage gained by preconditioning versus advantage obatined form modulating 

the reperfusion period only.  

 

Our experiment is more comparable to that of De Hert et al (De Hert 2004) . What is disconcerning is 

that we did not show a difference between control and sevoflurane in our model and in that regard our 

results differ from that reported by de Hert. One must keep in mind that we used a 15 minute total 

occlusion model , which, by any standard, is severe ischemia. The data generated by de Hert came 

from clinical practice where there is aortic cross clamping but cardioplegia is administered at regular 

intervals. We have shown (see 4.5) that the use of oxygenated crystalloid and blood cardioplegia 

maintained the ATP concentrations at acceptable levels ,- hence the ischemic injury is probably not 

comparable with a 15 minute  total occlusion model. Strictly speaking, if one wants to only evaluate 

the effect of a drug on reperfusion, it will have to be given only during that period. However, we 

elected to use the model as set out as it mimicked our clinical practice. In additon, myocardial 

ischemia (in patients suffering from ischemic heart disease), can occur any time during the procedure. 
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One does not only aim to protect against the period of aortic cross clamping and hence it is , in my 

view , mandatory to have a continuous exposure to the volatile anesthetic agent. 
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3.16 Coetzee A, Roussouw G, MacGregor L 

Failure of allopurinol to improve left ventricular stroke work after cardiopulmonary 

bypass surgery. 

J Cardiocthorac Vasc Anesth  1996: 10: 627 - 633 
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Based on the theory of free radical formation being as at least one of the drivers of the reperfusion 

injury in the heart (Bolli 1990) , the use of allupurinol seemed like a reasonable choice in order to limit 

the free radical formation. As indicated in this study, there were a number of well conducted studies 

which confirmed this expectation. 

 

However, we failed to confirm a clinical benefit associated with allupurinol. We offered  three reasons 

why our results differed from previous results and, in the opinion of the candidate, they mainly related 

to the degree of ischemia. The studies that did show a benefit, were associated with severe ischemia 

given the clinical techniques employed, whereas we surmised that our patients hearts were subjected 

to lesser degrees of ischemia due to the use of oxygenated cardioplegia (see later). We also used  

inhalation anesthesia and beta adrenergic blockers , which both afford protection to the potentially 

ischemic myocardium. In addition, we would have missed early and smaller diffences because we 

measured global, as opposed to  regional, myocardial function.  

 

The reason for the use of enflurane during the bypass relates to it’s ability to cause arterial 

vasodilation (which halothane does not do). This characteristic was used to control the blood pressure 

when the pump flow was at predermined values and the pressure differential between the pump and 

the patient was normal. Under these circumstances the vasodilation was  a method of maintaining the 

blood pressure within the autoregulation range for a particular patient. It goes without saying that it 

was first ensured that the patient was a sufficient depth of anaesthesia. Currently the author uses 

isoflurane to  this end as enflurane is no longer available. The reason for not using direct vasodilators 

such as nitroprusside or nitroglycerine is that they rely on enzymatic actions and the generation of 

nitric oxide (NO). Because patients are cold, these drugs are ineffective and could result in 

unexpected low blood pressures on rewarming. 

 

As mentioned before, the candidate was impressed with the very early detection of diastolic regional 

myocardial dysfunction in the presence of ischemia and  hence the use of transesophageal or 

transthoracic echocardiography would have been the ideal monitoring technique in order to detect  

subtle and / or early regional myocardial dysfunction. At that time, and contrary to today’s practice, 

these modalities were  more in the domain of the cardiologist but  naturally should not have precluded 

the  use thereof. 

 

As will be discussed when referring to the oxygenated cardioplegia, clinical practice changed 

dramatically once the author started the use of oxygenated crystalloid cardioplegia. The termination of 

bypass and the postoperative course of patients changed from , what can  best be termed “stormy”, to 

significantly less troublesome to the point that we could easily do two pump cases per day in an 

operating room and even fit in three cases from 07h00 to 19h00 at times. The subjective impression  

was that the hearts were better protected and the function and recovery that much more easy to 

manage.  
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3.17 Govender V, Le Roux P, Rossouw G, Coetzee A 

Magnesium and myocardial reperfusion injury- a study in patients undergoing coronary 

artery bypass surgery. 

Cardiovasc J Southern Africa 1999: (Suppl 3 to S Afr Med J): C144- C149 
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This study was initiated by the candidate and data was collected by the candidate and Dr Govender 

during his 3 months rotation in the cardiothoracic operating room. Data was then given to Dr Govender 

, a registrar, to use for his M Med(Anes) thesis.  

 

Given the general perception that calcium overload was the final result of the free  radical 

overproduction during reperfusion, and the  common use of magnesium at that time to control 

hypertension in pre-eclampsia, combined with the knowledge that magnesuim often acts in opposition 

to calcium, it was studied in the context of  cardiopulmonary bypass and global myocardial ischemia 

(application of the aortic cross clamp). 

 

At the doses used in this study, we could not demonstrate a clinically relevant beneficial effect. Not 

being able to  confirm the hypothesis, the routine use of magnesium in this scenario was then 

stopped. 

 

On rereading of this publication, the author notes that the use of halothane, as volatile anaesthetic 

agent, was accidentally ommitted from the method section. It was referred in the discussion (page C 

148, paragraph 2). Again, the use of beta adrenergic receptor blockers, inhalation anaesthesia and 

oxygenated cardioplegia , probably afforded sufficient  cardiac protection. The measurement of  global 

markers of function, as opposed to specific regional function, may well have missed subtle changes in 

areas of the heart at risk. 
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3.18 Malherbe S, Conradie S, Coetzee A 

Effect of magnesium on myocardial ischemia and reperfusion injury. 

Cardiovasc J South Africa : 1999: (Suppl 3 S Afr Med J): C135 – C140 
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This is yet another study where the candicdate used the laboratory to introduce promising registrars to 

the world  of animal experimentation and the model of regional myocardial function. Drs. Malherbe and 

Conradie participated in this study (as registrars) and the data was  then given to Dr. Malherbe to use  

for his M Med(Anes)  thesis. 

 

This study attempted to overcome the limitations of the clinical practice where we could not analyze 

regional ischemic and reperfusion effects on the human heart.  The animal model enabled us to 

evaluate more specific effects on a segment of the heart made ischemic and  then allowed to 

reperfuse. Magnesium was evaluated as a possible method to modify the reperfusion injury. 

 

Our data supported previous work inasmuch as the presence of additional magnesium did result in a 

more rapid recovery of systolic function during reperfusion. However, what was inteteresting was the 

prolonged presence of diastolic dysfunction when magnesium was present during reperfusion. The 

static compliance calculated in our study suggest that chamber stiffness was increased which could  

imply that  myocardial stiffness was increased. This however, is contraintuitive, - the proposed method 

of magnesium’s beneficial effect is via it’s opposing effects of calcium. This should, according to the 

understanding of physiology, have resulted in less stiffness. A possible explanation is that although 

the magnesium opposed the actions of calcium per se, the dysfunctional calcium currents caused by  

ischemia and or reperfusion, resulted in  accumulation of calcium in the intracellular space. Because 

the magnesium does not rectify the dysfunctional calcium transients and perhaps the fact that the 

calcium accumulates in  intracellular space,could  explain  this observation. 

