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Abstract

The phenomenon of mechanical restitution is investigated in isolated 

strips of human, guinea-pig and ferret ventricular myocardium. Species 
differences, together with the effects of interventions known to 

influence the cellular handling of calcium, provide some insight into the 
mechanisms underlying mechanical restitution.

Mechanical restitution in human myocardium is described by three 
exponential processes; two recovery and one decay. The data presented 
support the hypothesis that the faster of the two recovery phases 
represents a combination of recovery of releasable calcium by the 
sarcoplasmic reticulum and reactivation of the slow inward current. 
Decay would seem to be a function of trans-sarcolemmal ionic 

gradients.

Hypertrophic human myocardium exhibits a slowed recovery phase of 
restitution. The data is compatible with the hypothesis that the 
sarcoplasmic reticulum of hypertrophic human myocardium has a 
reduced rate of uptake and an increased capacity for calcium. The time 
course of mechanical restitution provides a possible explanation for a 
cellular mechanism of pulsus altemans.
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CHAPTER 1: INTRODUCTION

'But the practitioner must be prepared to meet with many cases which he will be 
unable to refer satisfactorily to any of these forms; for the complications of heart 
disease are so numerous and varied that, as we have said before, it becomes 
impossible to determine the exact nature of every case that may come before us. 
Fortunately it is unnecessary to do so, for if we can be certain that organic disease 
really exists, the treatment, as has been before remarked, will depend less on the 
nature of the valvular affection than on the vital and anatomical state of the heart 
itself.’

William Stokes. The Diseases of the Heart and the Aorta. 1854 Hodges and 
Smith, Dublin.

BACKGROUND

Failure of the heart to perform its requisite function is a common cause of morbidity 
and mortality and may herald the end-stage of a number of disease processes. In the 

clinical setting it is not always possible to distinguish the relative contribution of the 

different lesions giving rise to heart failure. In many cases it may be of prognostic and 

therapeutic importance to do so. For example, it may be important to assess myocardial 

contractility and to distinguish this from abnormalites of loading, geometry and valvular 
function. Primary heart muscle diseases producing myocardial failure alone are rather 
less common than those conditions in which myocardial failure may be a sequela. Many 
underlying conditions producing pump failure  are now surgically correctable (e.g. 

valve replacement), but these conditions may themselves give rise to altered geometry 
o f the ventricles and damage to the myocardium itself. Each of these may in turn 

become additional factors contributing to heart failure. In many cases myocardial 

damage may be reversible by treatment of an underlying condition, such as the relief of 
valve stenosis (Selzer, 1987), whereas, in other cases (e.g. in aortic regurgitation) the
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damage may not be reversible, in which case valve replacement may not be as effective 
in dealing with the underlying problem.

The pathophysiology of myocardial failure at the cellular level in man is incompletely 

understood. Changes in myocardial structure and function in response to physiological 
and pathological stress have been described in a number of different mammalian species 
(Reviews: Cooper, 1987; Chilian & Marcus, 1987; Banchero, 1987; Morgan et al, 
1987; Wikman-Coffelt et al, 1979; Scheuer & Buttrick, 1987). Much of this work has 
been on the compensatory hypertrophic response of the myocardium to increased 
afterload, in which important species differences have been described (Scheuer & 
Buttrick, 1987). Little work has been undertaken on isolated human myocardium, to 

date, possibly largely due to the lack of availablity of suitable samples.

The aim of this investigation is to examine the in-vitro properties of human myocardium 
from patients with different underlying cardiac disorders, and to compare these with the 
clinical findings and in-vivo measurements made in the same patients.

HYPERTROPHY

Hypertension is a common antecedent of congestive cardiac failure and may occur in up 
to 75% of all patients presenting with heart failure (McKee et al, 1971). With the 
reduced incidence of rheumatic fever and the increasing age of the population, there has 
been a change in the spectrum and natural history of valvular heart disease. Rheumatic 
valve lesions are becoming less common in developed countries, and non-rheumatic 
aortic stenosis is now an important cause of morbidity and mortality especially in 

elderly patients (Selzer, 1987). The hypertrophic response of the mammalian 

myocardium to increased afterload, such as that seen in hypertension and valvular 

disease has been the subject of a great deal of investigation in recent years. The 
thickening of the myocardium in response to increased afterload is associated with an 

increase in cellular protein synthesis, an increase in size of the myocyte and an increase 

in the number of sarcomeres. While this is beneficial at first, the increased energy 

demands of the hypertrophic muscle eventually out-weighs the supply of what has 
become a relative decrease in capillary density. Thus, with a sustained increase in 

afterload, a chronic energy deficit occurs, leading to a vicious circle cell death, failure to 
compensate and cardiac failure (Katz, 1990).
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Systolic Function
The increased pressure demand induced by increasing resistance to left ventricular 
outflow provokes compensatory myocardial hypertrophy. Preservation of left 

ventricular function by this means plays an important role in the natural history of aortic 

stenosis. Unlike the dilated ventricle caused by volume overload, left ventricular 

volumes and function will remain normal in the pressure overloaded hypertrophied 
ventricle, until the late stages of the disease (Selzer, 1987). If the hypertrophic response 
is inadequate then cardiac failure is likely to develop (Gunther & Grossman, 1979), and 

ultimately, in patients with increasingly severe aortic stenosis left ventricular function 
may become depressed. When the left ventricle is no longer able to maintain an 
adequate cardiac output, there may be a rapid deterioration of the condition of the 

patient, leading to death if the stenosis is not relieved. Even in late stages, surgical relief 
of aortic stenosis may reverse hypertrophy and restore ventricular function to normal 

(Selzer, 1987); although recovery of the structural changes of the myocardium may be 
incomplete (Krayenbuehl e ta l , 1983 and 1989).

Myocardial hypertrophy develops in response to a number of different pathological and 
physiological stimuli. It is most often seen in patients with chronic systolic pressure 
overload but also occurs in atheletes, particularly those undertaking isometric exercise 
such as weight-lifting (Huston et al, 1985). The nature of the so-called hypertrophic 
response in man varies depending on the type of stimulus (Scheuer & Buttrick, 1987).

Much work has been performed on myocardial function in different mammalian models 
of hypertrophy. Bing et al (1971) induced left ventricular hypertrophy in rats by 

banding of the aorta. Isolated trabeculae from these animals displayed normal isometric 
twitch tension, prolonged time to peak tension and reduced isotonic shortening 
velocity. These findings were consistent with those made in hypertrophied hearts from 
rats with renovascular hypertension, which demonstrated normal tension development 

with reduced velocity of contraction in the isolated papillary muscle, and reduced 

velocity of circumferential fibre shortening ( V c f ) a n d  maximum rate of rise of tension 
(dP/dt max) in the isolated perfused heart (Capasso et al, 1981 and Schaible et al, 
1984). In studies on chronic aortic constriction in the dog (Sasayama et al, 1976) and 

piglet (Wisenbaugh et al, 1983) normal ventricular function and wall stress was 

associated with artificially induced left ventricular hypertrophy, once it had developed. 
It has been suggested that when investigating contractility in animal models such as 
these, that time is allowed for compensatory hypertrophy to occur (Williams & Potter, 
1974), bearing in mind that abrupt increase in afterload does not normally occur in 
pathological states in man. This problem is exemplified by the fact that depression of
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contractility is seen in the intact ventricle and papillary muscles from cats after 30 days 
of pulmonary banding (Spann et al, 1972), whereas between six and twenty-four 

weeks contractility may return to normal (Williams & Potter, 1974). This transient 
impairment of the hypertrophied right ventricle has been challenged by Cooper et al 
(1981), who found no evidence of impaired right ventricular function (cardiac output 
and ejection fraction) in pulmonary-artery-banded cats up to sixty weeks after surgery, 

but did demonstrate a reduction in shortening velocity and isometric tension in papillary 
muscles from the same hearts. Similarly, Spann et al (1972) have shown that cardiac 
index and stroke volume may be maintained despite markedly depressed velocity of 

contractile element shortening ( V c e ) in the intact ventricle and active tension and V c e  in 
isolated papillary muscles from the same hearts. In another short-term study 
Lecarpentier et al (1987) looked at guinea-pigs with left ventricular hypertrophy 

induced by clipping of the abdominal aorta. The animals were killed after three weeks 
and those with mild hypertrophy showed normal tension production whereas those 
with more severe hypertrophy demonstrated reduced twitch tension and reduced rate of 
tension development in the papillary muscle. In pulmonary-artery-banded ferrets, 
papillary muscles removed after 1-3 months showed reduced isometric twitch tension 
as well as prolonged twitch duration (Gwathmey & Morgan, 1985).

In a comparison of two different models of hypertrophy (in the rat left ventricle and the 
cat right ventricle), in which the degree of hypertrophy was roughly equivalent, 
different effects on in vitro indices of contractility were observed (Cooper & Tomanek, 
1987). Peak isometric tension and rate of tension development was not changed in the 
rat, but there was an increase in the duration of active tension. In the cat model, there 
was a reduction in both the amount and rate of development of isometric twitch tension, 
and prolongation of contraction was not seen. Apart from species differences, there are 

a number of other differences between these two models. In one case the left ventricle 
was examined in the spontaneously hypertensive rat, and in the other the right ventricle 

was examined in the cat that had undergone pulmonary artery banding as a kitten. 

While the differences observed in different animal models appear to be largely 

consistent from one study to another, and whether these differences can be explained in 
terms of species differences alone, it is none the less clear that extrapolation to disease 
in the human is inappropriate. Indeed, it seems that models of right ventricular 
hypertrophy (largely that of chronic progressive pressure overload in the pulmonary 

banded cat) differ fundamentally from models of left ventricular hypertrophy (Cooper, 

1987).
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In studies on larger mammals exposed to both acute and chronic left ventricular 

pressure overload, in both intact hearts an in vitro muscle strips, contractility does not 
appear to be compromised in the same way. In a study on intact dogs, Sasayama et al 
(1976) described the response of the left ventricle to chronic pressure overload by 
ascending aortic constriction. There was initial dilation with increased wall stress, 

followed by gradual wall thickening and reduction in wall stress towards normal. 
Following these adaptations, contractility, in terms of velocity of circumferential fibre 
shortening ( V c f )> returned to normal. In a more detailed study, using the same model, 

Sasayama et al (1977) found that the end-systolic left ventricular pressure/diameter 
relationship was shifted to the left and that end-systolic wall-stress/diameter relationship 

(Emax) was normal in hypertrophy. In the pig too, with supravalvular aortic banding, 
contractility (Emax) was unimpaired in all but the most extreme hypertrophy 

(Wisenbaugh et al, 1983).

In catheter studies on human subjects the normal relationship between left ventricular 

ejection fraction and Vcf> and wall stress is preserved in patients with aortic stenosis, 
suggesting that if the hypertrophic response is sufficient to maintain normal wall stress, 
normal contractility will be maintained (Gunter & Grossman, 1979). Similarly, Spann 
et al (1980) found normal left-ventricular-wall-stress/volume ratios in patients with 
aortic stenosis and no symptoms of heart failure, but reduced ratios in patients with 
symptomatic heart failure. Krayenbuehl et al (1982) found the degree of hypertrophy in 
patients with pure or predominant aortic stenosis to be significantly increased in those 
patients with a reduced normalized systolic ejection rate. Thus, in chronic pressure 
overload in the human being, ventricular function appears to be preserved in moderate 
(or early stages of) hypertrophy, but is compromised in later stages.

Thus, the literature suffers from the study of different animal models of hypertrophy in 
various species studied by methods of different sensitivity and at different times. It 
appears however, that in general the left ventricle more effectively compensates for 
chronic pressure overload than the right and that left ventricular function may be normal 

in larger mammals with mild to moderate degrees of hypertrophy. It is notable that the 

methods used to examine contractility both in man and in other large mammals have 
failed to show any impairment of ventricular function in anything but severe 
hypertrophy (Spann et al, 1980). In smaller mammals abnormalities are found in the 

contractility of isolated strips of myocardium in mild degrees of hypertrophy. The 
failure to detect any abnormalities in man may merely reflect the relative insensitivity of 
the methods used (Scheuer & Buttrick, 1987). Depending on how detailed an 
examination is made, in moderate pressure overload myocardial function in man may be
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found to be relatively normal. Usually the only abnormality at this stage is a prolonged 
time course of contraction associated with normal tension production.

Diastolic Function
Impaired diastolic function is a consistent finding in both animal models and in patients 

with pressure overload. There is a decrease in the rate of relaxation and an increased 
time to peak relaxation in chronic left ventricular hypertrophy in the rat isolated 

papillary muscle (Capasso e ta l , 1981). In pulmonary-artery-banded cats the maximum 
rate of relaxation of the right ventricular papillary muscle is reduced (Cooper et al,
1981). In the papillary muscles from guinea-pigs with left ventricular hypertrophy, 
relaxation and the load sensitivity of relaxation is impaired in severe, but not in mild 
hypertrophy (Lecarpentier et al, 1987).

Echocardiographic studies in man have shown significant prolongation of isovolumic 
relaxation in left ventricular hypertrophy secondary to aortic stenosis or severe 
hypertension (Hanrath et al, 1980). In a catheter study including eight patients with 
hypertension, and electrocardiographic evidence of left ventricular hypertrophy, Hirota 

(1980) showed no difference in peak negative dP/dt compared to controls. The left 
ventricular systolic pressure in these patients was 156±9 mm Hg (mean±SD) and no 
indication was given as to the degree of hypertrophy. Inouye et al (1984) examined left 
ventricular gated blood pool scans in 39 patients with hypertension (systolic pressure 
156±14 mm Hg [mean±SD], diastolic 103±5 mm Hg) and found significant 
impairment in ventricular filling whch was related to the degree of hypertrophy as 
assessed echocardiographically. Abnormalities of ventricular filling may also be found 

in hypertensive patients with no electrocardiographic evidence of hypertrophy (Smith et 
al, 1985). In this study, however, all eight patients with echocardiographic evidence of 
hypertrophy had abnormal ventricular filling as opposed to four out of twelve with no 

hypertrophy. Abnormalities of ventricular filling are common in hypertensive patients 

and it has been argued that this is in part responsible for abnormal cardiovascular 

reflexes in this group of patients (Fouad, 1987)

Thus, impaired relaxation and ventricular filling seem to occur early in left ventricular 

hypertrophy, when systolic function may remain normal (Fouad et al, 1980). These 

abnormalities can be found in man as well as smaller mammals and are related to the 
degree of hypertrophy.
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Contractile Proteins
A possible explanation for the observed species differences in their response to 
increased pressure loads concerns the role of the contractile proteins. In some species 
the imposition of a pathologically increased afterload results in a rapid shift of the 

isoenzyme pattern of myosin. In the rat and rabbit, with mixed, but predominant Vi 

myosin isoenzyme (having a high myosin ATPase activity) the shift is towards the V3 

isoenzyme which has decreased ATPase activity. This allows a compensatory reduction 
in energy expenditure at the expense of a reduced velocity of contraction. In larger 
mammals such as the ferret, dog, pig and man the predominant myosin isoenzyme is V3 

and no such shift has been demonstrated. (For review see Scheuer & Buttrick, 1987). 
The guinea-pig is an exception; like man it has predominantly a V3 isoenzyme pattern 
(Clark et al, 1982) and may therefore be a more suitable small mammalian model of left 
ventricular hypertrophy in man (Lecarpentier et al, 1987).

It is postulated that a change in myosin isoenzyme pattern results in the observed 
changes in the time course of contraction of hypertrophic myocardium in some 
mammals, and that a lack of change in other species accounts for their apparent 
preservation of contractility (Wisenbaugh et al, 1983). The mechanism for myosin 
isoenzyme shift is not understood, but since myosin synthesis is under genetic control 
it would seem that the myocyte modifies its genetic expression in response to altered 
loading (Scheuer & Buttrick, 1987).

Sarcoplasmic Reticulum
Ventricular hypertrophy has been shown to be associated with abnormal function of the 

sarcoplasmic reticulum (SR) in a number of animal studies. In SR from the rabbit with 
ascending aortic constriction the rate of uptake and total binding of calcium is reduced 
when compared to control animals (Sordahl et al, 1973). This contrasts with the 

situation in physiological hypertrophy (illustrating one of the major differences between 
physiological and pathological hypertrophy) in which the SR shows increased binding 
and uptake of calcium (Malhotra et al, 1981). In severe pathological hypertrophy there 

is a consistant depression of calcium uptake, calcium binding and abnormal calcium 

ATPase activity by the SR. In mild hypertrophy in the rat, however, enhanced calcium 

ATPase activity and calcium uptake have been demonstrated (Limas et al, 1980).