 

 Naturally one should be careful in drawing  conclusions from a static measurement of what is 

inherently a dynamic process but the prolonged post-systolic dysfunction, in the presence of 

magnesium, does suggest that the magnesium had a discrete negative effect on diastolic function 

which would be an interesting  study for further study in  perhaps the isolated rat heart model. 
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3.19 Moolman J, Coetzee A, Fourie P, Weich H 

Die effek van lignokaien op segmentele miokardiale funksie in die oop borskas 

isgemiese varkhart onder algemene narkose. 

Cardiovasc J South Africa 1993: 4: 7 - 12 

 

[Effects of lignocaine on regional myocardial function in an open chest ischemic pig 

heart subjected to general anesthesia. 

Cardiovasc J South Arfica 1993: 4; 7 – 12] 
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The first author in this study is Dr. Johan Moolman, who was, at that time, a registrar in medicine. The 

interest in the topic stemmed form the candidate’s concern that lignocaine, which  was often used in 

cardiology and anesthesiology practice in inter  alia,patients with known ischemic heart disease, may 

affect either global or regional myocardial function. Dr. Moolman was recruited to participate in the 

laboratory experimentation and the the data from this study was used by him for his M Med thesis. 

 

In essence it was found that two different doses of lignocaine, did not affect the function of the 

segment of the myocarduim supplied by a critically stenotic coronary artery.  

 

In this study we used the area under the pressure-length loop as a surrogate for regional myocardial  

oxygen consumption. This technique was referred and validated before (please see 2.3 and 2.10)   

and was based on  experimental  evidence of others (Suga 1981).  
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3.20 Coetzee A 

Halothane anaesthesia is associated with improved post-cardiopulmonary bypass 

global myocardial function. 

Cardiovasc J Southern Africa  1995: 6; 72 – 77 
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This was a small clinical study in which the addition of halothane to an opiate-benzodiazepine 

anesthetic technique was tested in patients who underwent coronary bypass surgery. Results showed 

that the left ventricular stroke work was better maintained 12 and 24 hours after surgery when 

compared to patients who  received only an intravenous anesthetic technique (consisting of fentanyl 

and a benzodiazepine). In addition, the capillary artery wedge pressure was lower in patients who 

received halothane as part of their anesthesia.  

 

The candidate was always aware of the limitations of the small number of patients in this study. It was 

indeed expected that the international journals would not accept this study because of the statistical 

limitations. However, the reasons for not accepting this study for publication varied from (and I quote 

directly): “ Halothane causes halothane hepatitis”; “ Halothane is an old drug”, “there is little reason to 

accept the conclusions as drawn in the Discussion”; “This anesthetic technique has been surpassed 

by other more cardiostable techniques (whatever that means). In the otherwise interesting and 

rewarding research journey this was one of the low points in the candidate’s experience. 

 

It now is accepted that inhalation anesthesia is , in theory and in clinical practice, beneficial to the 

ischemic heart (De Hert 2002, 2003, 2005; Symons 2006, Frabdorf 2009, Cromheecke 2006; vd 

Linden 2003; Belhomme 1999, Landoni 2008, Bignami 2009, Bignami 1012).   These  studies showing 

this clinical benefit came 7 years after this study was submitted to international journals for 

consideration ! 

 

The improvement in contractility in the failing human heart, when the latter had been exposed to 

halothane (Scholten 2001 and Schmidt 1995), combined with the experimental work in animals 

conducted by  inter alia the candidate  were the reasons why the candidate, to this day, still uses 

inhalation anesthesia for the injured or threatenend heart and has been doing so since the 1980’s. It is 

highly instructive to demonstrate to registrars how the cardiac output and filling pressures, in patients 

with coronary artery disease and overt functional New York Heart Assosciation class 4, improve when 

they are rendered analgesic and partially obtunded with a target controlled infusion of fentanyl (aiming 

for a blood level of 5 nanog/ml) and ventilation is controlled while anesthesia  is induced with an 

appropriate and titrated dose of halothane or sevoflurane. Naturally the mechanical ventilation per se 

adds an advantage to the failing heart but as a minimum this illustration helps to dismiss the 

conjecture that the failing heart cannot “tolerate inhalation anesthesia”. In fact, the data from Schmidt 

(1995) and Scholten (2001) showed that the failing heart functions better in the presence of inhalation 

anesthesia . The proviso, in my view, is that the cardiac output and ventricular filling pressures must 

be continuously monitored to ensure that the envisaged advantage is realized as one is balancing the 

above  advantage against the depression of  cardiac contractility associated by the volatile 

anaesthetics. Care should also be taken in using the end-diastolic pressure as an indirect 

measurement of end-diastolic volume which determines preload. However, the pressure is the factor 

which will precipitate for instance pulmonary edema and is therefore a valuable index to follow while 

the echocardiogram will  quantify the proper preload more accurately given that the end-diatolic 

volume can be determined. 
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3.21 Coetzee A 

Comparison of the effects of propofol and halothane on acute myocardial ischaemia 

and myocardial reperfusion injury. 

Cardiovasc J Southern Africa  1996: (Suppl 2 S Afr Med J) : C85 – C90 
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This study compared inhalation anethesia with halothane, with intravenous anesthesia provided by 

propofol.The results reconfirmed that halothane decreased the extent of the reperfusion injury and that 

propofol did not protect against the reperfusion injury or arrhythmias.  

 

Again, later clinical studies by inter alia de Hert (De Hert 2002 and 2004) and others (Asgeri 2011, 

Meissner 2000) confirming our findings. The possible explanation for the differences is the absence of 

effects by propofol on the  K-ATP channels (Kawano 2002 and 2004).  

 

However, there are data suggesting that propofol has beneficial effects on the ischemic and 

reperfused heart (Kokita 1998,Yoo 1999, Ko 1997, Xhia 2003, McDermott 2007, Sun 2009). This is 

explained on the basis of it’s ability to reduce free radical production and lipid peroxidation. These 

studies were mainly generated in rats and, as Mathur correctly suggested (Mathur 1999), the 

beneficial effects of propofol would then be mainly on reperfusion while the volatile agents will mainly 

precondition via K-ATP channel actions. Indeed, Huang (2011) and Li (2012) has demonstrated that 

the two interventions, i.e. propofol and volatile anaesthesia, used together, resulted in superior 

protection of the heart in dogs and humans.  

 

Our study was done in pigs and the design was such that preconditioning and reperfusion would 

account for the final result (without being able to distuinguish between the two). We showed that 

halothane resulted in improved recovery compared to propofol and in this regard, our results differ 

from those mentioned in paragrpah 3 above. There are also reasons to suspect that species 

differences may play a role in these findings. 

 

A related study was done by Ross (1998). The authors compared the effects of propofol and fentanyl 

on the dog myocarduim subjected to 10 minute ischemia and reperfusion. They could not  

demonstrate a difference but unfortunately they did not include a control group and one cannot decide 

whether the drugs had any effect at all on the ischemic-reperfused myocardium. 

 

Andrews and colleagues (2009) also showed that, in a rabbit model, desflurane and sevoflurane 

provided better protection against ischemia-reperfusion when compared to propofol. 
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Summary. 

 

This chapter  addressed clinical questions using either patient information or data obtained from  the 

animal laboratory using some of the techniques referred to in Chapter 1. 

 

The effects of physiological abnormalities such as hypo- and hypertension, hypoxaemia , hypercarbia 

and an increase in heart rate in patients with coronary artery stenosis, were addressed. The  blood 

flow across a coronary artery stenosis was shown to be pressure dependant and in addition our 

further results, inter alia, put to rest the concept that a tachycardia caused myocardial ischemia 

because of an increase in oxygen demand. It was clear that ischemia was the result of limited oxygen 

supply associated with tachycardia . From these results the  value of beta adrenergic blockers 

followed as a matter of logic. This was further extensively examined in another study and the results 

added to the current understanding why beta adrenergic blockers are indeed indicated in patients 

suffering from ischemic heart disease. 

 

Using the isolated rat heart model, studies then showed the advantage of inhalation anesthesia when 

used in the presence of myocardial ischemia and reperfusion. This observation was taken to the large 

animal laboratory and the author was one of the first to show the significant value of halothane in 

limiting the reperfusion injury in hearts subjected to ischemia  and reperfusion. 

 

The above principles were  applied to then a clinical study and the results confirmed the advantage of 

inhalation anesthesia protecting the human heart during cardiac surgery and elective cardiac arrest. 

International journals were unwilling to accept the data at that time and 8 years later the realization 

was “re-invented” and the literature now abounds with evidence that our early work was indeed 

correct. 

 

Further  attempts to modify the reperfusion injury were studied and agents included magnesium, 

allopurinol and verapamil. The latter was used in a novel experimental model and the data confirmed 

the value of calcium antagonists in this regard if applied at the right time and delivered at the point of 

injury. 

 

Finally, data suggested that propofol, which had become very popular at the time, did not offer 

additional  protection  to the ischemic and reperfused heart. 
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Chapter 4: Global myocardial ischemia and cardioplegia. 

 

 

 

4.1 Coetzee A, Kotze J, Louw J, Lochner A 

Effect of  oxygenated crystalloid cardioplegia on the functional and metabolic recovery 

of the isolated perfused rat heart. 

J Thorac Cardiovasc Surg  1986: 91: 259 – 269 
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This study originated from the candidate’s concern about the clinical practice which the author, as a 

junior consultant, found in the cardiac operating rooms. A that time the practice was to arrest the heart 

with a potassium containing solution and thereafter give cardioplegia every 20 – 30 minutes for the 

duration of the arrest. The practitioners relied on cold, diastolic arrest and a (half) empty heart to 

survive the ischemic period of aortic cross clamping. To me this always was a questionable practice 

and I could not understand why one would not attempt to oxygenate the heart during the 

administration of cardioplegia. 

 

Bubbling oxygen through the crystalloid solution allowed for an increased amount of oxygen to be 

dissolved (by virtue of Henry’s law). On calculation, the amount of oxygen available was of the order of 

2 ml/100 ml of crystalloid solution. Given that the filled and functional myocardium consumes 

approximately 10 ml oxygen/100 g tissue, while the empty hypothermic and arrested heart only 

required approximately 2 ml/100 g tissue (Buckberg 1977, McConnell 1977, Brazier 1977), the 

candidate speculated that oxygenation of a crystalloid solution will perhaps supply sufficient oxygen to 

maintain  the myocardial high energy phoshate (HEP) stores if myocardial oxygen demand also scaled 

down (as would occur in the empty non-beating heart maintained at hypothermia). The essence of the 

concept was that one would have to use a dual approach given the numbers game as indicated 

above, - the supply of a small amount of extra oxygen without diminishing  oxygen consumption was 

unlikely to work. In addition, lowering the temperature of the cardioplegia, allowed for an increased 

amount of oxygen being dissolved in  the crystalloid solution. 

 

I therefore set out to examine the concept in the isolated rat heart model in the laboratory of Prof 

Amanda Lochner. The maintenance of the myocardial HEP and function were patently obvious from 

the results of this study. Neither was it unexpected. 

 

This study introduced the author to the isolated rat heart laboratory which was a significant addition to 

my research endeavours and understanding the relationship between myocardial energy stores and 

function of the heart muscle.  

 

Two additional remarks: 

 

The candidate took the concept into the operating room (without discussion with the surgeons ,- one of 

them remarked “one cannot put oxygen in water, there is no hemoglobin”!). I can still recall the 

Monday morning when this was done the first time and the smooth separation from bypass which was 

quite different from the previous experience where separation was a time consuming battle. This 

experience lead the same surgeon to remark on the great surgery he had performed. I could not resist 

making sure that he was informed that this was not a surgical triumph,- this was the application of 

simple physics and physiology and anaesthetist engineered success. From then onwards we could 

easily perform 2 and even 3 cases per day in a single operating room, simply because  weaning from 

cardiopulmonary bypass was easy and fast. The proper venting of the heart then also became a 

standard procedure in our operating rooms as the maintenance of an empty heart was an important 

component of keeping the oxygen consumption down during the elective hypothermic arrest. 
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The second (unplanned) observation was instructive and assisted the candidate in appreciating  the 

concept of ventricular-arterial coupling and the use of the Windkessel model of total arterial 

impedance (as the true left ventricular afterload). The rat left ventricles were initially mounted virtually  

directly on to the glass tubing of the Langendorff apparatus. Hearts lasted approximately 2 hours. By 

accident, the candidate one day had a small section of the aorta still attached to the heart and this was 

mounted on the Langendorff apparatus, i.e. interconnecting the ventricle and the stiff glass tubing. 

This lead to the heart lasting 5 hours and was thereafter employed in all the studies. The reason for 

this difference, in my view, was the fact that the piece of aorta introduced a compliance factor and as 

this is an important element in the coupling of the ventricle to the impedance offered by the  arterial 

tree. This  improved coupling ensured prolonged function (please see 2.12). This served to highlight 

the role of the noncompliant vasculature of elderly patients as well as those with cardiac hypertrophy 

and failure. These concept led to my belief that the loss of compliance in systolic hypertension, and 

the treatment of this type of hypertension, should, from a physiological point of view, be different from 

the more common  systolic and diastolic hypertension. Drugs like angiotension converting enzyme 

inhibitors or alpha adrenergic blockers will reduce the arteriolar tone, reduce the diastolic pressure and 

maintain (or even increase) the stroke volume. The systolic pressure will be maintained at the 

pretreatment values as the systolic pressure is the interaction between the elastance of the larger 

arteries and the stroke volume injected into the vessel. The resultant decrease in diastolic pressure 

introduced the risk of organ underperfusion in these patients. Treatment should be aimed at lowering 

the stroke volume.  