Using tissue from the recipients of cardiac transplants Lindenmayer et al (1971) 

showed a reduced rate of uptake and capacity for calcium binding compared to normal 

animal hearts. In the same preparation Harigaya & Schwartz (1969) also showed 
slower rates of uptake and release than animal controls. In the absence of suitable
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normal human controls it remains difficult to interpret the findings of each of these 
studies.

Mitochondria
In a model of left ventricular hypertrophy in the rabbit Sordahl et al (1973) 

demonstrated marked increases in mitochondrial respiratory activity in the early stages 

of hypertrophy, and decreases in more severe hypertrophy. Mitochondrial calcium 

uptake was normal in the presence of hypertrophy alone, but reduced if heart failure 
supervened. Similarly, mitochondrial respiration is increased in hypertrophied non
failing human hearts as compared to failing hearts without hypertrophy (Lindenmayer et 
al, 1971). So it would seem that increased mitochondrial respiratory activity may 
compensate for increased metabolic requirements in hypertrophy, and that failure of 
mitochondrial compensation coincides with the onset of clinical heart failure.

Ultrastructure
Electron-microscopic studies of human myocardium have revealed well defined cellular 
ultrastructural abnormalities in the myocardium from hearts with left ventricular 
hypertrophy (Schaper and Schaper, 1983). Myocardial cells are enlarged with large 
nuclei and prominent nucleoli and cytoplasmic inclusions. The mitochondria show 
irregular size, shape and distribution. There is a reduction in contractile material with 
'thinning' o f fibres. In addition there is cellular proliferation and degeneration, an 
increase of interstitial tissue (collagen) and cellular phagocytosis. In patients with heart 
failure there is a significant loss of contractile material and mitochondria combined with 
an increase in fibrous tissue. The reason for the increase in collagen remains largely 
unclear (Weber et al, 1987), but it does provide a possible explanation for the 

occurence of cardiac failure in the later stages of hypertrophy and is a major factor 

responsible for diastolic dysfunction (Paulus & Brutsaert, 1982).

THE ISOLATED MUSCLE PREPARATION

In a classic series of experiments Abbott and Mommaerts (1958) extended the 

observations made by others on muscle mechanics and contractility in skeletal muscle 

and in intact heart preparations, and were the first to describe 'some of the fundamental 
mechanical characteristics of cardiac contractility' in the isolated mammalian papillary 
muscle preparation. Their techniques and findings, together with the widely accepted 
concept of the three element model of muscle (consisting of a contractile element, a
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series elastic element and a parallel elastic element), adopted by Hill (1938), were to be 
the basis of further studies of myocardial contractility in the isolated muscle preparation 
(see Yang et al, 1978 for review), and continue to be applied today. This has allowed 

investigation of the intrinsic properties of cardiac muscle to complement studies of the 

intact heart. Much of the early work on isolated myocardium was performed in the 
1960's by Sonnenblick and co-workers (Sonnenblick, 1962), and the first detailed 
description of the mechanical properties of isolated human myocardium was published 
in 1965 (Sonnenblick et al, 1965). In this study human left ventricular papillary 

muscles were removed at the time of mitral valve replacement and mounted vertically in 

a muscle bath containing gassed Krebs-Ringer solution. The preparations were either 
whole or split papillary muscles and both isotonic and isometric contractions were 
studied. An increase in isometric twitch tension could be demonstrated by increasing 
the muscle length and with the addition of stropanthidin or noradrenalin to the bathing 

medium. However the classical Bowditch staircase response (Bowditch, 1871) could 
not be demonstrated in these preparations. This was probably due to problems of tissue 
viability, largely due to the poor oxygen diffusion into these large specimens (cross- 
sectional area: 5.5±3.9 mm2).

The rate of diffusion of oxygen to the centre of the isolated muscle preparation is a 
determinant of the size of the muscle which may be used in such experiments. In 
guinea-pig papillary muscles, following an initial recovery, there is a gradual fall of 
twitch tension to a new plateau level. This is accompanied by severe histological 
damage to the core of the preparation, so that eventually a healthy cylinder of contractile 
tissue surrounds a non-contractile core (Shattock et al, 1983). It was suggested by Hill 
(1928) that the critical diameter of a preparation such as this was approximately 1 .0 mm. 
However, the 'critical diameter' depends on temperature and the rate of stimulation. It 
has been suggested that if the effects of increased frequency are being examined in cat 

papillary muscles at 38°C, then 0.6mm is the critical diameter (Koch-Weser, 1963). 

Certainly, loss of viable muscle tissue occuring progressively throughout experiments 

on isolated muscles is a significant methodological problem and should be considered 
particularly when serial comparative measurements are made. Nonetheless, experiments 

which are based upon the comparison of measurements made within a short period of 

time are unlikely to suffer from the problem of tissue viability, and many workers have 
used this preparation as a valuable investigative tool.
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FORCE-INTERVAL RELATIONSHIP

Since Bowditch (1871) it has been well recognised that the interval between beats of 
contracting heart muscle is one of the factors which determines the strength of 
contraction. By observing this phenomenon in strips of frog ventricle, and by altering 

the external ionic environment, Niedergerke (1956) was able to conclude that the the 
strength of contraction in this preparation was somehow controlled by the 
'concentration of calcium in a superficially located region of the heart cell' and that the 
staircase phenomenon might be due to a change in this calcium concentration. It was 
then suggested that the interval dependent changes in the force of contraction of cardiac 
muscle might result from changes in the duration of the active state as well as changes 
in the degree o f  activation of the muscle (Koch-Weser & Blinks, 1963). Although the 
underlying mechanisms for the phenomena associated with force-interval changes in 
contractility were unknown, Koch-Weser and Blinks, in their review of the subject in 
1963, concluded that study of the force-interval relationship would continue to aid our 
understanding of underlying inotropic mechanisms.

Well recognised clinical manifestations of the force-interval relationship are phenomena 
such as: 1 . premature depolarisation resulting in reduced mechanical contraction, 2 . the 
increased contraction associated with the beat following a premature beat (post- 
extrasystolic potentiation) and 3. the increase in contractility resulting from an increase 
in heart rate (Braunwald et al, 1988). In addition, there is evidence that mechanical 
altemans may be explained in terms of the cellular processes underlying the force- 
interval relationship (Mahler & Rogel, 1970).

Moreover, it has been proposed that quantifying the force-interval relationship in 

isolated rabbit papillary muscles provides a unique index of contractility which is 
independent o f loading (Anderson et al, 1973). Until this time, an ideal index of 

contractility had been lacking, as even Vmax (the maximum velocity of shortening of the 
unloaded muscle) had been shown to be dependent on muscle length (Donald et al,
1972).

The ratio of the maximum rate of rise of isometric twitch tension (max dT/dt) of a post- 

extrasystolic beat and the steady-state beat that preceeded it (so-called force-interval 
ratio), and the ratio of the max dT/dt of an ectopic beat and its preceding steady state 
beat, are both indices which are independent of muscle length in the isolated muscle 
preparation (Anderson et al, 1976). The force interval ratio is reduced by inotropic 
stimuli such as the addition of isoprenaline (Anderson et al, 1976) or calcium
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(Anderson, Manring, Arentzen et al, 1977) to the bathing medium. These findings have 
been confirmed in the intact heart in the chronically instrumented concious dog when 
looking at the maximum rate of rise of pressure (max dP/dt) in response to artificially 

paced extrasystoles (Anderson et al, 1976).

The force-interval ratio is also altered in pathological states. In a comparative study on 
the isolated papillary muscles from cats having undergone pulmonary artery 

constriction, approximately 18 weeks previously, the force-interval ratio was 
significantly greater in the hypertrophied than in the control group (Anderson, Manring, 
Arentzen et al, 1977), despite there being no difference in peak tension, time to peak 
tension or max dT/dt between the two groups.

In a catheter study of 42 patients between the ages of 1.5 and 20 years, the left 
ventricular force interval relationship was compared to ventricular function, size and 

wall thickness (Anderson et al, 1979). The force-interval ratio was increased in patients 
with either increased left ventricular end-diastolic diameter or increased posterior wall 
thickness, and reduced in those with dilated ventricles and heart failure. These changes 
were consistent with the qualitative changes seen in equivalent mammalian models of 
hypertrophy and cardiac failure. A fundamental technical difficulty in this study was the 
need to ensure that the pre-load of each of the pair of beats, being compared as a ratio, 
was identical; for, while the ratio  should be independent of pre-load, the two 
contractions must occur with identical loading. This, of course, is not a problem in the 
isolated muscle preparation, but presents obvious practical difficulties in the intact 
heart, leading to a degree of uncertainty in determining whether changes in developed 

pressure or max dP/dt are due to a change in loading conditions or to a manifestation of 

the force-interval relationship.

MECHANICAL RESTITUTION

A more detailed appraisal of the force-frequency relationship in the intact ventricle was 
made by Burkhoff et al (1984) in the isolated perfused dog left ventricle. In their 

model, they extended and confirmed the observations of Braveny & Kruta (1958) who 

had described another manifestation of the force-interval relationship, so-called 
'mechanical restitution'.

The mechanical restitution curve (MRC) describes the relationship between the size of a 

test beat and its preceding interval, where the muscle is stimulated at a regular steady
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state and test beats are inserted at various intervals (Figure 1). When the preceding 
interval is short, the test beat is of low amplitude. As the interval is lengthened the 
amplitude of the test beats increase until a maximum is reached. Thereafter the size of 
the test beat will decline with lengthening intervals. These two phases of the MRC 
describe the increase and subsequent decrease of the capacity of the muscle to contract 
in relation to changes in the duration of the preceding interval.
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Figure 1. T h e  M ech an ica l R e s titu tio n  C urve (from a guinea-pig papillary 
muscle). Developed twitch tension from an ectopic stimulus (T(ect)) divided by the 
twitch tension of the preceding steady state beat (T(ss)) is plotted against the 
interval between the pair of stimuli (ectopic interval). The inset shows, in 
diagramatic form, a typical stimulus protocol with a steady state frequency of 1 Hz 
and two extra stimuli.

The MRC in isolated cat and rabbit papillary muscles was examined by Anderson, 
Manring and Johnson (1977). Intervals of up to 2.5 seconds were used, and the 
resulting curves were found to be altered by different interventions. The effect of a 

change in muscle length was to simply scale the magnitude of the force in the MRC. 

Alterations o f external [Ca2+], addition of ouabain, histamine, noradrenalin and 
pentobarbitone to the medium, however, had the effect of altering both the force 

produced and the shape of the MRC.
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The shape of the MRC appears to vary between species. In the rabbit the force of a test 
contraction reaches a maximum value with a preceding interval of 0.7 to 0.8 s (Edman 
& Johannson, 1976). The curve then forms a plateau and the force of contraction 

decays in a two phasic exponential manner with relatively long time constants. In the 
rat, however, maximum values are seen at 60 - 1 2 0  s, after which there is some decline 
in force of contraction (Ragnarsdottir et al, 1982). In the dog, the MRC forms a plateau 
at approximately one second (Mahler & Rogel, 1970) which continues for at least up to
2.5 s (longest time interval examined) (Anderson et al, 1976).

In the cat there are differences in the MRC depending on the age of the animal (Maylie,

1982). The kitten MRC shows sharp rise followed by a rapid decline. Adult cat MRC, 
however, shows a monoexponential rise, followed by a plateau and slow decline. 
Similarly, in the rat the MRC shows a much faster recovery phase in 4—10 day old rats 
as compared to 3 month old rats (Minelli et al, 1985).

In Burkhoffs work on the isolated perfused isovolumically beating canine left ventricle 
(1984), the shape of the MRC was very similar to that found in isolated canine 
ventricular muscle (Anderson et al, 1976). The MRC in the intact ventricle of the dog 
showed a monoexponential rise to a plateau which continued for as long as 10-15 s. 
The time constant of this rising exponential phase was 189±30 ms (Yue et al, 1985) 
and it was postulated that the process described by this time constant represented the 
recovery of the 'calcium releaseablity' of the sarcoplasmic reticulum; this recovery 
process being quite distinct from the time-dependent recovery of cell membrane 

conductances (Elzinga et al, 1981). In other words, the phenomena associated with the 
MRC could be related to events within the myocardial cell at the ultrastructural level; 
events that might otherwise be impossible to examine directly.

The accepted model of excitation-contraction coupling ultimately involves the action of 
calcium ions on myofibrils causing muscular contraction. The source of the activating 
calcium remains the subject of debate. Most, however agree that activator calcium is 

delivered to the contractile apparatus from two main sources. Firstly, from the trans- 
sarcolemmal influx of Ca2+, and secondly from the sarcoplasmic reticulum. The 
stimulus for release of Ca2+ from the SR may be the cellular influx of Ca2+ during the 
action potential (Fabiato & Fabiato, 1977), but the amount of Ca2+ available for release 

by the SR is a time dependent process, suggesting the presence of an intracellular 
circulation of Ca2+ which takes a finite time to recover between beats (Tritthart et al, 
1973b). It has been suggested that it is the variation of the amount of Ca2+ available for 
release by the SR which gives the mammalian myocardium its unique ability to modify
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its contractile state in response to variations in stimulus frequency (Morad & Goldman,
1973). The evidence suggesting an intracellular circulation of Ca2+ has lead to the 
widely adopted two-compartment model for activator Ca2+ metabolism (Edman & 

Johannson, 1976). In this model Ca2+ is taken up by the release compartment 
(presumably part of the SR) only by transfer from the uptake compartment, which itself 

is responsible for the sequestration of Ca2+ from all sources (such as the myofilaments 

during relaxation and Ca2+ entering the cell from the outside). It is the transfer from the 
uptake to the release compartment which is believed to be the time limiting factor, 
explaining the observation of a fixed time interval for attainment of an optimum 
contractile response (Edman & Johannson, 1976). The time interval of optimal 
contractile response seems to be independent of the stimulation rate and has been found 
to be in the region of 800-1000ms in rabbit papillary muscle (Edman & Johannson, 

1976), in intact dog and cat hearts (Elzinga et al, 1981) and in the intact human heart 
(Seed et al, 1984).

In a study of mechanical altemans in open-chest dogs (measuring isometric tension 
with a strain-gauge arch sewn into the right ventricular wall) Mahler & Rogel (1970) 
described different time constants of restitution for the beats following large and for 
those following small contractions. The rate at which mechanical alternans could be 
induced was dependent on the restitution time constant of the muscle. In other words, if 
the time taken for the release compartment to reach its optimum capacity is prolonged, 
an optimal contractile response may not occur at heart rates above a certain level. 
Hence, tissue with a long time constant may develop alternans at slower rates. This, 
they argued, might explain the increased incidence of pulsus alternans in patients with 
heart disease, if there was a prolonged restitution time constant in diseased states.

Indeed, the mechanical restitution time constant was found to be prolonged in isolated 
myocardium obtained from patients with heart failure as compared to those without 

(Fry et al, 1983). There was also a significant negative correlation between the 
cindangiographic left ventricular ejection fraction and the restitution time constant. 

Furthermore, the time constant was shortened by adrenalin, and lengthened by 
verapamil, raising the question of whether the time course of recovery of activator 

calcium is dependent on the recovery of membrane ionic channels rather than the 
accumulation of Ca2+ by the release compartment of the SR.

Further evidence that altered calcium handling in the myopathic hypertrophied human 

myocardium may be influenced by dysfunction of the sarcolemma as well as the 
sarcoplasmic reticulum is presented in a study of isolated myocardium obtained from
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the hearts of transplant recipients (Gwathmey et al, 1987). In this study intracellular 
calcium transients were recorded with the calcium sensitive photoprotein aequorin. 
Both the duration of isometric contraction and of the calcium transient were found to be 
increased in hypertrophic myocardium. The calcium transients exhibited a biphasic 
pattern. The early component (similar to that seen in the monophasic transient in normal 
myocardium) is blocked by ryanodine (a substance known to block release of calcium 

from the SR). The second component, which coincides with the presence of prolonged 
twitch duration, is abolished by the slow inward current blocker verapamil.