 

The candidate thereafter , in conjunction with the late Prof Niel Roussouw, Head of Pathology, found a 

significant correlation between the degree of left ventricular hypertrophy in the elderly (at post mortem) 

and the loss of aortic compliance (determined from isolated  section of the aorta of the corpse. This 

was determined by ligating a standard section of the aorta,  transducing the pressure in that section 

and filling the section with standards water volume increments while the change in pressure was 

recorded). The loss of compliance was most severe in elderly patients who had a history of systolic 

hypertension and cardiac failure. Although this did not establish a cause and effect relationship and 

was never published, it was part of an important and enjoyable education process. It is to this day 

useful in teaching registrars the concept of coupling and the role of the vascular compliance. 
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4.2 De Wit L, Coetzee A, Kotze J, Lochner A 

Oxygen requirements of the isolated rat heart during hypothermic cardioplegia. Effect of 

oxygenation on metabolic and functional recovery after five hours of arrest. 

J Thorac Cardiovasc Surg 1988: 95: 310 - 320 
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Note that the first author of this study was Louis de Wit, at that time a registrar in the department. The 
study was conceived by the author of this thesis  who also  physically assisted in the experimentation 
and drafted the manuscript. As in the large animal laboratory, the candidate used the laboratory 
experiments with an eye to instilling interest in research  in selected registrars. The results were then 
used for the M Med thesis of Dr de Wit. 
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This study stemmed from the previous experiments in which we demonstrated significantly better 

preservation of myocardial function if an oxygenated crystalloid solution was used to maintain 

cardioplegic arrest (4.1). In that study we used 100 % oxygen and one of the aims in this study was to 

see if there was a dose dependant relationship between the amount of oxygen used and the 

subsequent recovery. 

 

We showed a dose dependent effect as per the hypothesis regarding ATP preservation. However, the 

functional recovery, at the higher doses of oxygen, was not as good as high energy phosphate (HEP) 

concentrations suggested it should be (after 5 hours arrest). We argued that there were indicators of 

ischemic injury such as defects in the mitochondrial function and that this, combined with the 

reperfusion injury (“calcium and oxygen paradoxes”) probably were to blame for this progressive 

dissociation between potential for recovery and actual recovery. 

 

The addition of insulin and glucose to the cardioplegic solution raised the ATP to levels higher than 

control (however, not overcoming the dissociation between HEP and function). But this observation 

gave the candidate some insight and interest in the use of insulin and glucose in clinical practice,-  

trying to resuscitate hearts after prolonged bypass and aortic cross clamp periods. In clinical practice, 

after completion of surgery and release of the cross clamp, hearts were partially supported by the 

bypass at 35
o
C, kept empty and coronary perfusion pressure maintained at high values (in order to 

optimize coronary blood flow in the absence of coronary autoregulation) while the hearts were rested 

and an intra–aortic balloon pump inserted. Insulin and glucose were given in generous doses during 

this period. More often than not this regimen allowed for recovery and weaning from bypass and good 

recovery. Naturally the candidate cannot ascribe the success to the insulin and glucose component 

but the experiments conducted with the insulin and glucose gave a better understanding of the ability 

of the heart to utilize additional glucose and insulin and dismissed, to some extent, the notion that 

these hearts failed because of “a lack in ATP stores” which was a common perception at that time. 

The information and insight obtained in this regard must not be confused with the debate whether a 

glucose-insulin-potassium solution used during  a cardiac  disaster  is beneficial or not  (Lazar 1977; 

Bruemmer-Smith 2002 and Bothe 2004). It gave the author insight into the ability of the compromised 

eart to utilize the glucose and insulin in building HEP reserves.   
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4.3 Coetzee A, Lloyd L, Lochner A 

Coronary pefusion pressure during reperfusion of the cardioplegic rat heart. 

Cardiovasc J  Southern Africa 1990: 1: 45 – 48 
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This study was regarded as necessary because of a clinical uncertainty. There were, at the time of this 
study, different opinions with  regard to the coronary perfusion pressure (i.e. “arterial blood pressure”) 
which should be aimed for after cardiopulmonary bypass, - a higher pressure apparently  being 
detrimental to the recovery of the myocardium. The surgical colleagues requested a low blood 
pressure while the candidate, being the anaesthetist responsible for the patient’s overall wellbeing, 
was concerned about brain perfusion after bypass. Once bypass was terminated, patients no longer 
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had  the brain protection associated with hypothermia and I regarded it to be a necessity to maintain 
the blood pressure at approximately within the autoregulation limits for that particular patient. 
 

In addition, there was no reason to suggest that the venous and arterial grafts that had been inserted , 

possessed active autoregulation (We later showed that this expectation was indeed correct (Coetzee 

1995, Roos 2009)). It was therefore mandatory to maintain a reasonable perfusion pressure to allow 

for adequate coronary perfusion and recovery of the heart. 

 

The data from this isolated rat heart study showed that the coronary perfusion pressure after ischemia 

did not affect the recovery of the heart. Based on these results, but also read in conjunction with other 

literature, we elected to maintain the blood pressure after cardiopulmonary bypass within 25 % of the 

preoperative blood pressure (Sivertsson 1968, Stangaard 1973; Drummond 1997).   
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4.4 Coetzee A, Swanepoel C 

The oxyghemoglobin dissociation curve before, during and after cardiac surgery. 

Scand J Clin Invest 1990: 50(Suppl 203) : 149 -  
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This study was prompted inter alia because of the candidate’s interest in oxygen delivery and the 

factors involved in determining cellular oxygenation. And, as far as cardioplegia was concerned, the 

debate was very much about the advantage and disadvantage of  blood cardioplegia. With regard to 

the latter, the candidate was always somewhat unconvinced that the addition of hemoglobin  

molecules to the cardioplegia would add an advantage because of the expected leftward shift in the 

P50 associated with hypothermia. 

 

Data form this small study confirmed that the oxyhemoglobin dissociation curve was significantly left 

shifted in the patient at 28
o
C. Keeping in mind that the cardioplegia was delivered at approximately 20 

o
C, the theoretical disadvantage of cold blood cardiolegia was obvious. The implications of blood and 

oxygenated cardioplegia were further examined in the intact animal and will be reported later (4.5). 

 

With the advent of the Swan Ganz balloon tipped pulmonary artery catheter, which in the view of the 

candidate, opened a whole new world of bedside applied physiology, the concept of estimating the 

weighted averaged whole body  cellular oxygenation, became an attainable goal and was often used 

by the candidate in the Respiratory Intensive Care Unit and operating rooms (to this day).  This 

approach relied on the Krogh model (Tenney 1974). Inter alia, the continuous measurement of the 

mixed venous hemoglobin saturation was made possible and hence there was the ability to 

continuously track cellular oxygenation and cardiac output efficiency. However, the use of the mixed 

venous saturation, rather than the mixed venous oxygen tension, on which the Krogh model relies, 

rested on the perception that the oxyhemoglobin saturation curve was approximately linear at the 

venous values. But, in order to use this surrogate (the mixed venous saturation), a proviso had to be 

accepted i.e. that the P50 did not change (or is known). From this study, the significant changes in the 

P50 associated with the hypothermia, reminded the practitioner of this limitation and also gave a 

practical feel for the change in the dissociation curve which, up to that point, only was a theoretical 

consideration. 

 

It is noteworthy that the P50 after rewarming increased to above pre-bypass values. Because of the 

lowered oxygen requirements during bypass, the shift in the P50 is probably not of great importance. 

However, after rewarming, a rightward shift of the dissociation curve (increased P50) could perhaps be 

an advantage because  the circulation is often unstable and the cardiac output (and oxygen delivery) 

may vary significantly. The increased P50 could then assist in maintaining brain tissue oxygenation by 

the improved offloading of oxygen. 

 

In this exercise, the candidate also came across the Aberman single point measurement of the P50 

(see reference 2 in the article) which was incorporated into a computer program which enabled a  

comprehensive assessment of cardiopulmonary function and was written in BASIC by the candidate in 

the 1980’s and is still being used today to teach registrars ! 

 

The concept of oxygen extraction, as opposed to delivery, is an alternative manner in which one can 

view the role of the primary determinant for oxygen diffusion (i.e. the partial pressure of oxygen (and 

not the saturation of the haemoglobin or content of oxygen). This was elegantly discussed by Kuper 
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and Soni (Kuper 2003). In this approach the saturation or content is plotted on the X axis and the 

oxygen partial pressure on the Y axis of the oxygen extraction curve. Over and above a larger amount 

of oxygen being extracted, the leftward shift in the dissociation curve, or increase in P50, will also result 

in a higher partial pressure for oxygen at any particular saturation. Given that the partial pressure 

provides the pressure head for oxygen diffusion into the cells, the advantage of an increased P50 is 

further highlighted.  

 

  

 

(Graph derived from equation describing the haemoglobin dissociation curve in Nunn's Respiratory 

Physiology, Ed AB Lumb, Elsevier, 6th edition 2005, page 177) 
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4.5 Coetzee A, Roussouw G, Fourie P, Lochner A 

Preservation of myocardial function and biochemistry after blood and oxygenated 

crystalloid cardioplegia during cardiac arrest. 

Ann Thorac Surg 1990: 50: 230 - 237 
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The candidate’s proposal concerning the use  of oxygenated crystalloid cardioplegia was subjected to 

eager discussion in the literature and often unfair comparison between blood cardioplegia and 

crystalloid cardioplegia. What inherently was wrong with this comparison was the fact that the blood 

cardioplegia was made up from the cardiopulmonary pump prime volume and extra crystalloid. Given 

that the pump content was very well oxygenated (PaO2 in the region of 70 kPa ), and the already low 

haemoglobin concentration (usually the haematocrit was approximately 22 %) , the final haemoglobin 

of the blood cardioplegic solutions were  in the region of 2 – 3 g/dL. Hence, what the  literature was 

doing was comparing blood cardioplegia, which was oxygenated, with non-oxygenated crystalloid 

cardioplegia. The results were no surprise given our own earlier work on the use of oxygenated 

crystalloid solutions (Please see 4.1).  

 

The candidate was not only critical about the total oxygen content, given the low haemoglobin values,  

I was also concerned about the  probable significant leftward shift in the P50  considering the findings 

of our earlier study (Please see 4.4). 

 

In this study we did a proper comparison between oxygenated crystalloid cardioplegia and blood 

cardioplegia. We showed improved post cardiopulmonary bypass myocardial contractility if an 

oxygenated crystalloid solution was used compared to blood cardioplegia. The pattern of ATP 

preservation was also supportive of the use of an oxygenated crystalloid solution as the myocardial 

ATP was no different from that achieved with blood, save for an interesting pattern during the initial 

stages of bypass which we suggested should lead to a change in practice. If blood cardioplegia was 

used, the initial ATP was better maintained and we ascribed that to the fact the baboon heart 

invariably fibrillated once the cross  clamp was applied. If one keeps in mind the normal oxygen 

consumption of the warm, fibrillating and not yet completely emptied heart, then it was predictable that 

the oxygenated crystalloid solution would  not have supplied sufficient oxygen to maintain the ATP 

content. We therefore suggested that if the practitioner elected to use blood cardioplegia, it should be 

used first and thereafter one could continue with oxygenated crystalloid cardioplegia, given the rapid 

restoration of the ATP with time after arrest. At that time the general practice was the reverse, i.e. 

practitioners arrested with non-oxygenated crystalloid cardioplegia and then continued with blood 

cardioplegia. 

 

The cardiac output was not statistically different between the groups after the bypass. This was 

disappointing given the better maintenance of contractility but then, contractility is but one of the 

factors dictating cardiac output. Also, the small number of experiments may  well have had insufficient 

power to show differences. Unfortunately these were rather expensive studies and there was a ceiling 

on the number of experiments that could be conducted. 
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4.6 Lochner A,Lloyd L, Britz S, Coetzee A 

Oxygenation of cardioplegic solutions: A note of caution. 

Ann Thorac Surg  1991: 51: 777- 787 
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Note that the first author is Prof Amanda Lochner. This study was the direct result of observations 

made in our differential oxygenation crystalloid cardioplegia study where we noticed that, even in the 

presence of an acceptable oxygen content (in the crystalloid solution), the function of the myocardium 

was not as good as the HEP stores would suggest it should be (please see 4.1). The candidate 

conceived the study and actively participated in conducting the study as well as  written the draft of the 

publication. The work done in the laboratory of Prof. A. Lochner (like all the other Langendorff model 

work), so  it was decided  to acknowledge  her significant contribution. 

 

The interesting results were the fact that once Plasmolyte B was used as the cardioplegic vehicle, and 

the solution was cooled (as all cardioplegic solutions are), the addition of 100 % oxygen resulted in 

less optimal recovery compared to the St Thomas solution used under similar circumstances.  

 

We could not dissect out the specific mechanism(s) but concluded that the combination of the 

Plasmolyte B solution , i.e. high potassium (we added 25 mmol/l potassium to the solution) , low 

magnesuim and high bicarbonate, combined with the particular pH and temperature, were not the 

ideal cardioplegic solution. We indirectly confirmed that the St Thomas solution was the better solution 

(it had already been validated as an effective solution at that time).  

 

This study resulted in a change in clinical practice and we thereafter routinely used oxygenated St 

Thomas solution.  
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Summary. 

 
Protection of the myocardium during elective cardiac arrest in cardiac surgery procedures, is  

important in order to optimize post-surgery recovery. The author was concerned that, up to the 1980’s, 

the emphasis was on limiting myocardial oxygen consumption during the arrest. It was inconceivable 

that there was no attempt to supply oxygen, albeit intermittently, to protect the heart. This perception 

was the stimulus for the research contained in this chapter. 

 

The small animal  isolated heart model was very well suited to metabolic and functional studies and 

we could show that oxygenating a  clear crystalloid cardioplegic solution  led to significant 

improvement in the metabolic and functional state of hearts subjected to elective arrest.   These 

results were then taken to a large animal model and results again confirmed the superior preservation 

of function if crystalloid cardioplegia was oxygenated. This, in my view, is a low technology solution 

yielding  significant  clinical results. 