SLOW INWARD CURRENT

It is now well recognised that at least two distinct voltage-gated membrane channels 
carry the inward currents of sodium and calcium ions during the cardiac action potential 

(Reuter, 1979). The first inward current (lNa)> carried by sodium ions, is responsible 
for the initial rapid upstroke of the cardiac action potential. Ins may be abolished by 
removal of sodium ions and by tetrodotoxin (TTX). The second inward current has 

previously been described in multicellular preparations as a single component, or 
'slow' inward current. Studies on single cells have now revealed several components 
of the so-called 'slow' inward current, the fastest of which has properties similar to 
those described for the original slow inward current. This fast component of the second 
inward current ( I s i )  is carried, like the original slow inward current largely by calcium 
ions and has slower kinetics and different voltage dependence than the faster In&. It is 
blocked by divalent cations such as manganese, cadmium, cobalt and nickel and the so- 
called calcium channel blockers such as nifedipine, verapamil and diltiazem. It is 

insensitive to TTX. The activation kinetics of the fast component of the second inward 

current in single cells appear to be much faster than had been realised from multicellular 

preparations (Mitchell et al, 1983). The explanation of this discrepancy is unclear at 
present, but may involve the reduced series resistance of single cells and the effects of 

outward currents from either the membrane recorded or from adjacent membranes.

Calcium entering the cell during the action potential is thought both to increase the 
intracellular pool of calcium available for myofibrillar activation and provide an 
important link between excitation of the cell membrane and release of calcium by the SR 

(Fabiato & Fabiato, 1977). Understanding of the Isi has been largely helped by voltage 

clamp studies and more recently single channels have been recorded using patch clamp 

techniques (Reuter, 1984).
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It has been proposed that a more convenient way of studying the slow inward current is 
to generate so-called ’slow’ (or 'slow response') action potentials (Tritthart et al, 
1973a). Slow action potentials may be elicited by either blocking the fast inward current 
with TTX or artificial partial depolarisation of the cell membrane to around -50mV. At 

this potential the In& is inactivated and the resulting 'slow' action potential is of shorter 
duration, has a slower upstroke velocity and has a higher threshold of excitation than 

normal (Tritthart et al, 1973a). The upstroke velocity and overshoot of the slow action 
potential are both increased with increased calcium concentration and isoprenaline, and 

reduced by verapamil (Kohlhart et al, 1978), confirming the dependence of the slow 
action potential on Isi.

Fundamental biophysical theory states that if an action potential is not propagated (i.e. 
field stimulation is used) the ionic current ( 1 0  is related to the rate of change of 
membrane potential (dV/dt) by:

h = -Cm dV/dt 

-where the constant, Cm . is the membrane capacitance.

Thus, the rate of rise of the action potential is proportional to the total ionic current 
flowing in the depolarising phase (Jack et al, 1976).

The maximum rate of rise of the action potential (max dV/dt) had been proposed as an 
index of sodium conductance in the normal action potential (Weidmann, 1955). Gettes 
and Reuter (1974) have looked at the restitution of max dV/dt in the guinea-pig 

papillary muscle in which the resting membrane potential was altered by changing the 
external potassium concentration. The time constant of recovery was approximately 
2 0 msec in the normal action potential, when the resting membrane potential was more 
negative than -80mV, and more than 100msec when the membrane potential was 
between -65 and -60mV. In the same study, voltage clamp experiments were performed 

and similar time constants of recovery of the slow inward current were found to the 

time constants of recovery of the action potential plateau duration. Despite this close 
relationship, and because of a dependence of the slow action potential on other factors 

such as the outward potassium current, Reuter (1979) has advised caution when 
interpreting slow action potential measurements. Malecot and Trautwein (1987) have 

described a close linear relationship between max dV/dt of slow action potentials and 
the calcium current in the single cell voltage clamp preparation in the guinea pig. It must
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be pointed out, however, that in this preparation the outward current was blocked by 
the substitution of caesium for potassium in the internal medium. The limited specificity 

of the slow action potential probably restricts its use to qualitative rather than 
quantitative description of the slow inward current (Malecot & Trautwein, 1987).

The role of Isj in hypertrophic myocardium was examined by Hemwall et al (1984), 
who looked at slow action potentials in the right ventricular papillary muscles of cats 
with pulmonary artery banding. In this preparation the slow action potentials were of 
lower amplitude, slower upstroke velocity and shorter duration than those of controls. 
It must be said, however, that this tissue was studied 14-35 days after pulmonary artery 

banding and that right ventricular hypertrophy was associated with reduced isometric 
twitch tension.
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SUMMARY AND PROPOSALS

Cardiac failure in association with increased afterload is a common problem. It would 
seem that the hypertrophic response is one which initially compensates for the increased 
demands caused by increased afterload. Eventually the myocardium may fail to 

compensate, marking the onset of clinical heart failure. In patients with valvular heart 
disease symptoms may predate the onset of myocardial failure, which itself may herald 
a rapid deterioration in the patient's condition.

The precise mechanism(s) by which the hypertrophic reponse occurs are unknown. 

There are well described alterations in myocardial structure (both gross histological and 
ultrastructural) and cellular function. The force-interval relationship, as manifest by the 
mechanical restitution curve, theoretically provides a means of examining some of the 
processes which occur within the cell over the brief periods between muscular 
contraction. The processes underlying the mechanical restitution curve have yet to be 
elucidated, but it has been shown that mechanical restitution is altered in pathological 
states and may be manipulated by agents which affect the slow inward current.

The purpose of this current investigation is to:
1. Investigate mechanical restitution in isolated strips of human myocardium obtained 
from patients with left-ventricular pressure overload and to compare the results with 
those from patients with left-ventricular volume overload and those with normal 
ventricles.

2. Compare the clinical status and in-vivo assessment of contractility with the in-vitro 
performance of isolated muscle in the same patients.

3. Investigate possible cellular mechanisms underlying mechanical restitution; in 

particular the relative roles of the slow inward current and the sarcoplasmic reticulum in 

the recovery phase of restitution.
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CLINICAL AND CATHETER DATA 

Clinical classification
All human myocardium was obtained at the time of cardiac surgery. In most cases the 
patients were investigated in the Department of Cardiology at St Thomas' Hospital and 

most operations were performed at St Thomas' Hospital. Full history and clinical 
examination was obtained from all patients. A recent drug history was obtained, 
together with details of premedication and anaesthetic agents used. Exercise tolerance 
was classified acording to the New York Heart Association (NYHA) classification 
(NYHA, 1964). Standard twelve lead resting electrocardiography, two-dimensional 
and Doppler echocardiography were performed in most cases.

Catheter procedure

All patients underwent cardiac catheterization before surgery. In some cases this was 

performed at another hospital.

In all patients catheterized at St Thomas Hospital this was performed by percutaneous 
catheterization of the right femoral artery and vein using the Seldinger technique 
(Seldinger, 1953). Premedication was not routinely prescribed. Pressures were 
measured using strain-gauge transducers connected via fluid-filled tubing to the 

intravascular catheters. The zero reference point was at the level of the sternal angle. 

The on-line computer provided maximum, minimum and mean pressures, and 
ventricular end-diastolic pressures. Simultaneous and withdrawal valve gradients (mean 

and peak) together with valve opening times were also available on-line. Cardiac output 

was estimated by the Direct Fick Method (modified by estim ating oxygen 
consumption), the Indicator Dilution Method (using Indocyanine-green dye), and
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angiographic volumes where appropriate. Valvular regurgitation was quantified 
angiographically according to the criteria proposed by Sellers et al (1964). Valve areas 
were calculated using Gorlin and Gorlin's formulae (Gorlin & Gorlin, 1951):

Aortic Valve A r e a  Aortic valve flow (ml/sec)

44.5 VM ean aortic gradient (mm Hg)

Mitral Valve A r e a  Mitral valve flow (ml/sec)

31 -/M ean  mitral gradient (mm Hg)

Where aortic and mitral valve areas are in cm2.

35mm cine left ventriculography was performed in the right anterior oblique projection 

at 50 frames per second. All angiograms were reveiwed and measured by myself. The 
projected ventriculogram was outlined on paper with a pencil and subsequently 
digitised using a digitising tablet (Summagraphics Corp., Los Angeles, USA) 
interfaced to an Apple Macintosh microcomputer. The traces were then analysed using a 
specially written program ('MacAngio') (Hughes et al 1988). The program calculates 
left ventricular volumes by two methods: i. using an area-length formula for the RAO 

projection (Kennedy et al, 1970), and ii. by a single-plane modification of the multiple 
slice method (Chapman et al, 1958). Mean Vcf was calculated, using the computer 
program according to the following formula:

(c e d - Ces) 
Mean Vrc  = , J l

CF (Ce d xET>

where:

Mean Vc f = Mean equatorial V q f  during the ejection phase of left ventricular systole 

Ce d  = End diastolic circumference, in cm 

Ce s = End systolic circumference, in cm 

ET = Ejection time, in seconds
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IN-VITRO EXPERIMENTS

The basic layout of the experimental apparatus is shown in Figure 2 below. Essentially, 
this may be divided into four components; 1. the muscle bath, 2. the stimulator, 3. 
isometric tension recording, and 4. transmembrane action-potential recording.

Neurolog Modular 
Pulse Generator

Optical Isolator

Intracellular
Microelectrode

Tension Transducer U SC LE P R EPA R A TIO N

OSCILLOSCOPE
DC Amplifier

Differentiator

PEN RECORDER

Bridge Amplifier

Differentiator

Figure 2. Layout of basic apparatus
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MUSCLE PREPARATIONS 

Human Tissue

All preparations of human myocardium were taken from biopsy specimens obtained at 
the time of cardiac surgery. Only ventricular myocardium was used. Biopsies were 

taken from either the subendocardial left-ventricular free wall (in the case of aortic valve 

replacement) or left-ventricular papillary muscle (in the case of mitral valve 

replacement). All biopsies were taken as soon as possible after the onset of cardio
pulmonary bypass and subsequent cardioplegia. In practice, the diseased aortic or 

mitral valve would be removed just prior to taking the biopsy. This procedure was 
approved by the ethical committee of St Thomas' Hospital. Care was taken in handling 
the specimen at the time of biopsy and transport as excessive stretching or crushing 
tended to cause irreversible damage to the tissue. Specimens were transported in 
modified Tyrode's solution that had been previously gassed with 95% oxygen and 5% 
carbon dioxide at room temperature. Transfer from the operating theatre to the 
physiology laboratory would typically take approximately 5-10 minutes. On two 
occasions specimens were stored overnight at 4°C. Following this treatment one 
specimen failed to contract and the other contracted very poorly. Neither of these form 
part of this study. Towards the end of the study some specimens were obtained from 
other nearby hospitals. These were transported in exactly the same way and took 
approximately half an hour to reach the laboratory.

Dissection of the tissue was performed under a layer of modified Tyrode's solution in a 

glass dish with a silcone gel base (Sylgard: 184 Silicone Elastomer Kit, Hopkin & 

Williams, Romford). It became clear that any undue stretching, at this stage, would 

have a permanent effect on the ability of the mounted preparation to contract. The 
specimen was therefore handled with great care (using watchmaker's forceps under 

direct vision with a binocular dissecting microscope). The endocardium (if present) 

was usually carefully stripped away (using opthalmic butterfly scissors) and the 
preparation pinned in two places to the silcone gel base of the dissecting dish, with fine 
entomology pins. (Dissecting instruments from John Weiss Ltd. London)

The objective was to cut (from the biopsy specimen) a preparation of muscle fibres 

which were in close parallel alignment. Two parallel cuts (see Figure 3) were made 
with a fine blade in such a region of the specimen to produce a strip of muscle 
approximately 5mm x 1mm with a "V"-shaped cross-section. 7/0 silk was then looped
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under, forming a ligature around each end of the preparation before the ends were 
finally cut from the biopsy specimen. The silk thread was then used to tie the 
preparation to the fixed hook in the muscle bath (at one end) and the tension transducer 

hook (at the other).

Cross-section

Plan

Cuts Ligatures

1 mm

Figure 3. Dissection of muscle preparation from biopsy specimen.
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Animal Tissue

For comparison with human tissue, ventricular myocardium was obtained from 
laboratory bred guinea-pigs and ferrets.

G uinea-pigs
The guinea-pigs were albino females weighing 250g-300g. They were killed instantly 

by cervical dislocation and the heart was rapidly removed. The excised heart was then 
placed immediately in a dissecting dish containing gassed Tyrode's solution. The right 
ventricle was then opened along the intraventricular septum and a suitable right- 
ventricular papillary muscle was indentified. A ligature was tied around each end with 
7/0 silk prior to excision. The papillary muscle was then mounted in the muscle bath in 

the same way as the human myocardial preparation.

Ferrets
Male albino or polecat ferrets weighing 1-1.5 kg were used. They were killed by an 
intra-peritoneal injection of sodium pentabarbitone and the heart rapidly excised. The 
heart was then opened under Tyrode's solution and either a right ventricular papillary 
muscle or trabeculum was ligatured and excised in the same way as the guinea-pig 

preparation above.

THE TABLE

Mechanical vibration is a potentially serious problem when measuring tension produced 
by small strips of twitching muscle. External vibration is likely to cause interference 

with the recording, especially when small amounts of tension are produced. In 
addition, a more major problem is that of intracellular microelectrode stability. Long
term cellular impalement by a glass microelectrode in the twitching muscle preparation 

is frequently difficult to acheive. It is therefore mandatory for the preparation and the 
microelectrode and holder to be isolated as much as possible from the effects of external 

vibration. For this reason the laboratory itself was situated in the basement of the 

building where vibrations from passing traffic was minimal. All parts of the apparatus 

required to be isolated from external vibration were mounted on a steel table (61cm x 
61cm) lying on the laboratory bench. The table was constructed from a sheet of bright 
mild steel, 13 mm thick, lying on a wooden base and supported, beneath, by 

Neoprene® rubber blocks (SK Bearings Ltd. Cambridge, England). Parallel aluminium 
bars with a 'T'-shaped cross-section were screwed onto the table to allow the muscle
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bath, micromanipulators, head-stage pre-amplifiers, superfusate supply, drainage lines 
etc. to be clamped into position.

MUSCLE BATH

The muscle bath was constructed in Perspex according to the design shown in Figure
4. The overall dimensions were 70mm x 40mm x 15mm. The muscle strip was 
mounted horizontally between two stainless steel hooks; one fixed to the floor of the 
trough, the other to the tension transducer (Isometric Force Transducer: Gould, 
Hainault, Essex) (Manufacturer's specifications: range ±30g, displacement ±0.06mm, 
frequency response flat to 60 H z ).

In order to allow the muscle length to be adjusted, the tension transducer itself is fixed 

to a micromanipulator (Prior Scientific Instruments Ltd., Bishops Stortford, England). 
Size of the muscle could be measured by means of a calibrated eye-piece graticule on 
the dissecting microscope. The flow of superfusate through the trough was 
approximately 12ml per minute. The trough itself had a volume of 200jnl; the solution 
therefore being replaced once every second. The preparation was field-stimulated by a 
pair of platinum plate-electrodes which lie along-side the muscle.

SUPERFUSATE SYSTEM

To permit the rapid change of solution two parallel systems were used. Each 
superfusate reservoir consisted of a glass bottle supported, on a shelf, one metre above 
the muscle bath. The gassed solution passed by gravity through polyethylene tubing 
(internal diameter 3mm) encased in 15mm diameter tubing acting as a water jacket. 
Water heated by a 'Water Thermostat' water bath (Radiometer, Copenhagen) was 

circulated through the water jacket in a counter-current fashion to warm the Tyrode's 

solution on its way down. Solutions could be changed by means of a two-way Teflon 

tap mounted on the table adjacent to the muscle bath. The tap allowed continuous flow 
of solutions from each reservoir to either the muscle bath or to waste. This ensured that 
solutions were pre-heated and gassed before being switched to enter the bath. The 
tubing connecting the tap to the muscle bath was approximately 5cm long, thus a rapid 

( < 1  second) change in superfusate in the trough was achieved.