 

To properly examine the effects of blood cardioplegia, it was necessary to demonstrate the severe 

shift in the oxyhemoglobin dissociation curve associated with hypothermia. These experiments 

opened another avenue for experimentation  and routine calculation of the P50  was thereafter  

incorporated into our clinical practice. 

 

We also confirmed that the St Thomas cardioplegic solution, which was already being used, was 

probably the best solution at that time (and still is today).  Although we addressed this from a different 

perspective (compared to the initial work on this  solution), we could confirm that this solution is indeed 

preferable and our results  again changed our practice for the better. 
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Chapter 5: The pathophysiology of acute pulmonary artery hypertension. 
 
 
 
In the 1980’s the candidate noticed that patients with the Adult Respiratory Distress Syndrome 

(ARDS) died with a  combination  of  raised central venous pressure, increase in  blood lactate and 

often myocardial ischemia of the right heart (The term ARDS is used today to describe the more 

severe form of Acute Lung Injury (ALI)). This observation lead to further enquiry and the realization 

that , despite the common notion that the patients died because of acute and severe hypoxia,  death in 

these patients result  from  acute right heart failure.  

 

Because the condition often involved right ventricular ischemia, and right heart systolic overload has 

been shown to cause myocardial ischemia (Vlahakes 1981), the candidate included this section in the 

thesis. Exploring the pathophysiology was an exciting experience,  leading  to important insights and 

improved understanding and management of a difficult  condition.  
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5.1 Coetzee A, Roussouw H, Lahner D 

Acute pulmonary hypertension and right ventricular failure in adult respiratory distress 

syndrome. 

Cardiovasc J  of Southern  Africa 1996 (Suppl 3 to S Afr Med J) : C 147 – C 151
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This clinical study was undertaken to define the incidence and the severity of the pulmonary 

hypertension which was associated with acute lung injury (ALI). 

 

We could show that once a patient was admitted to the ICU, pulmonary artery hypertension was 

already present. Hence, the occurrence thereof was an early event and often not appreciated by the 

attending physician. Given the data showing that a major factor in the hypertension was pulmonary 

artery clot formation (see references 1 and 2 in the publication), we speculated that the early use of 

titrated doses of heparin may well be of value to either limit or prevent the formation of clots. As will be 

shown later, the fact that at least part of the hypertension was due to physical occlusion, limited our 

ability to reduce the raised pulmonary artery pressure and salvage right ventricular function. However, 

as the ICU was not the first port of call for these patients, we had little control over the proposed 

(early) intervention. This would require a prospective and randomized controlled study to evaluate 

possible benefits. 

 

Secondly we could show that in some patients the pulmonary artery pressure did not diminish and 

death was inevitable. Perhaps this simply suggested that they were “more ill” or that the interaction 

between the (original) stimulus and the individual patient’s genetically programmed inflammatory 

response, were such that they developed severe systemic inflammation and eventually succumbed. 

 

Finally we could demonstrate that the right ventricle was compromised because of the acutely raised 

pulmonary artery hypertension. This is where the concept of ventricle-arterial coupling, mentioned in  

Chapter 1, came in useful. It gave the candidate an understanding of the pathophysiology and the 

importance of managing the mismatch. 

 

In a number of patients the right ventricle failed and of interest was that in several of the patients who 

died in a later stage of their disease, the pathologist could show some degree of right ventricular 

hypertrophy (Personal communication with the late Prof Niel Roussouw, Head of Anatomic 

Pathology). This was of interest because it showed that some patients will, within a single week, 

develop some hypertrophy despite the often severe catabolism associated with the patients in multiple 

organ failure due to sepsis. This unpublished observation could perhaps be taken as support for the 

contention that one should continue to support the heart (and the patient in toto) as there may be  the 

distinct possibility that the right ventricle may eventually manage to cope with the raised afterload (and 

that the pulmonary artery lesions will remodel).  

 

By carefully evaluating  right ventricular stroke work against the pulmonary artery elastance, we could 

define right ventricular failure and institute ventricular support. The normal right ventricle functions at 

maximum efficiency and submaximum stroke work. As the pulmonary artery pressure increases, the 

RV stroke work increases until there is a decrease in SW or the SW remained stable despite an 

increase in pulmonary artery pressure. From a mechanical point of view this confirms the inability of 

the RV to maintain the stroke volume against the  afterload and is the hallmark of ventricular failure.  
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Improving the mismatch between right ventricle stroke work and pulmonary artery elastance enabled 

us to critically evaluate the pathophysiology and adjust treatment, taking into account other 

parameters of circulatory efficiency such as mixed venous oxygen tension, whole body oxygen 

consumption and blood lactate. 

 

Finally, one should approach with caution the use of the central venous pressure as an indicator of 

intravascular volume in these circumstances, as the overloaded right ventricle will make interpretation 

of this modality difficult. Also, the pulmonary artery wedge pressure becomes an uncertain entity 

because of the septal shift associated with the acute increase in pulmonary artery pressure. The 

candidate resorted, already at that time, to transthoracic echocardiography to estimate left ventricular 

end-diastolic volume. 
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5.2 Bolliger C, Fourie P, Coetzee A 

The effect of prostaglandin E1 on acute pulmonary artery hypertension during oleic 

acid induced respiratory dysfunction. 

Chest  1991: 99: 1501 - 1508
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Note that dr. Bollinger is the first author of this paper. This study was conceived and done entirely by 

the candidate. The candidate also compiled the draft of the paper which was then circulated to the co-

authors before submission.  Dr. Bollinger, who was a junior visitor from Switzerland, then submitted 

the draft manuscript to the journal while the candidate was on sabbatical leave in Tuscon , Arizona. 

The candidate elected to leave the order of the authors in order to avoid bringing the laboratory or the 

faculty into disrepute by recalling the paper. 

 

This study used the same model of right ventricular  function that  Dr. Pieter Fourie employed for his 

PhD dissertation.   

 

We showed that, in this particular model, the use of PGE1 was successful in lowering the pulmonary 

artery pressure. However, it came with a price: The systemic blood pressure and PaO2 decreased.  

Both these predictable side effects were regarded as detrimental inasmuch as, in the patient with ALI, 

the risk of a further decrease in the PaO2 had to be considered while  lowering of the systemic blood 

pressure could decrease the coronary blood flow to the right ventricle. The latter introduces the risk of 

secondary ischemic right ventricular failure superimposed on a  thin walled right ventricle already 

subjected to excessive afterload. In this regard, the prostaglandin was no different from for instance, 

nitroprusside (which was cheap and available).  

 

The reason for the threatening hypoxemia was the non-selective vasodilation which resulted in low 

ventilation to perfusion pulmonary units. The candidate has seen this phenomenon on occasion in 

clinical practice while using either nitroprusside of nitroglycerine in patients with either significant 

chronic lung disease, pulmonary edema or ALI. 

 

This study also gave insight into the important role of the circulation, mixed venous oxygen saturation 

and pulmonary shunt in determining arterial oxygenation. After the experiment proper was completed, 

the candidate inserted a small bore catheter with fine holes into the inferior vena cava, through which 

oxygen was given in order to oxygenate venous blood.  This basically was a crude method of 

achieving  intravenous oxygenation. Right atrial, mixed venous and arterial oxygen tension and 

haemoglobin saturation were determined. The results were predicable: The greater the lung injury 

(and the bigger the pulmonary shunt), the greater the reliance on the mixed venous oxygenation to 

maintain arterial oxygenation.  

 

This concept is illustrated below (Fig 5.2.1) using  data from 320 patients and running a computer 

programme using the average values from the patients. The aim of the exercise was to illustrate that 

the more severe the lung injury (Qs/Qt), the more the arterial oxygen content (CaO2) relied on the 

maintenance of the mixed venous oxygen saturation (SvO2,- see isopleths on the graph). By rewriting 

the Fick equation, one can view the factors which will affect mixed venous oxygen content (or 

saturation or tension given the venous values are on the straight part of the oxyhemoglobin 

dissociation curve).   
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VO2 = CO (CaO2 – CvO2) ………………………..Equation 5.2.1 

CvO2 = CaO2 – VO2/CO  ………………………..Equation 5.2.2 

(Where VO2 = oxygen consumption; CO = cardiac output; C = content; a = arterial; v = mixed venous).  

 

The CaO2 is mainly a factor of the arterial haemoglobin saturation and haemoglobin concentration. 

The VO2 is often a factor the physician cannot control effectively and is mainly determined by 

temperature, thyroid function and catecholamine administration. Hence, the CO is the one aspect one  

can manipulate in an effort to improve mixed venous (and cellular) oxygenation. 

 

It then became even more clear why we were concerned with the state of the circulation (CO) in the 

presence of  acute pulmonary artery hypertension in the patients with ALI. If the circulation (right 

heart) fails, the mixed venous saturation will decrease and the patient becomes more hypoxic. 

 

This was a wonderful  and practical method for teaching registrars the importance of mixed venous 

saturation in the presence of a pulmonary shunt (as opposed to the normal lung where the severe 

decrease in mixed venous saturation is easily buffered by an efficient lung). The author compiled a 

program in BASIC (Table 5.2.1) in which the various components of the circulation are shown. 

Calculation  of  elastance (Ea) was added later. This was a practical method to explain to registrars, at 

the bedside , the cardiopulmonary interaction which they could then track after planned interventions. 
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Figure 5.2.1. Graph illustrating the interaction between mixed venous haemoglobin saturation, 

pulmonary shunt and arterial oxygen content. The isopleths represent the different mixed venous 

saturations and how it will affect the arterial saturation for a particular pulmonary shunt. Please see 

text. 
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In a theoretical treatise (Levin et al. 2008), regarding arterial oxygenation in the presence of a 

pulmonary arterio-venous shunt (in that, case one-lung ventilation), we again pointed out the 

importance of maintaining an adequate cardiac output.  The complex dependence of arterial 

oxygenation upon cardiac output, oxygen consumption, haemoglobin concentration and shunt fraction 

are described by the equation of  Kelman et al. (1967) who combined the shunt and the Fick 

equations: 

 

  ………………………………Equation 5.2.3 

           

Where CaO2 = arterial oxygen content; CcO2 = pulmonary capillary oxygen content; VO2= whole  body 

oxygen consumption; Qs/Qt = pulmonary shunt fraction. 

 

In order to improve arterial oxygenation in the presence of a fixed shunt, the following  recourses are 

on hand: 

 

 Ensuring an adequate haemoglobin concentration (CaO2);  

 Normalizing a raised temperature or even allow for mild hypothermia to occur (VO2) and; 

 Increasing cardiac output (Qt).  

 

If the first two factors have been optimised, ensuring an adequate cardiac output becomes of prime 

importance.  Figure 5.2.2 portrays the nonlinear relationship between cardiac output and arterial 

oxygen content (Levin et al 2008).  The graph illustrates that when cardiac output is low, there is a 

steep relationship between cardiac output and arterial oxygen content.  This is due to the high values 

of the VO2/Qt ratio that increases the value of the second term in equation 5.2.2.  As cardiac output 

increases, CaO2 increases steeply until the VO2/Qt ratio assumes such small values that the second 

term in the equation becomes negligible resulting in a flattening of the CaO2 vs. Qt relationship.  Thus 

it can be seen that when cardiac output is low, increases thereof can result in substantial improvement 

of arterial oxygenation. 
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Figure 5.2.2: The relationship between arterial oxygen content and cardiac output as predicted by 

equation 5.2.3 (Levin et al. 2008). 

 

 

Table 5.2.1 : Example of the cardiopulmonary parameters used in the Intensive Care Unit. 
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5.3 Luyt S, Coetzee A, Lahner D, Jansen J 

Nitric oxide has little effect on right ventricle function and pulmonary artery pressure in 

patients during acute respiratory distress syndrome. 

S Afr Med J 1997: 87: 639 - 642 
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The candidate planned, obtained permission and physically participated in the study. The manuscript 

was written by the candidate and Dr. Shaun Luyt, then a registrar, participated in each of these steps 

and was  allowed to use the data for his M Med (Anes) thesis. Again an attempt to stimulate research 

in the department. 

 

The candidate was hopeful that , after the study by Frostell (please see reference 8) , we would have 

a quick fix for the failing right ventricle during ALI. Nitric oxide (NO) had the advantage that, if inhaled, 

would only enter those alveoli participating in gas exchange and selectively cause vasodilation. 

Because of the very short half life of NO, it would be degraded before it could have a significant effect 

on the systemic circulation (and cause hypotension). Hence, both the side effects (hypotension and 

hypoxemia), associated with PGE1 , nitroglycerine and nitroprusside, could be circumvented. 

 

Our results did not confirm the expectation. Although the majority of patients did show a decrease in 

pulmonary artery pressure and the average absolute cardiac output did show an improvement, these 

changes failed to achieve statistical significance. There is naturally the risk that the study was 

underpowered to confirm differences.  

 

However, with the benefit of hindsight, it was clear that the expectation that NO will completely resolve 

the pulmonary artery hypertension, was not taking complete cognisance of the already known facts. It 

would seem that, at least, a significant part of the acute pulmonary hypertension associated with ALI, 

was due to the mechanical obstruction as result the clots in the pulmonary artery (Zapol 1977, 

Tomashefski 1983). The candidate by then had a better understanding of the extent of this 

phenomenon as we also performed  post mortems on these patients who died of ALI and  could  show  

multiple clots in the medium sized pulmonary arteries (The late Prof Niel Roussouw,  Head of 

Pathology, was very helpful in these examinations. Please see Fig 5.3.1). The candidate also injected 

latex into the pulmonary arteries and after it was set, digested the lung tissue and showed the 

progressive loss of the pulmonary vasculature in patients with ALI (unpublished observations, used to 

teach registrars). 

 

Hence, the expectations that a potent vasodilator will completely solve the problem of pulmonary 

hypertension, was unfounded. Not being able to lower the pulmonary artery pressure, we could not 

show an improvement in right ventricular – arterial coupling. Simply lowering the pulmonary artery 

pressure does not serve a specific purpose; - it had to be of sufficient quantity to benefit the right 

ventricle. 