42 METHODS
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Figure 4. Diagram of the muscle bath and tap.
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THE SUPERFUSATE

U nless otherwise stated, a modified Tyrode's solution, with the following 
composition, was used:

NaCl 118.0 mM
NaHC03 24.0 mM

CaCl2 1.8 mM

MgCl2 -6H20 1.0 mM

NaH2 P 0 4 -2H20 0.4 mM

KC1 4.0 mM
Glucose 6.1 mM
Sodium pyruvate 5.0 mM

All chemicals were supplied by BDH Chemicals Ltd., Poole, England., and were of 
AnalaR® grade. The sodium chloride, sodium bicarbonate, glucose and pyruvate were 
added in powder form. All other constituents were added in the form of molar stock 
solutions. The solution was gassed at room temperature with a mixture of 95% oxygen 
and 5% carbon dioxide. The temperature of the superfusate in the muscle bath was 
maintained at 37 ± 0.5°C, and was monitored by a thermistor placed in the trough. 
The pH of the solution entering the muscle bath was 7.4 ± 0.04.

MODIFICATIONS AND ADDITIONS TO THE SUPERFUSATE

Changes in ionic concentrations

Change in [Ca2+]

The calcium concentration was varied between 0.45 and 5.4 mmol/1 in some 
experiments. This was achieved by adding different amounts of the molar stock 
solution of calcium chloride as the superfusate was made up. No correction was made 
for any change in osmolarity.

Change in [K+]

In experiments where a stable intracellular microelectrode penetration was achieved an 

attempt was made to record a 'Slow' action potential. This was achieved by partially
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depolarising the cell membrane by increasing the external potassium concentration. A 

concentration of 18mmol K+ was often effective, but sometimes led to loss of 
excitability of the muscle. In these circumstances a [K+] of 16mmol or 14 mmol was 
used. The potassium concentration was varied by adjusting the volume of the molar 
stock solution of potassium chloride added as the superfusate was made up and no 
correction was made for the change in osmolarity.

Addition of other compounds

The concentration used of each of the following compounds was selected as the 
concentration producing maximal effect in the absence of toxicity.

Adrenalin

Pharmaceutical ampoules of adrenalin (1 in 1000) were used to provide a final 
concenration of ljlM . (200 jil of 1:1000 adrenalin per litre of superfusate).

Caffeine
5mM caffeine was made up by dissolving the solid power (Sigma, Poole, Dorset) in 

the superfusate.

Diltiazem

4jj,M diltiazem was used. A stock solution of 0.5mM was prepared from the solid 
powder (Lorex Pharmaceuticals Ltd., High Wycombe, Bucks), and this was added 
directly to the superfusate.

Ouabain

0.5 juM ouabain was prepared by the addition of a ImM stock solution (Sigma, Poole, 

Dorset).

Ryanodine
10|lM Ryanodine was prepared by the addition of a stock solution (lOmM) of the 
dissolved crystalline form (Merck Sharp and Dohme, USA)

Verapamil
2.2 nM verapamil was prepared by the addition of a stock solution (lmg/1) of the 

dissolved powder (Abbott Laboratories Ltd., Queenborough, Kent).
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ELECTRICAL STIMULATION 

Apparatus
Programmed electrical stimulation was by means of Neurolog System modules 
(Digitimer Ltd., Welwyn Garden City, Herts.). The modules used for the stimulation 

protocol which follows were:

Period Generator NL 303
Counter (x2) NL 603
OR gate NL 500
Delay-Width NL 403
Pulse Buffer NL 510

In addition a 'Flip-Flop' circuit was specially designed to control the insertion of 
ectopic stimuli within a steady state train, (see Appendix for circuit diagram)

r e s e t r e s e t

Period Generator 
NL 303

Flip-Flop

Pulse Buffer 
NL 510

OR gate 
NL 500

Isolated Stimulator 
DS2

Counter 
NL 603

Counter 
NL 603

Delay-W idth  
NL 403

Muscle
Preparation

Oscilloscope
T rig g er

Figure 5. Neurolog Stimulator: module connections.
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The output o f the Neurolog System was passed into an Isolated Stimulator (DS2, 
Digitimer Ltd..) which controlled the stimulus strength delivered to the muscle bath. 
Stimulus threshold values (for pulse width and amplitude) were established for each 
muscle preparation. Stimulation was usually set at 50% above these values.

The interconnections of the stimulator modules are shown in Figure 5. Essentially, one 

of the counters was set to provide steady-state stimulation and the other varied to 
provide ectopic intervals of different duration. The 'flip-flop' circuit was used to switch 
between the two counters. The incorporation of a 'Delay-Width' module alowed the 

• oscilloscope sweep to be triggered before the onset of the stimulus.

Restitution Protocol

The preparation was field stimulated (via platinum electrodes placed in the walls of the 
bath) at a steady-state rate of 1 Hz. Ectopic beats were inserted with varying preceding 
stimulus intervals (ectopic interval). In order to describe the relationship between the 
duration of the ectopic interval and parameters of twitch tension, the duration of the 
ectopic interval was varied from approximately 300ms to 30-60s depending on the 
behaviour of the tissue under experimental conditions. In practice the refractoriness of 
human myocardium usually prevented ectopic intervals of less than 400ms. Following 
steady-state stabilization between ectopic beats a further ectopic beat was inserted at an 

increased interval. The incremental change in the ectopic interval would depend on the 
slope of the relationship of twitch tension and ectopic interval at that point. A typical 

stimulation protocol would include ectopic intervals as follows:

300ms 500ms 1 2 0 0 ms 1800ms 1 2 0 0 0 ms
320ms 600ms 1300ms 2 0 0 0 ms 15000ms
360ms 700ms 1400ms 3000ms 2 0 0 0 0 ms

400ms 800ms 1500ms 5000ms 25000ms
440ms 900ms 1600ms 7000ms 30000ms

480ms 1 1 0 0 ms 1700ms 1 0 0 0 0 ms 45000ms

Figure 6  shows an example of the output of the stimulator showing the steady-state 
with a number of ectopic stimuli. An example of a recording of twitch tension and dT/dt 
during such a stimulus protocol is shown in Figure 7.
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e e e e e

I_______ 10 sec

Figure 6. Diagramatic representation of stimulation protocol.
'Steady State' stimulus frequency of 1Hz with interpolated extra stimuli (e) of varying 
ectopic intervals.
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Figure 7. Pen-recorder trace of isometric twitch tension in a guinea-pig papillary 
muscle. Steady state stimulation (1Hz) with interpolated ectopic beats of intervals 
varying between 300ms and 400ms.
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ISOMETRIC TENSION RECORDING

The stimulated isometric muscle preparation was allowed to stabilise in the muscle bath 
for at least one hour before making any recordings. Meanwhile the muscle length was 

increased progressively to achieve 'L max’ (the length at which maximum developed 
tension occurs; see Figure 8 ). All experiments on that tissue were subsequently 
performed at this length (L max).
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Figure 8. Length tension relationship in a guinea-pig papillary muscle

The isometric force transducer formed one limb of a Wheatstone bridge circuit, (see 

Appendix for bridge amplifier circuit diagram) The output from the bridge amplifier 
was passed through a 15 Hz filter to a pen recorder to display twitch tension. The same 

signal was passed to a differentiator (see Appendix for circuit diagram), to provide the 
first differential of tension with respect to time (dT/dt). Both the twitch tension signal 
and dT/dt were displayed via two "General Purpose" DC amplifiers (Model 13-4615- 
10; Gould, Hainault, Essex ) on a three channel pressure-ink recorder (Model 2400S; 

Gould). The pen-recorder frequency response was 30Hz ± 2% at 100mm amplitude, 

and 50Hz ± 2% at 50mm amplitude (manufacturers specification).
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Calibration of the entire tension recording system was carried out by suspending 
lengths of solder of known weight on the tension transducer hook. The differentiator 
amplifier was calibrated by passing a triangular waveform from a signal generator 
directly into the differentiator input and varying the rate of change of the signal voltage. 

In both cases calibration with the paper recorder was performed. Curves for both twitch 
tension and dT/dt are shown in Figures 9 & 10.
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Figure 9. Calibration of Tension Transducer
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Figure 10. Calibration of First Derivative of Tension (dT/dt)
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TRANS-MEMBRANE ACTION POTENTIAL RECORDING

M icroelectrode

Trans-membrane potentials were recorded using standard microelectrode technique (see 
Purves, 1981). Glass microelectrodes were pulled from GC150F borosilicate glass 
tubing (Clark Electromedical Instruments, Reading) on a vertical microelectrode puller 
(Searle Bioscience, Sheemess, Kent). This particular type of capillary tubing contains a 

fine glass thread running throughout its length in order to facilitate filling.

The distal 2cm of coating was removed, from 5 cm lengths of 100pm diameter Diamel- 
coated silver wire (Goodfellow Metals Ltd., Cambridge, England), by scraping with a 
scalpel blade held perpendicular to the wire. This exposed section of silver wire was 
then coated with silver chloride, by electrolysis against a silver cathode in a solution of 
0.1M HC1 and 0.1MKC1.

Electrode Holder

Intracellular Electrode

1mm

—  Clamp

Reference Electrode

—  Muscle Preparation

Figure 11. Arrangement of intracellular and reference micro-electrodes
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The glass electrodes were filled with 3M potassium chloride and the silver chloride 
coated silver wire was threaded into the capillary tube. The resistance of such an 
electrode was between 10MQ and 20MQ.

The intra cellular and reference electrodes were each prepared in this way, and were 
clamped to a single micromanipulator holder (see Figure 11). Cellular penetration was 
acheived by a combination of slowly advancing the intracelluar electode with the 
micromanipulator and gently tapping the top of the electrode holder.

Pre-am plifier

The microelectrodes were connected by short shielded cables to a high-impedence-input 
pre-amplifier with a fixed gain of xlO (for circuit diagram see Appendix). The 
frequency response of the pre-amplifier is shown in Figure 12, and was flat to 4 kHz.

1 0 —|

aJ e; _0  O 1

0 J

□ □ □ □

|--------»—I' I l l  11̂ '

%

□
□

i i ■ mil I I i ii ill I i l l  in

10°  1 0 1 102 103 104 105 106

Frequency (kHz)

Figure 12. Frequency response of the action potential pre-amplifier with a 
20M Q input resistance. The frequency response is flat to 4 KHz.

External electrical interference via the connections between the microelectrodes and the 
pre-amplifier were minimised by positioning the pre-amplifier as close as possible to 

the preparation and surrounding this and the muscle bath by a grounded 

13 x 10 x 10cm aluminium mesh Faraday cage.
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Differentiator

The pre-amplifier DC output was passed to one of two differentiator circuits (depending 
on the range o f values o f dV/dt to be measured). Normal trans-membrane action 
potentials were associated with values of dV/dt in the 'fast' range (i.e. 100-200 Vs-1). 
The so-called 'slow' action potenials produced a value of dV/dt in the region of 2-10 
Vs-1. Calibration curves of these two ciruits (’fast' and 'slow') are shown in Figures 13 

and 14.

y = 51.5 + 18.57x r=1.00
10000 n

8000 -

>
~  6000 -
co
oo 4000 -

H—
<D
O

2000  -

1 00 2 0 0 3000 400 500
dV/dt (V/s)
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Figure 14. Calibration of Action Potential Differentiator (slow)
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Display and Measurement

Both the pre-amplifier output and its derivative (dV/dt) were displayed on a two- 

channel Digital Storage Oscilloscope (Model 1425; Gould). Direct measurements from 
the stored display were possible with a remote Waveform Processor with X-Y cursor 

control (Type 125; Gould). Transmembrane potential could be measured to the nearest 
0.7mV, giving rise to a potential error of <0.5% in normal action potentials. Action 
potential duration was measured to the nearest 0.5ms, producing a possible error of 
< 0 . 1%.

Permanent records of these digital plots, with a facility to produce high quality printouts 

was achieved by use of the RS423 interface of the oscilloscope. The digital plot could 
be uploaded as a text file onto an Apple Macintosh microcomputer (Apple Computer 
Inc., Cupertino, California, USA), using commercially available communications 
software ('Jazz' integrated software, Lotus, USA) via the communications port. The 
x— y coordinates could then be plotted using the graph plotting facility in 'Jazz'. 
Subsequent editing and the addition of legends was acheived by using one of the 
Macintosh drawing programs (e.g. MacDraw or MacPaint). A typical digitised record is 
seen in Figure 15.
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Figure 15. Digitised record of simulaneous trans-m em brane action 
potential and twitch tension (Human left-ventricular outflow tract)
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Measurement of twitch tension parameters

The height of the twitch tension trace was measured directly from the pen-recorder 
paper with a transparent ruler graduated in millimeters. Developed tension was 

measured from the baseline to the peak of the twitch (see Figure 16). Where the ectopic 
beat was premature, and overlay the relaxation of the preceding steady-state beat, the 

magnitude of the twitch tension was taken as the developed tension by that beat (see 

Figure 17). It is estimated that the error of these measurements is approximately ± 
0.5%. Time to peak tension was measured from the onset of the upstroke of the dT/dt 

trace to the peak of the tension trace with a paper speed of 100mm per second. The 
accuracy of these measurements was to within 5msec (i.e. an error of less than 1 % in 
human experiments). Maximum dT/dt and minimum dT/dt were taken from the height 

of the trace.

Time to 
peak tension

Tension 1-j 
(9)

Peak
tension

0 -1

dT/dt 5 -
(9 /s)
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d T /d t

5-J

1 sec

Figure 16. Digitised record of twitch tension and dT/dt from a 
preparation of human myocardium showing the measurement of:
Peak Tension, Time to Peak Tension and Maximum positive dT/dt.
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Figure 17. Recording of isometric twitch tension in guinea-pig  
papillary muscle. 'Developed tension' in the premature beat is 
measured between the horizontal lines indicated.

Measurement of action potential parameters

Measurements were made directly from the stored digital image on the oscilloscope 

screen using X-Y cursor control and digital output operated by the Waveform 
Processor key-pad.

The following measurements were made: resting membrane potential (mV), overshoot 

(mV), time to 90% repolarisation and maximum positive dV/dt (see Figures 18 and 19).

90% repolarisation was taken as 90% of the distance between the overshoot and resting 

potential. (Where the overshoot = 0% repolarisation, and resting potential = 100% 
repolarisation.) Time to 90% repolarisation was therefore the interval from the onset of 

the action potential to the point at which the membrane potential is 90% repolarised.
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Figure 18. Digitised record of a human ventricular action potential showing 
measurement of resting membrane potential overshoot and time to 90%  
repolarisation.
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Figure 19. Digitised record of a human ventricular action potential upstroke 
and its first derivative with respect to time (dV/dt). The stimulus artefact is 
clearly seen, and preceeds the max dV/dt spike.
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DATA STORAGE AND ANALYSIS

Parameters of isometric twitch tension were recorded in the steady state and ectopic 

twitches according to the protocol above. Trans-membrane action-potentials were 
recorded, whenever possible, in the steady state for each intervention. Slow action- 

potential maximum dV/dt were recorded in both the steady state and in ectopic beats 

according to the stimulation protocol above.

The data from each experiment was then entered into a specially designed 
microcomputer spreadsheet template (written personally using Jazz integrated software 
(Lotus, USA) on an Apple Macintosh microcomputer) and saved for future analysis 

and plotting. The spreadsheet was designed to list values from steady-state and ectopic 
beats. The ratio of values (ectopic/steady state) from each pair was then calculated and 
could be plotted against the ectopic interval. An example of this kind of plot for twitch 
tension is seen in Figure 20. The curve described by the relationship of twitch tension 
and the ectopic interval has been termed the 'Mechanical Restitution Curve', and 
represents the time course of the recovery and subsequent decay of twitch tension 
between beats of varying intervals. Similar curves may be plotted using action-potential 
parameters.
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Figure 20. Mechanical Restitution Curve - Guinea-pig papillary muscle.
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The recovery and subsequent decay (of twitch tension) described by the mechanical 
restitution curve are assumed to represent a number of underlying biological processes 
each with an independent exponential time course. In simple terms, the recovery in 

Figure 21 resembles a monoexponential process which is somewhat faster than that of 
the decay.
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Figure 21. Mechanical restitution curve: showing two exponential curves fitted using 
'Curve Stripping' spreadsheet.

In order to quantify the exponential processes underlying mechanical restitution, the 
time constant and capacity of each exponential would have to be derived from each 
curve. In other words multiple simultaneous exponential functions would have to be 

fitted to the data. Since it is assumed that these exponential functions are simultaneous 
(as opposed to serial), iterative computations are necessary to derive the different 
components. A procedure know as 'Curve Stripping' (see below) was adopted to fit 

multiple exponential functions to the experimental data. This was performed with the 

help of a specially written spreadsheet template; written personally on Jazz integrated 
software on an Apple Macintosh microcomputer (see Appendix). The spreadsheet 
allowed curve stripping in a rapid interactive manner, so that at each stage in the 
analysis a plot of the original data together with the fitted curves could be viewed 
(Figure 21). In addition, the spreadsheet calculated the variance (from the sum of the 
squares of the differences of the data and fitted curves) for each set of data, giving an 

index of the goodness-of-fit. All mechanical restitution curves were analysed in this 

way.
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CURVE STRIPPING

A multiple exponential function may be described by the following equation: 

y = a + A e ' ^ i  + B e' ^ 2  + C e ' t /T 3 ....................  etc

where:

a = asymptotic value 

t = time (on the x axis)

A, B, C etc = intercept on the y axis of each exponential curve 

T-|, X2 , T3 etc = time constants of each exponential curve

In the example above the formula represents three decaying exponentials. If the first 
two functions were exponential recovery processes then the formula would be:

y = a + A (1- e‘^ 1 ) + b (1- e_t̂ 2 )  + C e_t//T3

An example of how such an equation containing two exponential functions 
(simultaneous recovery and decay processes) may be shown to fit the data in Figure 21 
above, is plotted in Figure 22 below.

The practice of curve stripping involves deriving, from the data, each of the individual 
exponential functions (e.g. A (1- e 'ti^i)) in turn. The first step is to calculate the 

slowest time constant. In the example above, the natural logarithmic transform of the 

twitch tension at the longest ectopic intervals is regressed by the least squares method 

and the asymptotic value (a) adjusted to acheive the best linear fit. Having derived the 
slope and intercept of this line, the time constant (T) is given by the negative reciprocal 

of the slope.

The curve described by this 'slowest' exponential is then extrapolated to shorter time 

intervals. Where the data begin to deviate from this extrapolated curve, the difference
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between the two is measured (vertical lines in Figure 23) and this difference is then 
linearised (using a natural logarithmic transform) to derive a second exponential curve 
(Figure 24). Again, if the data at even shorter time intervals deviate from extrapolation 
of this second curve, further curves may be derived in the same manner. In other 
words, starting with the slowest exponential, curve stripping allows faster exponentials 

to be stripped one-by-one from the data. Each of the faster exponentials is therefore 
regarded as a decaying exponential with the preceeding exponential curve as its 
asymptote.
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Figure 22. Mechanical restitution curve: showing plot of curve describing two 
exponential functions fitted with the 'Curve Stripping' spreadsheet.
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Figure 23. Mechanical restitution curve: The extrapolated decay curve is shown. The 
vertical lines represent the difference between the data points and the first 
extrapolated curve.

03
00
to

> s■OCO
03
to
O
'a.o
o03̂
£=o
COc
03

1 . 0 0 -

0 . 9 0 -

0 . 8 0 -

0 . 7 0 -

0 . 6 0 -

0 . 5 0 -

0 . 4 0

5 0 0 03 0 0 0 4 0 0 020000 1 000

Ectopic interval (ms)

Figure 24. Mechanical restitution curve: A second exponential curve has been fitted 
to the recovery phase of the data.



62 METHODS

STATISTICS

Simple statistical calculations were performed on a spreadsheet template written 
personally on Jazz integrated software on an Apple Macintosh microcomputer. 

Formulae were taken from Swinscow (1983). This spreadsheet allowed rapid insertion 
of data from other spreadsheets and produced a scatter plot of two columns of data, 

simple descriptive statistics, both paired and unpaired Student's t tests, least squares 
regression analysis and %2 tests. More complicated statistical computations were 

performed using Statworks™ software (Heyden & Son Ltd, London) and Statview 
512™ on an Apple M acintosh microcomputer (BrainPower, Inc., Calabasas, 

California, USA) (verified by the authors to an accuracy of twelve decimal places using 

an IBM 370 and SPSS).

Values are expressed in Results as mean ± standard error unless otherwise stated. In 
many cases the data was clearly non-parametric and the average was expressed as a 
median and interquartile range. Frequently, no assumption was made as to the 
normality of distribution of the data, and on these occasions the relevant non-parametric 
tests have been performed to compare samples (e.g. Mann-Whitney U test, Wilcoxon 

signed rank test on paired data, Kruskal and Wallis rank-sum test and Kendall's rank 
correlation).



CHAPTER 3: RESULTS

HUMAN IN-VITRO DATA 

P rep a ra tio n s

Biopsy specimens of human adult ventricular myocardium were obtained at the time of 
cardiac surgery from 58 patients. Biopsies were taken from either the left-ventricular 
outflow tract sub-endocardial myocardium (total 36), or left-ventricular papillary 

muscle (total 22). Table 1 compares the size and weights of preparations obtained from 
each site. Papillary muscle biopsies were very much larger than those from the 
ventricular wall and fibre alignment tended to be more parallel. Consequently dissection 
of the papillary muscle was somewhat easier and the preparations were slightly longer.

Table 1. Size and weight of human ventricular 
myocardium preparations.

LV WALL 
n = 36

PAPILLARY 
n =22

Weight (mg) 5.71 ± 0 .6 5 8 .8 6 ± 1 .45 p< 0.05
Length (mm) 3 .9 7 ± 0 .2 0 4.71 ± 0 .3 4 p< 0.05
Diam eter(m m ) 1 .2 3 ± 0 .0 6 1 .3 7 ± 0 .1 1 ns

LV wall = left-ventricular outflow tract sub-endocardial myocardium.
(mean ± standard error. Student's unpaired t-test)

Having been mounted in the muscle bath, the preparations were stimulated and 
generally took about one hour to recover function to a steady state. Those preparations
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which recovered sufficiently to proceed usually continued to twitch in response to 

stimuli for several hours, or until an intervention was performed which caused 
irreversible damage to the tissue. In the measurement of isometric twitch parameters 
and restitution time constants which follow, there were no differences between the 
performance of muscle preparations obtained from the different sites and no further 
distinction will be made between the two groups.

Isometric twitch parameters 

Control
A summary of isometric twitch parameters in all in-vitro preparations of human 
myocardium are presented in Table 2. Twitch tension is expressed as kilo-Newtons per 

kilogram of tissue (kN k g 1).

Table 2. Isometric  twitch parameters in normal Tyrode's  
so lut ion.  n=58

Tension Time to peak tension dT/dt max dT/dt min
(kN kq'1) (m s) (kN kq'1 S'1) (kN kq'1 s '1)

0 .8 3 ± 0 .1 8 2 9 9 .8 7 ± 6 .0 0 4 .1 4 ± 0 .9 3 -2 .91  ± 0 .7 2

Values are expressed as mean ± standard error

Interventions
i. Changes in [Ca2+]
Alterations in [Ca2+] of the superfusing Tyrode's medium were shown to affect twitch 
tension parameters and the results are summarized in Table 3. A dose-response effect of 
[Ca2+] on twitch tension, time to peak tension, maximum dT/dt and minimum dT/dt can 

be seen from Table 3 and Figure 25.
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Table 3. Human myocardium: The effect of changes  in [Ca2+] on isometric  
twitch parameters._____________________________________________________________

[Ca2+]
^m m ol/I)

Tension Time to peak Tens. dT/dt max dT/dt min
(kN kg'1) (m s) (kN kg'1 s '1) (kN kg'1 s '1)

0.9 (n =5 )

1.8 (n = 1 3)

0 .5 9 ± 0 .2 6  3 1 6 .0 0 ± 1 9 .6 5  3 .0 9 ± 1 .3 5
p < 0.05 ns p < 0.05

0 .6 9 ± 0 .2 1 2 9 3 .4 6 ± 8 .5 0 4 .0 2 ± 1 .3 0

-2 .5 9 ± 1 .1 4 
ns

-2 .7 7 ± 0 .8 7

3.6 (n =9 )

5.4 (n =9 )

1 .0 2 ± 0 .3 4
p < 0.01

1 .0 1 ± 0 .3 3
p < 0.01

2 7 9 .4 4 1 8 .0 1
ns

2 8 5 .5 6 1 6 .6 9
ns

5 .9 3 1 1 .9 6  
p < 0.05

7 .2 3 1 2 .0 9
p < 0.01

-5 .1 3 1 1 .9 9
p < 0.01

-4 .8 1 1 .7 5
p < 0.01

Values are expressed as mean 1 standard error

Significance tested (for comparison with 1.8 mmol [C a2+]) using Wilcoxon test on paired 
samples

250 n

-E- 2 0 0  -

o

£  1 0 0  <D 
CD C 
CO 

XTo

n=8 n=9

0.9 5.43.6

Calcium concentration (mmol/L)

Figure 25. Calcium dose-response for twitch tension in human myocardium
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ii. Adrenalin
Fifteen interventions were performed with ljiM  adrenalin. The results are presented in 
Table 4. Adrenalin significantly increased peak isometric twitch tension, dT/dt max and 

dT/dt min, and reduced the time to peak tension.

Table 4. Human myocardium: Isometric twitch parameters in 
Tyrode's so lution containing 1uM Adrenalin. n = 1 5________________

Tension Time to peak tension dT/dt max dT/dt min
(kN kg~1)_______________ (m s)______________ (kN kq~1 s~1)_______ (kN kg~1 s~1)

1 .7 8 ± 0 .7 0  2 5 5 .4 7 ± 9 .7 2  1 0 .3 5 ± 3 .4 8  -1 0 .4 7 ± 5 .1 3

(1 .3 7 ± 0 .6 4 )  (3 0 8 ± 1 3 .5 6 ) (6 .9 2 ± 2 .8 3 )  ( -4 .9 3 1 5 .1 3 )
p < 0.01 p < 0.01 p < 0.01 p < 0.01

Values are expressed as mean ± standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

iii. Ouabain
Eleven interventions were performed with 0.5 JJ.M ouabain and the results are 
presented in Table 5. Ouabain significantly increased peak isometric twitch tension, 
dT/dt max and dT/dt min.

Table 5. Human myocardium: Isometric twitch parameters in 
Tyrode's solution containing 0.5 uM Ouabain. n = 11_______________

Tension Time to peak tension dT/dt max dT/dt min
(kN kg~1)_______________ (m s)______________ (kN kg~1 s~1) (kN kg~1 s~1)

0 .9 0 1 0 .3 4  3 0 4 .0 0 1 1 7 .9 8  5 .0 8 1 1 .9 7  -3 .1  1 1 1 .2 4

(0 .7 0 1 0 .3 1 )  (3 0 5 .9 1 1 6 .8 1 )  (4 .0 7 1 1 .6 5 )  ( -2 .3 0 1 0 .7 8 )
p < 0.05 ns p < 0.05 p < 0.05

Values are expressed as mean 1 standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples
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iv. Verapamil
Six interventions were performed with 2.2 nM verapamil and the results are presented 
in Table 6 . Verapamil significantly reduced peak isometric twitch tension and dT/dt 
min, but did not affect dT/dt max.

Table 6. Human myocardium: Isometric twitch parameters in 
Tyrode's solution containing 2.2 nM Verapamil. n=6_____________

Tension Time to peak tension dT/dt max dT/dt min
(kN kg~1)_______________ (m s)______________ (kN kg~1 s~1) (kN kg~1 s~1)

0 .3 8 ± 0 .1 2 2 9 0 .8 3 ± 1 0 .2 0  2 .5 7 ± 0 .6 1  -1 .5 4 ± 0 .4 7

(1 .0 0 ± 0 .3 3 )  (2 9 5 .0 0 ± 5 .6 3 )  (6 .0 5 1 2 .2 3 )  ( - 3 .4 2 1 1 .0 7 )
p < 0.025 ns ns p < 0.05

Values are expressed as mean 1 standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

v. Ryanodine
Five interventions were performed with 10|lM Ryanodine and the results are presented 
in Table 7. Ryanodine significantly reduced peak isometric twitch tension. The 
differential of twitch tension was not recorded in these experiments due to failure of 
part of the circuitry at the time.

Table 7. Human myocardium: Isometric twitch parameters in 
Tyrode's solution containing Ryanodine. n = 5______________________

Tension Time to peak tension dT/dt max dT/dt min
(kN kg~1)_______________ (m s)_____________ (kN kg~1 s~1)________(kN kg~1 s~1)

0 .5 9 1 0 .2 4  2 8 9 .0 0 1 9 .6 7  not measured not measured

(1 .2 3 1 0 .3 9 )  (2 6 1 .6 7 1 9 .7 2 )
p < 0.05 ns

Values are expressed as mean 1 standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples
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Mechanical Restitution

Mechanical restitution data was obtained from all fifty-eight human myocardial 
preparations in normal Tyrode's solution. In all cases the data was sufficient to 
construct a 'Mechanical Restitution Curve'.

The decay time constant was derived by curve stripping in the manner already 
described. In human ventricular myocardium the decay phase was extremely slow 
(almost plateau like) and it was impossible to predict the asymptotic value by linearising 
the data. In general, the data conformed as well to an asymptote of zero, as it did to any 
other value less than one. It was therefore assumed to be the same in all human 
experiments, and, for convenience, a valve of zero was used.

Having derived the decay time constant (by assuming an asymptotic value of zero), it 
became clear that a single exponential could not adequately describe the recovery phase 
in most cases (c.f. Methods: Curve Stripping). In other words, a logarithmic transform 
of the entire recovery phase did not produce a linear relationship between twitch tension 
and the ectopic interval. It was apparent, during the curve-striping routine, that 
recovery of twitch tension was more accurately described by two distinct exponential 
phases. The interactive nature of the curve-stripping spreadsheet requires the operator 
to select, by visual criteria, how many exponential functions to fit to the experimental 
data in each case. In nine cases it was clear from linearisation of the recovery phase that 
a single exponential would fit so well that an attempt to fit a second would be both 
unjustified and largely impossible. In most cases (49/58 [84%]), however, two 

recovery phase exponential functions were fitted to the data.

In order to justify this approach, data from sixteen consecutive experiments were 
analysed by fitting both mono-exponential and bi-exponential functions to the recovery 
phase. In two of these it was impossible to fit more than one rising exponential. In the 
remaining fourteen a comparison was made between the 'goodness-of-fit' of two and 
three exponentials on the same data (including the decay phase). The 'goodness-of-fit' 

of the derived curves to the data was expressed as the variance. The variance of curves 
fitted with three exponentials was 0.002 ± 0.0004 (mean±SEM ); and with two 
exponentials was 0.027 ± 0.005. The variances within individual experiments were 

compared as a ratio and the significance of the difference derived from tables of the F- 
distribution. In every case the difference was highly significant (p < 0.001), indicating 
that a better fit was achieved by three rather than two exponential functions.
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Since three exponential phases describe the majority of human mechanical restitution 
data, three separate time constants are derived and are designated %\ — X3 ("X" being the 
Greek letter "Tau"). T\ describes the first (fast) rising phase, X2 the second (slow) 
rising phase, and X3 the decay phase. The intercepts of each of the three curves (i.e. the 
extrapolated value of twitch tension at an ectopic interval of zero milliseconds) are 

designated 'A', 'B* and 'C , for curves 1, 2 and 3 respectively.

Curve 3
2 . 0-1

©
5To
>.

T3nJ
2To
o
Q .
o

Curve 2

o©
0 . 8 - Curve 1

0 .4 -<

1 0 2  
K  0 . 0  4  

o 5000 10000 15000 20000 25000 30000 35000 40000 45000
Ectopic Interval (ms)

Figure 26. Three exponential curves extrapolated over data from a single 

experiment. Curves 1, 2 and 3 have time constants X i, X2 and X3 respectively.

Figure 26 shows how these three exponential curves are fitted to the data. When the 

curve stripping procedure is performed the first time constant and intercept to be 

derived are X3 and C (from Curve 3). Values for X3 were obtained in all but four cases. 