 

The study by Frostell was in an alveolar hypoxic model which is a pulmonary vasospasm model. 

Hence the use in neonates and babies with pulmonary vasospasm due to a number of conditions. This 

is different from the pulmonary hypertension in ALI which probably is a combination of vascular 

occlusion and spasm. 
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Fig 5.3.1: A microscopic view of a medium sized pulmonary artery taken at post mortem from a patient 

who died on day 4 with severe Acute Lung Injury (ALI) caused by abdominal sepsis. He had right 

ventricular failure (Andre Coetzee and Niel Rossouw). 

 

However, the lesson learned still was valuable as it lead to the continued search for a drug which 

could be safely used. This eventually  led to the introduction into clinical practice the use of sildenafil in 

patients on ventilators , - with excellent  results in some and disappointing results in others. The 

candidate suspects that the different results could be explained by the ratio between spasm and 

vascular occlusion; if the first were dominant, then one would get a better response in the pulmonary 

pressures compared to those in whom there were more vascular occlusion. 
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5.4 Fourie P, Coetzee A, Bolliger C 

Pulmonary artery compliance: Its role in right ventricular-arterial coupling. 

Circ Res 1992: 26: 839 844 
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The first author of this publication is Dr. (now Prof ) Pieter Fourie. It was an enormous advantage to 

have Dr. Fourie in the laboratory, not only for his valuable scientific insight but also his typical 

engineering can-do attitude.  The candidate was privileged to have helped in conceptualizing and 

doing these projects (this and the following (5.5)) and actively participated in the writing of the results. 

Perhaps, of even greater value, was the many hours spent before the blackboard trying to understand 

the physics, physiology and pathophysiology of what we were dealing with. These challenging 

discussions lead to even better understanding of clinical practice. 

 

The insight gained from these, and other studies done with Dr Fourie, formed the basis for the 

understanding the role of the right ventricle in certain conditions. At that time, these concepts were  

not appreciated by clinicians and we had an uphill battle convincing colleagues of the importance of 

right ventricular function in the presence of   acute pulmonary artery hypertension in clinical practice. I 

am afraid that even today this message is often missed in the South African’s clinical environment, 

largely because of the disinterest in, for instance, the use of the  pulmonary artery catheter to measure 

the exact pulmonary artery pressure. The dictum, “If you  do not appreciate history, you are bound to 

repeat the mistakes” comes to mind. 

 

We used the right ventricular volume model (not regional function) and then studied the interaction 

between the right ventricle and the progressive increase in the effective afterload , Ea. In this model 

we confirmed that the right ventricle, like its left counterpart, normally  operates at maximum efficiency. 

Once the mean pulmonary artery pressure was increased to approximately 15 – 20 mm Hg, the 

compliance component of the Windkessel model was at a constant low value. The right ventricular 

stroke work increased up to a mean pulmonary artery pressure of  30 – 40 mm Hg and then declined. 

According to engineering definition, this point is  termed pump  failure.  

 

This study taught the candidate the practical use of the interaction between maximum stroke work vis 

a vis Ea as the definition of ventricular failure in patients with acute pulmonary artery hypertension. 

Given that central venous pressure measuremens become unreliable in the ALI patient, and that  

blood lactate levels and organ dysfunction are late indicators of progressive circulatory failure, this 

approach allowed for early and continuous tracking of  right ventricular function. 

 

From this study unpublished observations were made: The role of compliance in the uncoupling of the 

ventricle from its load was illustrated experimentally. After establishing severe pulmonary artery 

hypertension and right ventricle failure, a section of an elastic balloon was side grafted onto the 

pulmonary artery. This in effect created an “aneurysm” which reintroduced some compliance into the 

arterial system. The right ventricular work improved thereafter. This was then also done in two animals 

where left ventricle failure was caused using an overdose of halothane. By repeating the exercise in 

the aorta, left ventricular work and the circulation improved. One wonders whether this may be a 

bridging procedure in patients with ventricular failure ?  
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5.5  Fourie P, Coetzee A 

Effect of compliance on a time domain estimate of the characteristic impedance of the 

pulmonary artery during acute pulmonary hypertension. 

Med Biol Eng Computing 1993: 31: 468 - 474 
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Another study where the candidate was a part of the planning, execution of the study and writing of 

the paper. Dr.Pieter Fourie, with his excellent mathematical and engineering skills did the 

interpretation and used the study as part of his PhD (Stell). 
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5.6 Coetzee A, Steward R, Hattingh P 

Filling pressures of the heart during anesthesia. 

S Afr Med J 1985: 67: 712 - 401 
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This study essentially deals with the value (or lack thereof) using the central venous pressure to 

predict changes in the pulmonary artery capillary wedge pressure during acute changes in the 

pulmonary artery pressure. One lung anaesthesia invariably increases the pulmonary artery pressure 

(to various degrees) this study confirmed the difficulty in extrapolating from the right side filling 

pressure , already an indirect measurement of preload, to the left side of the heart. This probably was 

due to septal shift and compliance changes in the left ventricle. 

 

This study served to remind the practitioner that, in the presence of an elevated pulmonary artery 

pressure, the use of the central venous pressure has significant disadvantages: It did not relate to left 

sided heart filling pressures (and indirectly filling volumes) but  reflected the complex interaction 

between right ventricular function vis a vis the raised afterload and therefore cannot be used as an 

dynamic index on venous filling pressure with any degree of certainty. 

 

The authors realized this uncertainty and started using  transthoracic echocardiography in patients in 

the ICU when there was pulmonary artery hypertension. In the era of transesophageal 

echocardiography it has become feasible to estimate the left ventricular filling volumes (which is the 

true preload) even in patients in the lateral position during a thoracotomy, and is often done so in our 

practice. 
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Summary. 

 

The stimulus for the studies in this chapter was the rather depressing inability to salvage patients with 

ARDS. Once it was realized that the cause for their deaths was circulatory, and in particular right 

ventricular  failure, it  opened up an avenue of research which we thought may address this central 

issue. 

 

We could confirm the presence of severe acute pulmonary artery hypertension in patients suffering 

from ARDS and also showed that  many of these patients  suffered from acute (and subtle) RV failure 

due to ventriculo-arterial mismatching.  

 

This clinical problem was then taken to the laboratory where we developed a model of acute and 

severe pulmonary artery hypertension. The data showed that, as the pulmonary artery pressure 

increased, the compliance was reduced and given that  the compliance serves as the “uncoupler” of 

the ventricle to the circulation, is was predictable that the RV would fail.  

 

The next order of business was to try and reduce the pulmonary artery pressure and we studied 

prostaglandins in the model showing that although it may reduce the pressure, the systemic arterial 

hypotension and increase in pulmonary shunt  argued against the use of the drug. The results 

obtained from a human study, where we attempted to use NO, were disappointing but  then, it 

reminded the researchers that at least part of the problem was a physical obstruction caused by clots 

rather than vasospasm. The results assisted in understanding that the only practical manner to 

address the problem was by  increasing RV elastance (i.e. inotropy). To this day, this is the manner  in 

which these patients are treated in the author’s practice. 
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