Where it was impossible to ascribe a value to X3, because the curve was clearly flat at 

long time intervals, a very high value (or infinity) was assumed for X3. In this case the 
value does not appear in the overall mean, but a very high value is used for the 

purposes of non-parametric comparison. In ten cases it was possible to fit only a single 
rising exponential rather than two. The rising time constant was then designated Xi, and 

those curves were said to have no X2.
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Control

The values of the time constants and intercepts of mechanical restitution for all 
preparations of human myocardium are shown in Tables 8  and 9. The intercepts are 
expressed as the median and interquartile range because the distribution of 'A' is 
exremely skewed. This would appear largely to be due to the inaccuracy inherent in 
estimating the intercept on the y-axis of 'Curve 1'.

Table 8. Time constants  of mechanical restitution 
of human myocardium in normal Tyrode's solution,  
n = 5 8

X i (ms) X2 (s) X 3 (s)

456.14 ± 32 .64 4.10 ± 4.46 194.4 ± 215.6

(Mean ± standard error)

Table 9. Intercepts of mechanical  restitution of 
human myocardium in normal Tyrode's solution,  
n = 5 8

A B C

2 .00  (1 .4 2 -2 .7 5 ) 0 .56  (0 .3 4 -0 .8 0 ) 1.46 (1 .27 -1 .67 )

(Median and interquartile range)

Interventions

i. Changes in [Ca2+]

The effects of changes in superfusate [Ca2+] on the mechanical restitution time 

constants and intercepts are summarized in Tables 10 and 11 and Figures 27 to 30. Ti 

was not affected by changes in [Ca2+]. There were, however, dose-response effects of 
changes in [Ca2+] on both X2 and X3. With increasing [Ca2+] there is a prolongation of 

both the second rising phase of recovery (X2) and the decay phase (X3). The value of the
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decay phase intercept (C) was significantly higher at both 3.6 and 5.4 mmol/1 [Ca2+] 

when compared to 1 . 8  mmol/1.

Table 10. The effect of changes  in [Ca2+] on the mechanical  
restitution time constants  of human myocardium.

[Ca 2+] T i  (ms) T 2 (s) T 3 (s)

(m m o l/l)

0.9 (n=5) 481.53 ± 55.33 3.38 ±  0.75 199.9 ± 70.4
ns ns ns

1.8 (n=13) 386.73 ± 41.07 4.02 ±  0.96 221 .2  ± 47.1

3.6 (n=8) 488.14 ± 88.12 6.26 ±  1.21 282 .0  ± 53.5
ns ns p < 0.01

5.4 (n=9) 450.60 ± 73.89 7.36 ±  2.11 449.0  ± 136.3
ns p < 0.05 p < 0.01

Significance tested (for comparison with 1.8 mmol [C a 2 + ]) 
on paired samples. (Mean ± standard error)

using Wilcoxon test

Table 11. The effect of changes  in [Ca2+] on 
mechanical  restitution of human myocardium.

the intercepts of

[Ca 2+]
(m m o l/l)

A B C

0.9 (n=5) 1.62 (1 .2 2 -1 .8 5 )  
ns

0.17 (0 .1 3 -0 .2 5 )
ns

1.28 (1 .2 3 -1 .3 4 )
ns

1.8 (n=13) 2 .38  (1 .6 1 -2 .5 7 ) 0 .62 (0 .3 6 -0 .7 4 ) 1.35 (1 .2 5 -1 .6 1 )

3.6 (n=8) 1.99 (1 .5 6 -2 .2 5 )  
ns

0.53 (0 .4 1 -0 .8 1 )
ns

1.57

P

(1 .3 7 -1 .6 8 )  
< 0.025

5.4 (n=9) 2 .12  (1 .5 7 -2 .8 3 )  
ns

0.63 (0 .2 4 -1 .1 4 )
ns

1.59
P

(1 .2 5 -2 .2 4 )  
< 0.05

Wilcoxon test on paired samples. (Median and interquartile range)
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Figure 27. Mechanical restitution curves derived from the combined data of several 
experiments at different [Ca2+].
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Figure 28. Calcium dose-response of X\ in human myocardium
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ii. Adrenalin

Eight experiments were performed in the presence of ljiM  adrenalin and the results 
presented in Tables 12 and 13. Adrenalin is shown to abbreviate Ti and to have 

affect on T2  or T3. There was no effect on the intercept values. The abbreviation of 1\ 
clearly seen in the lower part of Figure 31.

Table 12. Time constants of mechanical restitution 
of human myocardium in 1pM adrenalin. n=8

T i  (ms) T 2 (s) X 3 (s)

330.65 ± 48 .89 5.17 ± 1.88 179.8 ± 44.3

(561 .02  ± 79.67) (4.86 ± 0.83) (264.1 ± 63.3)
p < 0.05 ns ns

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 13. Intercepts of mechanical restitution of 
human myocardium in 1p.M adrenalin. n=8

A B C

1.97 (1 .5 8 -4 .4 6 ) 0 .52  (0 .3 5 -0 .6 6 ) 1 .42 (1 .2 8 -1 .5 7 )

[1 .60  (1 .2 2 -2 .3 4 )] [0 .57 (0 .4 6 -0 .6 7 )] [1 .6 3 (1 .2 6 -1 .8 2 ) ]  
ns ns ns

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Figure 31. Mechanical restitution curves derived from the combined data of several 
experiments showing the effect of 1p.M adrenalin. The lower panel shows the same 
data as the upper, but on an expanded time scale to demonstrate shorter ectopic 
in tervals.
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iii. Ouabain

Six experiments were performed in the presence of 0.5 juM ouabain and the results are 
presented in Tables 14 and 15. Ouabain significantly prolonged both Ti and T3, but the 

increase in T2 did not reach significance at the 5% level. There was a significant 

increase in the 'C' intercept which is well illustrated by the separation of the decay 
phases in Figure 32.

Table 14. Time constants of mechanical restitution 
of human myocardium in 0.5 |iM ouabain. n=6

T i  (ms) T2  (s) T3 (s)

648.13 ± 149.40 8.63 ± 2.01 692.2 ± 148.6

(553 .76  ± 114.72) (5.20 ± 1.26) (303.9 ± 85.3)
p < 0.05 ns p < 0.05

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 15. Intercepts of mechanical  restitution of 
human myocardium in 0.5 jiM ouabain. n=6

_______ A________________ B_______________ C_________

1.89 (1 .3 0 -2 .2 4 ) 0 .64  (0 .4 1 -1 .0 9 ) 2 .00  (1 .4 5 -2 .2 2 )

[1 .98  (1 .2 6 -2 .8 8 )] [0 .55 (0 .4 3 -0 .9 7 )] [1 .5 3 (1 .2 7 -1 .9 6 ) ]  
ns ns p < 0.05

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Figure 32 . Mechanical restitution curves derived from the combined data of
several experiments showing the effect of 0.5 jiM ouabain.
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iv. Verapamil

Six experiments were performed in the presence of 2.2 nM verapamil and the results 
are presented in Tables 16 and 17. Verapamil significantly prolonged both Xi and X2  , 

and increased ’B’ and 'C' (see Figure 33)

Table 16. Time constants  of mechanical restitution
of human myocardium in 2.2 nM verapamil. n=6

Ti (ms) X2  (s) X 3 (s)

703.34  ± 172.40 8.41 ± 2.15 199.6 ± 23.3

(400 .73  ± 59.06) (3.88 ± 1.26) 
p < 0.05 p < 0.05

(263.3 ± 87 .7) 
ns

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 17. Intercepts of mechanical restitution of 
human myocardium in 2.2 nM verapamil. n=6

A B C

1.67 (1 .4 2 -1 .9 3 ) 1 .32  (0 .9 8 -1 .82 ) 2 .5 4  (1 .7 2 -3 .2 0 )

[2 .06  (1 .6 0 -2 .5 0 )] [0 .62  (0 .4 6 -0 .6 8 )]  
ns p < 0.05

[1 .4 8 (1 .2 7 -1 .5 7 ) ]  
p < 0.05

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Figure 33. Mechanical restitution curves derived from the com bined data of
several experiments showing the effect of 2.2 nM verapamil.
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v. Ryanodine

Six experiments were performed in the presence of 10]lM Ryanodine and the results 
are presented in Tables 18 & 19. Ryanodine significantly abbreviated both T\ and T3. A 

slow rising exponential (T2) could not be identified in the presence of Ryanodine. The 
'A' intercept is approximately six fold larger, in the presence of ryanodine, than in 
controls. 'C  is significantly reduced (Figure 34).

Table 18. Time constants of mechanical restitution 
of human myocardium in 10pM Ryanodine. n=6

T i  (ms) T2  (s) T 3 ( s )

119.62 ± 11.79 4.28 ± 1.05

(304 .68  ± 35 .24) (5.90 ± 1.89) (137.49 ± 25.58)
p < 0.05 p  < 0.05

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 19. Intercepts of mechanical restitution of 
human myocardium in 10|iM Ryanodine. n=6

A B C

14 .52  (5 .5 1 -4 9 .9 ) 0 .59  (0 .42 -0 .70 )

[2 .33  (1 .9 4 -2 .9 2 )] [0.37 (0 .3 4 -1 .1 4 )] [1 .4 0 (1 .2 5 -1 .9 8 ) ]  
p < 0.05 p < 0.05

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Figure 34. Mechanical restitution curves derived from the com bined data of
several experiments showing the effect of 10jiM Ryanodine.
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TRANS-MEMBRANE ACTION POTENTIALS

Stable micro-electrode penetration was successful in twenty preparations of human 

myocardium and was unsuccessful when attempted on a further ten occasions. Figure 
35 is an original record of a human ventricular action-potential generated from the 
digital oscilloscope output. A summary of the parameters of human ventricular 
myocardial trans-membrane action potentials is presented in Table 20.

40 -|

0  --

£  -4 0 -

-8 0  J

500 msec

Figure 35. Digitised record of a human ventricular action potential.

Table 20. Characterist ics  of the human ventricular trans
membrane act ion  potentia l  in normal Tyrode's  so lu t ion  
( n = 2 0 )

Resting Potent. Overshoot Amplitude Duration 90%  dV/dt max 
(m V)___________ (m V)__________ (m V)____________ (m s)____________Vs~1

-8 1 .8 ± 2 .5  18 .7 ± 3 .4  1 0 0 .5 ± 2 .9  4 3 3 .5 ± 1 7 .5  1 3 4 .7 ± 1 9 .2

(mean ± standard error)
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’SLOW’ ACTION POTENTIALS

As previously described, so-called 'Slow' action potentials were produced and 
recorded by raising the [K+] in the superfusate. An effect of raising the external [K+] 

was to make the muscle relatively unexcitable; and on occasions totally unexcitable. In 
practice the highest [K+] at which the muscle could still be stimulated was chosen. This 
was 18mmol on five, 16mmol on eight, and 14mmol on three occasions. The effect of 
increased external [K+] on the resting membrane potential is shown in Figure 36.

Resting "4 0 '  
Membrane 
Potential ”45 “ 
( m V )

-5 0  - 

-5 5  - 

- 6 0  - 

- 6 5  - 

- 7 0  - 

- 7 5  - 

- 8 0  - 

-8 5  - 

-9 0  -

Figure 36.

i

i
1--------1------- 1---------- 1------ 1----------T"
6 8 10 12 14 16

Potassium concentration (mmol/l)
18

Resting membrane potentials at different external [K+]

There was always a fall in peak twitch tension produced by the preparation in high 

external [K+]. The amount of tension was dependent upon the size of the stimulus and 

therefore no attempt was made to quantify twitch tension in these circumstances. It is 
well documented that action potential duration is also dependent on stimulus strength 

(Tritthart et al, 1973a). Consequently supramaximal stimuli were required to produce
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reproducible stable action potentials. Furthermore, the actual stimulus threshold was 
increased significantly in the presence of high external [K+]. The threshold stimulus 
amplitude was increased from 5.2±1.1V (in normal Tyrode's soln.) to 29.8±6.6V (in 
h ig h [K +]), (p < 0.01). The threshold stimulus width was increased from

0.349±0.072m s (in normal Tyrode's soln.) to 0.55±0.117ms (in high[K +]), 

(p < 0.05). The absolute stimulus threshold values are not important and will depend 
upon many factors including the geometry of the muscle bath and the relationship of the 

electrodes to the muscle strip. Notwithstanding, there were significant practical 
difficulties in reducing the influence of the stimulus artefact on the recording of the 
upstroke of the trans-membrane action potential at higher stimulus voltages (see Figure 
37). This problem was found to be dealt with best by reducing the distance between the 
intracellular electrode and the reference electrode. This was achieved by constructing 

the reference electrode as a glass KC1 filled microelectrode, clamping it to the same 
holder as the intracellular electrode and positioning its tip approximately 1 mm higher, 

(see methods). With this arrangement the reference electrode is positioned in the 
solution just above the muscle preparation.

Figure 37. Human ventricular 'Slow' action potential recording. dV/dt is the 
lower trace and shows the large stimulus artefact which is very close to the 
peak maximun dV/dt.

Of the twenty experiments that electrode penetration was initially successful, this was 
only temporary in four. Therefore in sixteen preparations 'Slow' action potentials could 
be recorded. In order to obtain restitution curves for the upstroke velocity (dV/dt max) 

of the 'Slow' action potential two important requirements had to be met:

dV/dt
(V/sec)

-80 Jvrtv**'** L o

500 ms
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1. The stimulus artefact should be separate from the upstroke of the action 
potential. This was a particular problem with high stimulus thresholds, and 
was largely overcome by the use of twin microelectrode recordings.

2. In the twitching preparation the electrode penetration should be stable, so 
that beat-to-beat changes in dV/dt max could be obtained over periods of 
several minutes (or long enough to acquire sufficient data to construct a 
restitution curve).

Control

Table 21 shows the parameters of the 'Slow' action potential (n=16) and the time 
constant of recovery of dV/dt max ( T Sa p ) (n=13). The 'Slow' action potential has a 
significantly lower amplitude, less negative resting membrane potential, shorter 
duration, and slower dV/dt max than the action potentials recorded under otherwise 
normal conditions (Figure 38).

Table 21. Character ist ics  of the human ventricular trans-membrane  
action potential in raised [K+] so lu t ion fS low '  action potential) (n=16)

Resting Potent. Overshoot Amplitude Duration 90% dV/dt max Tsap

(m V) (m V) (m V) (m s) (Vs-’ ) (m s)

-5 5 .0 ± 2 .5 1 6 .5 ± 4 .0 7 1 .6 ± 3 .5 2 6 0 .5±1 7 .4 4 .4 0 1 0 .3 5 7 2 .2 1 1 3 .1

(-8 3 .1  ± 3 .0 ) (1 7 .9 ± 4 .2 ) (1 0 1 .0 ± 3 .5 ) (4 3 5 .9 ± 2 1 .2 ) (1 2 6 .5 9 1 1 9 .1 0 )
p < 0.001 ns p < 0.001 p < 0.001 p < 0.001

Values are expressed as mean ± standard error, and are compared with values in normal 
Tyrode's solution (in brackets). Significance tested using Wilcoxon test on paired samples

The recovery of slow action potential dV/dt max (T SAP) was significantly faster than T i  

of mechanical restitution (72±13ms and 463±32ms respectively) (p < 0.0001). This 

difference is illustrated in records from the same patient of both twitch tension and 
dV/dt max (Figure 39). In this example the slow action potential dV/dt max restitution
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time constant (TSAP) was 58 ms and the mechanical restitution time constant (Ti) was 
372 ms. In other words, the recovery of dV/dt max is largely complete by the early 

stages of mechanical recovery.

40  -i

>
E
03 0  - -co
o
Q .
oc
03
.O
E
(13

2

- 4 0 -
SAP

AP-8 0  J

500 msec

Figure 38. Human ventricular action potential recordings. 
AP = normal action potential. SAP = slow action potential.
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Figure 39. Restitution curves of twitch tension and 'slow' action potential dV/dt 
max from a strip of human papillary muscle (Patient No.32).
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In te rv e n tio n s

i. A drenalin

Nine experiments were performed in high [K+] with the addition of l |lM  adrenalin. 

While dV/dt max and XSAP tended to be faster with adrenalin, than matched controls, the 
differences did not reach significance at the 5% level (Table 22).

Table 22. Characterist ics of the human ventricular 'slow' action potential 
in 1pM adrenalin (n=9)

Resting Potent. 

(mV)

Overshoot

(mV)

Amplitude

(mV)

Duration 90% 
(ms)

dV/dt max 

(V s -1)
Tsap

(ms)

-5 1 .4±4 .9 18.4±7.1 69 .815 .4 268 .7120 .3 5 .9 510 .47 58 .0114 .9

(-54 .0±4.0) (17 .416.5) (71.515.9) (258 .7123.9) (5 .2610.32) (65 .8136.6)
ns ns ns ns ns ns

Values are expressed as mean ± standard error. Paired values from control 'Slow' action 
potentials are given in brackets. Significance tested using Wilcoxon test on paired samples.

ii. High [Ca2+]

In six experiments at high [K+] in the presence of 3.6mmol [Ca2+] again no significant 
difference was observed in parameters of the 'slow' action potential. However, X SAP 

tended to be slower in the presence of 3.6 mmol [Ca2+] (Table 33).

Table 23. Characteristics  of the human ventricular 'slow' action potential
in 3.6mmol [Ca2+] (n=6)

Resting Potent. Overshoot Amplitude Duration 90% dV/dt max T ^ p

 (mV)___________ (mV)___________ (mV)___________ (ms)___________ (Vs~1>___________(ms)

- 5 1 . 9 ± 7 . 3  14 .3 ± 7 .2  6 6 .2 5 ± 7 .1  2 3 3 .5 ± 1 7 .0  4 .2 0 ± 0 .7 2  8 7 .1 ± 3 3 .7 1

( - 5 2 .5 ± 5 .6 )  ( 1 7 .8 ± 9 .0 )  ( 7 0 .3 ± 7 .9 )  ( 2 4 3 .8 ± 3 0 .1 )  ( 5 . 2 4 ± 0 .4 8 )  (7 3 .3 ± 1 7 .8 )
ns ns ns ns ns ns

Values are expressed as mean ± standard error. Paired values from control 'Slow' action 
potentials are given in brackets. Significance tested using Wilcoxon test on paired samples.
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iii. Verapamil

With the addition of 2.2 nM verapamil to high [K+] Tyrode's solution the action 

potentials were shorter, had a smaller amplitude, slower dV/dt max and slower restitu
tion time constant than in high [K+] Tyrode's solution alone. While the direction of 

change was consistant in all three experiments the difference only reached a level of 
significance in the case of action potential duration.

Table 24. Characterist ics  of the human ventricular 'slow' action potential  
in 2.2 nM verapamil (n=3)

Resting Potent. 

(mV)

Overshoot

(mV)

Amplitude

(mV)

Duration 90%  

(ms)

dV/dt max 

(Vs*1)
Tsap

(ms)

- 4 8 . 2 ± 2 . 2 8 .0 1 1 0 .4 6 2 .2 1 7 .5 2 0 9 .7 1 1 7 .0 2 .9 7 1 0 .3 2 7 0 .2 1 1 1 .7

( - 5 4 .0 1 4 .0 ) (3 9 .5 1 1 .8 ) (8 7 .7 1 0 .4 ) (2 9 4 .9 1 3 8 .4 ) (4 .7 8 1 0 .5 4 ) (3 5 .3 1 1 0 .2 )
ns ns ns p < 0.01 ns ns

Values are expressed as mean ± standard error. Paired values from control 'Slow' action 
potentials are given in brackets. Significance tested using Student's paired t test.

iv. Caffeine

Two experiments were performed in the presence of 5mM caffeine. The resulting 
'slow' action potentials were of larger amplitude (67.5mV mean vs 49.0mV) and 

similar duration (219.0ms mean vs 268.3ms). dV/dt max did not appear to be altered 

(4.28VS'1 mean vs 4 .80V s1)» but the time constant for recovery of dV/dt max (TSAP) 
was prolonged (192.9ms mean vs 83.5± 1 .6 ms).

v. Ouabain

In one experiment 'slow' action potentials were recorded in the presence of 0.5 jiM  

ouabain. These were of lower amplitude (45mV vs 80mV) and shorter duration (137ms 

vs 186ms) with a slower upstroke velocity (2.38VS1 vs 6.16VS1)
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COMPARISON OF IN-VITRO AND IN-VIVO FINDINGS

With one exception (coronary artery disease and left-ventricular aneurysm), all human 
myocardium was obtained from patients undergoing aortic or mitral valve replacement. 

The mean age of the patients at the time of surgery was 55 years (range 18 to 82 years). 
Twenty patients were male, and twenty-eight female. All had undergone prior cardiac 
catheterization (44 at St Thomas' Hospital; 14 elsewhere). The interval between cardiac 

catheterization and surgery was 6.26 ± 0.99 months. Tables 26 to 28 summarize the 
important in-vivo findings in the patients from whom biopsies were taken.

i. Symptoms

Symptom classification, according to the New York Heart Association class (NYHA, 

1964), is shown in Figure 40. Forty (69%) patients were in class III or IV. Symptom 
class bore no significant correlation with twitch tension parameters, trans-membrane 
potential parameters or restitution time constants (Kendall's rank correlation).

n=34

Figure 40. Distribution of NYHA symptom class
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ii. Drug History

The patients in this study were taking an assortment of different drugs up to the time of 
surgery. It would be of no value to list and analyse the distribution of all medications. 
However, the most common categories, or groups of drugs, are listed in Table 25. 
Individual analysis of each of these groups, using the unpaired t-test, showed no 

difference in either any of the isometric twitch tension parameters or mechanical 
restitution time constants between those taking and those not taking a particular group 

of drugs.

Table 25. Drug history prior to surgery.  
(Number of patients)

P blockers 10 ( 1 7 % )
Digoxin 20 ( 3 4 % )
Calcium channel blockers 4 (7  % )
Diuretics 39 ( 6 7 % )
None___________________________7 ( 1 2 % )

Anaesthetic drugs were even more numerous and varied than regular medications. This 
information was therefore of little value in the identification of any influence a particular 

drug might have had on the performance of the tissue in the muscle bath. In general, the 
combination of drugs used by all anaesthetists for pre-medication, induction, 

maintainance and 'pump' drugs fell into similar distinct catagories. The gas mixture 
used prior to cardiopulmonary bypass did, however, vary between patients. In 

approximately two-thirds of cases a fluorinated hydrocarbon, such as halothane, was 
used in addition to nitrous oxide. The use of these compounds did not appear to 
influence the invitro findings (unpaired t-test).
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Table 26. Preparation, patient age,  diagnos is  and symptomatic status

Patient No. Preparation Age (years) Diagnosis NYHA Class

1 LV wall 6 0 AS.CAD 1
2 Papillary 6 3 A S,A R ,M S ,M R IV
3 LV wall 4 8 AR 1
4 LV wall 6 9 AR III
5 LV wall 5 8 AS II
6 LV wall 41 AR 1
7 LV wall 5 7 AR III
8 LV wall 6 4 AS,AR,M R III
9 LV wall 21 AR III

1 0 LV wall 7 0 AS IV
1 1 Papillary 66 MS,MR III
1 2 Papillary 5 4 MR,MS III
1 3 Papillary 4 2 MS II
1 4 LV wall 6 9 AS III
1 5 LV wall 64 AS.CAD II
1 6 Papillary 6 3 AS, MS, MR, TR III
1 7 LV wall 6 7 AS III
1 8 LV wall 4 6 AS.AR II
1 9 LV wall 7 3 AS III
20 LV wall 2 6 AR II
21 LV wall 5 7 CAD, LVAN II
22 LV wall 3 5 AR.MS II
2 3 LV wall 6 5 AS,AR III
2 4 Papillary 6 0 MS,TR III
2 5 LV wall 61 AR 1
2 6 LV wall 68 AR III
2 7 LV wall 5 4 A S .A R ,M S ,M R 1
2 8 Papillary 5 5 A S,M S ,M R II
2 9 Papillary 5 7 MS,M R,TR III
3 0 LV wall 5 4 MR III
31 LV wall 6 9 AS IV
3 2 Papillary 4 8 MR,TR III
3 3 Papillary 5 0 MS III
3 4 Papillary 3 0 M S ,(A S .A R ) III
3 5 Papillary 6 7 MS III
3 6 Papillary 31 AR.M S,M R II
3 7 LV wall 4 2 AS,MR II
3 8 Papillary 5 8 MS III
3 9 LV wall 6 7 AS III
4 0 LV wall 3 4 AR II
41 LV wall 7 2 AS,CAD III
4 2 LV wall 3 9 AR,CAD III
4 3 LV wall 3 3 AR.MR II
4 4 LV wall 61 AS IV
4 5 Papillary 68 MS III
4 6 LV wall 5 2 AR.CAD III
4 7 Papillary 3 2 MS III
4 8 Papillary 5 9 AS,MS,CAD III
4 9 Papillary 61 MR III
50 LV wall 61 AS.AR II
51 Papillary 5 8 MS III
5 2 Papillary 66 AS,AR.M R III
5 3 Papillary 6 0 MR,M S,AR III
54 LV wall 22 AR IV
5 5 LV wall 7 5 AS III
5 6 LV wall 1 8 AR 1
5 7 LV wall AS IV
58 Papillary 5 7 MS III

AS = aortic stenosis. MR = mitral regurgitation.
AR = aortic regurgitation. CAD = coronary artery disease.
MS = mitral stenosis. LVAN = left-ventricular aneurysm.
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Table 27. Summary of Cardiac Catheterization Data
Patient No. LVSP 

(mm Hg)

LVEDP 

(mm Hg)

AV area 

(cm2)

SVR

(units)

Cl

( l .m in '1, ITT2)

Mean Vcf 
(c i rc .s e c '1)

EF

CM

UJ 
^

 o

1 1 4 4 1 0 0 .7 6 25 .0 2.1 1.6 0.66 7 1 .3 0
2 2 2 6 31 0 .5 2 5 3 .7 1 .53 0 .5 6 0 .3 6 2 1 5 .1 2
3 122 4 21.0 2.22 1 .1 5 0 .6 2 1 2 8 .0 3
4 1 4 2 7 3 0 .0 1.5 0.91 0 .4 4 1 2 9 .8 5
5 2 1 8 -2 0 .2 8 1 7 .0 2 .4 2 1.22 0.66 5 3 .6 8
6 1 55 6 1 3 .5 3 .4 3 0.6 0 .4 5 127 .61
7 1 4 6 2 4 0.6 2 5 .4 1 .7 7 0 .6 3 0 .5 4 2 5 9 .6 9
8 2 0 9 13 0 .3 3 2 8 .8 1 .69 0 .8 9 0 .6 3 6 5 .0 8
9 1 4 0 0 1 .6 4 0 .4 8

1 0 1 8 5 17 0 .2 3 7 0 .3 0 .9 3 0 .1 8 0 .2 7 1 0 3 .2 7
1 1 1 2 5 3 3 2 .0 1 .6 9 0 .5 5 0 .5 3 86.11
12 1 00 7 2 0 .4 2.1 6 0.00
13 1 8 0 8 0.8 2.2 0 .7 0
14 2 4 3 3 0 .4 2 4 .5 1 .9 7 0 .6 4 0 .4 2 1 0 5 .6 5
1 5 2 3 9 9 0 .3 2 0 .5 1.9 0 .2 7 0 .3 9 50 .11
1 6 1 7 2 9 0.31 5 6 .7 1 .15 0 .3 4 0 .4 4 1 3 8 .9 0
1 7 1 3 3 7 0 .3 3 21.0 2 .5 3 2 .0 6 0 .7 3 4 3 .2 9
1 8 1 71 13 0.8 1 3 .3 3.1 0 .5 3
1 9 1 7 5 1 0 .3 5 4 5 .0 1 .5 6 1 .2 6 0.68 4 0 .1 3
20 121 5 9 .3 5.81 0 .7 7 0 .5 9 2 9 2 .1 5
21 1 23 1 0 0.31 0 .3 4 7 4 .1 6
22 1 14 7 20.0 2 .4 0 .9 0 .4 4 3 7 8 .2 7
2 3 1 8 .3 3 .2
2 4 2 4 0 1 5 2 2 .4 2 .7 8 3 .3 0 .6 9 9 6 .7 2
2 5 1 3 8 2 11.2 4 .6 8 0 .6 9 0.00
2 6 1 65 4 2 3 .0 2 .4 9 0 .6 9 0 .4 8 1 6 0 .0 5
2 7 1 5 2 8 0 .6 2 1 5 .7 2 .8 9 3 .0 3 0 .7 9 1 7 5 .2 9
2 8 1 61 3 0 .3 2 4 2 .0 1 .4 9 0 .6 9 0 .4 3 2 3 6 .1 5
2 9 120 0
3 0 121 6 2 3 .0 2.91 0 .9 3 0 .5 4 7 6 .1 3
31 14 .2 2 .9
3 2 120 8
3 3 1 0 7 0 1 8 .2 2.6 0 .4 8 0 .3 8 1 7 8 .2 5
3 4 1 5 0 1 5 1 .94
3 5 13 3 3 3 5 .0 1 .6 2
3 6 1 00 5 3 8 .3 1 .3 5 0 .7 2 0.51 1 6 1 .9 5
3 7 0 .5 5
3 8 1 4 4 6 3 2 .0 2.1 1 .2 9 0 .6 7 8 3 .6 2
3 9 2 6 5 -2 0 .3 5 3 0 .0 1.6
4 0 18 0 6 10.6 4 .3 5 1 .33 0 .6 2 1 6 5 .9 3
41 1 94 - 3 0 .5 1 4 .5 3 .2 0 .9 5 0 .4 8 8 0 .7 7
4 2 1 8 0 1 4 2 6 .0 3 .2 0 .6 5 0 .4 9 1 3 0 .7 3
4 3 141 4 1 7 .7 3 .6 4 0 .4 5 0 .3 2 405 .2 1
4 4 19 4 2 3 0 .3 9 1 4 .8 2.71 0 .3 3 0 .3 4 1 8 0 .2 4
4 5 1 1 3 5 3 4 .0 1.6 0 .9 9 0 .5 9 1 2 6 .0 8
4 6 18 5 2 5 2 7 .4 2 0 .5 0 .5 3 1 2 2 .5 5
4 7 9 9 5 1 8 .0 3 .4 1 .5 6 0 .5 9 6 8 .6 5
4 8 1 63 9 0 .5 33.1 1.88 0 .5 6 0 .5 2 1 0 7 .7 2
4 9 1 60 9 0 .6 5 1 .0 7 0.68
5 0 2 0 9 2 6 0 .3 7 2 6 .0 1 .7 9 0 .5 7 0.51 7 2 .2 4
51 1 2 4 6 2 5 .9 2 .1 6 0 .9 7 0 .6 7 1 5 4 .7 0
5 2 220 3 2
5 3
5 4
5 5 2 1 3 5 0 .4 5 1 3 .9 1.8
5 6 1 6 0 1 5
5 7 2 6 0 4 0
5 8 120 1 6

LVSP= peak left-ventricular pressure, LVEDP= left-ventricular end diastolic
pressure
AV area= calculated aortic valve area, SVR= systemic vascular resistance
Cl= cardiac index, mean Vcf= mean velocity of LV circumferential fibre shortening
EDVI= LV end-diastolic volume index, EF= LV ejection fraction
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Table 28. Electrocardiographic, echocardiographic and radiological f indings.
Patient No. Rate

(min*1)
Rhythm QRS axis 

(degrees)

LV voltage 

(mV)
Strain LV wall 

(mm)
CTR

1 8 0 S - 3 0 LBBB .55
2 7 2 S - 8 0 21 - 3 0 .6
3 71 S 4 0 56 + 22 .49
4 S 3 0 3 9 + 22
5 8 0 S 20 2 9 + .45
6 4 5 S 6 0 52 -
7 68 S 0 61 + 2 6 .56
8 6 0 AF 3 0 3 3 + 2 6 .62
9 8 0 S -

1 0 8 0 S 4 5 +
1 1 8 0 AF -1 0 2 7 - 2 3
1 2 AF 9 0 3 8 + 2 5 .61
1 3 S 4 0 .5
1 4 7 8 S 3 0 61 + 3 2 .56
1 5 75 S 6 0 67 + 31 .55
1 6 7 7 AF 6 0 28 + .75
1 7 8 0 S - 3 0 2 5 - .5
1 8 65 S 6 0 4 6 + 2 5 .53
1 9 7 6 S -1 0 3 4 - 2 5 .52
20 S 0 60 +
21 5 2 S 0 20 - .47
22 9 0 S -1 0 68 + 1 8 .73
2 3 6 5 S - 3 0 3 7 + 2 9
2 4 9 0 AF 6 0 3 2
2 5 81 S 0 3 9 - 22 .53
2 6 7 3 AF 3 0 4 2 - 22 .58
2 7 6 0 S -1 0 3 7 - 2 6 .47
2 8 68 AF - 4 5 99 + .71
2 9 S
3 0 8 5 AF 1 20 RBBB 2 5
31 107 S - 6 0 49 + 2 5 .61
3 2 100 AF 6 0 22 21 .6
3 3 7 5 S 8 0 20 - 1 9 .54
3 4 S 6 0 43
3 5 10 5 AF 0 29 + 22 .52
3 6 7 0 S 1 1 0 38 - 1 9 .5
3 7 S 0 33
3 8 10 3 AF 9 0 37 + .69
3 9 1 00 S - 1 5 34 2 6
4 0 9 0 S 3 0 4 7 + 22
41 8 7 S 0 4 0 +
4 2 S 0 3 5 + 1 9 .43
4 3 120 S 0 8 0 + 21 .67
4 4 86 S - 1 5 8 2 + 2 6 .52
4 5 6 0 S 6 0 21 - 20 .42
4 6 7 5 S -1 5 2 8 - 2 7 .5
4 7 7 2 S 6 0 2 3 - 1 7 .39
4 8 10 3 AF 0 21 - 22 .71
4 9 8 0 AF 6 0 2 9 +
50 6 0 S -1 0 4 3 + 2 5 .5
51 9 0 AF 7 5 2 9 .54
52 8 0 S 1 5 4 0 - 22
53 1 00 S 3 0 1 5 -
54 8 0 S 3 9 -
5 5 7 0 S 52 +
5 6 9 0 S - 3 0 +
5 7 7 2 S 42 +
58 9 0 AF 25 -

S = sinus rhythm
AF = atrial fibrillation.
"+" &"-" indicate presence and absence of strain pattern in those patients not taking digoxin. 
"LV wall" = sum of posterior wall and septum measurements from M-mode echocardiographs. 
CTR = cardiothoracic ratio.
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iii. Catheter derived indices of contractility

Listed in Table 29 are indices of left-ventricular performance derived from in-vivo 
catheterization data (on the left) and in-vitro measurements made in the muscle bath (on 

the right). Each of the in-vivo indices was compared with each of the in-vitro 
measurements. In no comparison performed was there a significant correlation 
(Kendall’s rank correlation).

Table 29. Correlation of i n - v i v o  (patient) and in-v i t ro  ( isolated  
m uscle )  f indings .

IN-VIVO (Catheter derived)____________ IN-VITRO (Muscle bath)________________

Peak Tension 

Time to peak tension 

dT/dt max 

dT/dt min

Mechanical restitution time constants

Trans-membrane action potential:

Resting membrane potential 

Overshoot

Time to 90% repolarisation 

dV/dt max

'Slow' action potential:

Resting membrane potential 

Overshoot

Time to 90% repolarisation 

dV/dt max

dV/dt max restitution time constant

Vcf = velocity of circumferential shortening.
LV = left ventricular.

Cardiac Index 

Ejection Fraction 

Mean Vcf 

Ejection Time 

End-diastolic Volume Index 

LV Systolic Pressure 

LV End-diastolic Pressure
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iv. D isease C lassification.

Biopsy material obtained from this group of human subjects undergoing cardiac 
surgery forms a heterogeneous group and by definition does not provide a group of 

normal controls. In an attempt to classify the myocardium studied according to 

underlying pathology the results of in-vitro investigations have been analysed according 

to the diagnosis of each patient.

Ischaemic Heart Disease
Eight of the fifty-eight patients were found to have coronary artery disease at cardiac 
catheterization. Since the effect of occlusive coronary artery disease on the myocardium 
would be patchy, one would expect the function o f viable myocardium to be 

unimpaired. This assumption is borne out by the fact that there was no difference 

between the in-vitro performance of myocardium from those with and those without 
coronary artery disease (Unpaired t-test: twitch tension parameters and mechanical 
restitution time constants). With the exception of one patient, the primary indication for 
cardiac surgery was significant valvular heart disease. Since the presence of ischaemic 
heart disease did not affect in-vitro measurements, the ensuing analysis will ignore this 
as a parameter.

Valvular heart disease
Central to this study is an examination of the influence of different chronic valve lesions 

on the myocardium. Tables 30 and 31 summarize the in-vitro measurements in patients 
with different valve lesions. The patients are classified according to the predominant 
valve lesion, and patients are assigned to the mixed valve group if more than one valve 
lesion was of haemodynamic significance (see Figure 41).

Analysis of variance and its non-parametric equivalent, the Kruskal and Wallis rank- 

sum test, both produced identical results when comparing data from all groups of 
patients. The only significant difference observed is in the value of the mechanical 

restitution time constant (Ti). This is prolonged in myocardium from patients with pure 

aortic stenosis (602.9±80.3ms, p < 0.025). In all other respects there was no 

difference between myocardium from patients in each group.
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mixed
n = 15

AS 
n=1 7

Figure 41. Distribution of diagnosis
'Mixed' = mixed valve lesions or coronary artery disease alone 
(in one case)

Table 30.  In-vitro m e a s u r e m e n ts  ( i so la ted  m u s c l e s )  of  act ion  
potential parameters in relation to d isease  classification.

Aortic Stenosis Aortic Regurg. Mitral Stenosis Mitral Regurg. Mixed Valve. 
n=6 n=7 n=3 n=1 n=3

Resting potential - 8 1 . 8 ± 5 . 9  
(mV)

Overshoot 2 2 .3 ± 6 .2
(m V)

Time to 90% rep. 4 6 2 .0 ± 4 2 .8  
(ms)

dV/dt max 9 0 .0 ± 1 4 .5
(Vs*1)

- 8 5 .5 ± 4 .6  - 8 0 .0 ± 5 .3

9 .5 ± 5 .3  2 4 .8 ± 4 .0

4 6 2 .8 ± 2 5 .9  3 9 1 .2 ± 7 .7

1 3 2 .5 ± 3 7 .4  1 5 9 .7 ± 8 2 .2

n=4 n=1

- 8 5 . 0  - 7 3 .9 ± 1 .5

3 7 .0  2 0 .6 5 1 1 1 .9 6

3 4 9 .0  3 7 8 .9 1 1 0 .9

2 5 4 .6  1 6 3 .4 1 3 3 .5

n=1 n=3

Tsap 1 1 4 .3 1 3 3 .9  64 .1 1 7 .1  3 9 .0  5 8 .4  4 2 .2 1 1 3 .1
(ms)

Values are expressed as mean l  standard error.
Significance is tested by Kruskal and Wallis rank-sum test. No significant difference was 
found between each of the groups.
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Table 31. In-vitro measurements  (isolated m usc les )  of twitch tension and 
mechanical  restitution in relation to d i s e a s e  classif ication.

Aortic Stenosis Aortic Regurg. Mitral Stenosis Mitral Regurg. Mixed Valve
n = 1 7 n = 1 4 n=9  n=3  n = 15

Peak Tension 
(kNkg-1)

0 . 6 2 ± 0 . 1 5 0 .4 7 1 0 .1 4 0 .6 1 1 0 .2 4 0 .8 0 1 0 .5 2 1 .5 2 1 0 .6 5

Time to peak tens.319.1±10.2  
(ms)

2 8 3 .9 1 1 2 .0 3 0 3 .9 1 1 0 .9 2 7 3 .3 1 8 .8 2 9 5 .8 3 1 1 4 .3 5

dT/dt max 
(kN kg' 1 s'1)

2 .5 2 ± 0 .6 3 2 .7 5 1 0 .8 3 4 .0 2 1 1 .9 4 4 .7 8 1 2 .8 6 7 .0 1 1 3 .0 5

dT/dt min 
(kN kg-1 s'1)

- 1 . 6 6 1 0 .5 0 - 2 .0 9 1 0 .7 7 - 2 .0 8 1 0 .7 1 - 5 . 1 9 1 3 .0 5 - 5 . 0 5 1 2 .3 4

T i 6 0 2 .9 3 6 7 .4 2 5 9 .7 408 .1 500.1

(ms) 1 8 0 .3 1 5 2 .9 1 4 5 .2 1 1 8 .2 1 3 4 .4

p < 0.025

h 4 .1 3 2 .6 2 3.01 7.01 5 .3 2

(s) 1 0 .7 9 1 0 .5 8 1 0 .9 7 12 .81 1 0 .9 2

h 1 9 9 .0 1 3 1 .4 1 7 7 .2 3 0 0 .2 2 3 7 .6

(s) 1 1 6 .6 1 2 6 .6 1 7 0 .2 1 9 7 .7 1 6 7 .0

A 1.66 2 .4 5 2 .6 5 1 .7 2 1 .90

( 1 . 2 6 - 2 .1 8 ) (1 .5 1 - 6 .9 6 ) ( 2 . 4 2 - 1 9 9 .7 ) ( 1 . 3 5 - 2 .2 6 ) ( 1 . 4 7 - 2 .2 7 )

B 0 .6 0 0 .5 2 0 .5 8 0 .4 6 0 .6 7

( 0 . 4 0 - 0 .7 8 ) (0 .3 7 - 0 .6 7 ) ( 0 . 2 4 - 1 .2 6 ) ( 0 . 2 6 - 0 .5 0 ) ( 0 . 4 5 - 1 .0 3 )

C 1 .5 2 1 .35 1 .2 6 1 .5 7 1 .7 6

( 1 . 4 1 - 1 .7 3 ) (1 .2 5 - 1 .5 5 ) ( 1 . 1 8 - 1 .3 9 ) (1 .3 3 - 1 .6 0 ) 1 .4 5 - 1 .9 8 )

Values are expressed as mean ± standard error except for intercepts which are medians 
(interquartile range).
Significance is tested by Kruskal and Wallis rank-sum test.
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The analytical approach in Table 31 may not be satisfactory as the 'mixed' group is 
relatively large and might conceal any real differences. For example, a patient with both 
aortic and mitral stenosis would have been classified as mixed, even though the mitral 
stenosis may not contribute to left-ventricular dysfunction. It would be more important 
to examine these patients in terms of the pathogenesis of ventricular dysfunction, and, 
as such, they may be conveniently divided into three groups 1 . pressure over-load, 2 . 

volume over-load, and 3. neither pressure nor volume over-load (i.e. a group which 
should have relatively normal myocardium). One approach to such a classification 
would be to use the diagnosis as a form of classification of abnormalities of loading.

The following scheme was used:

1. Aortic Stenosis (or pressure over-load)
Defined as an aortic valve area less than 1cm2  in the absence of significant valvular 
regurgitation.

2. Aortic Regurgitation (or volume over-load)
Defined as grade 3 or 4 regurgitation. (Sellers et al 1964), in the absence of significant 
aortic stenosis.

3. Control (neither volume nor pressure over-load)
Defined as the absence of aortic stenosis or significant aortic or mitral regurgitation.

In order to justify this approach, indices of left-ventricular size and performance are 
compared in each of the three groups in Table 32. As expected, patients with aortic 
stenosis (AS) have significantly higher left-ventricular pressures, thicker left-ventricular 

walls, have an electrocardiographic QRS axis inclined towards the left and larger left 
ventricular voltages than 'Others'. On the other hand, patients with aortic regurgitation 
(AR) have increased left-ventricular volume and cardiac index with a similar tendency 

to abnormal ECGs.

The in-vitro mechanical data in these three groups is shown in Table 33. Significant 
differences were observed in the in-vitro mechanical properties of the 'AS' group when 

compared to both the 'AR' and 'Other' groups. However, despite significant 

differences of the in-vivo ventricular performance of the 'AR' and 'Other' groups 
(Table 32), the mechanical properties of the isolated myocardium from these patients 
appeared to be similar. Further analysis was therefore performed on the 'AS' group in
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comparison with all patients without evidence of left-ventricular outflow obstruction 

(noAS), and the results are presented in Table 33.

Table 32. Comparison of left-ventricular volume, s ize  and performance  
in patients classif ied according to diagnosis .

EDVI (cm3m-2)

Cardiac Index (I min'1m -2) 

LVEDP (mm Hg)

LVSP (mm Hg)

Ejection Fraction 

Mean Vcf (circ. s '1)

LV wall thickness (mm) 

QRS frontal axis (°)

LV voltage (mm)

AS
n=24

AR 
n = 1 4

96 .6±1  6.2  
ns

2.1 ±0.1 5 
ns

1 2 . 0 ± 2.6
ns

1 9 7 .4 ± 8 .2
p < 0.0001

0 .5 2 ± 0 .0 3
ns

0 .9 5 ± 0 . 1 9 
ns

2 6 .4 ± 0 .8 1
p < 0.001

- 3 .9 ± 7 .6
p < 0.001

4 3 .4 ± 3 .9
p < 0.01

1 9 7 .2 ± 3 6 .9
p < 0.05

3.1 ± 0 .4 2
p < 0.05

8 .4 ± 2 .2
ns

14 6 .8 ± 6 .0  
ns

0 .5 2 ± 0 .0 3
ns

0 . 8 9 ± 0 . 11 
ns

2 1 .9 ± 0 .9 6  
ns

1 5 ± 7 .2
p < 0.01

5 0 .9 ± 4 .3
p < 0.0001

Other  
n = 1 4

1 1 4 . 5 ± 1 3 .9  

2 .0 ± 0 .2 3  

6 . 5 ± 1 .3 

1 3 4 .9 ± 1  0 .0 5  

0 .5 8 ± 0 .0 4

1 .1 2 ± 0 .2 7  
ns

2 0 .0 1 0 .8 9

5 2 .1 1 1 0 .9

2 7 .5 1 1 .7 6

EDVI = left-ventricular end-diastolic volume index.
LVEDP = left-ventricular end-diastolic pressure.
LVSP = left-ventricular peak systolic pressure.
Mean Vcf = mean left-ventricular velocity of circumferential fibre shortening (angiographic) 
LV wall thickness = sum of posterior wall and septum thickness derived from M-mode  
echocardiograph.
QRS frontal axis = mean frontal QRS axis taken from the 12 lead ECG
LV voltage = sum of deepest S wave in V1 or V2 and tallest R wave in V5 or V 6 (1mV per cm)

p-values refer to an unpaired t-test between the column and ’Other'
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There is a significant increase in the mechanical restitution time constant (Ti) 
(p < 0.001) in myocardium from patients with aortic stenosis (Figures 42 and 43), 
and a small but significant increase in time to peak tension in this group (p < 0.025).

Table 33. Mechanical properties of isolated myocardium from patients with 
aortic s t en os i s  (AS), aortic regurgitation (AR) and those without ev idence of 
pressure or volume overload (Other)

AS
n=24

AR 
n =14

O ther  
n = 14

no AS
n=34

Peak Tension 1 .0 7 1 0 .4 1 0 .4 8 1 0 .1 4 0 .6 9 1 0 .1 8 0 .6 5 1 0 .1 2

(kN kg*1) ns ns ns

Time to peak tens. 3 1 7 .3 ± 1 0 .5 27 8 .2 1 1 1 .1 2 9 8 .8 + 7 .8 2 8 7 .6 1 6 .4
(ms) p < 0.025 ns p < 0.025

dT/dt max 4 .9 1 1 1 .9 8 2 .8 5 1 0 .8 2 4 .2 5 1 1 .3 0 3 .5 8 1 0 .7 4

(kN kg"1 s’ 1) ns ns ns

dT/dt min - 3 . 4 5 1 1 .5 3 -2 .1 9 1 0 .7 5 -2 .7 2 1 0 .7 0 - 2 . 4 9 1 0 .5 0
(kN kg"1 s"1) ns ns ns

T i  (ms) 5 8 5 .9 1 5 7 .6 3 8 3 .0 1 5 1 .8  

p < 0.025

3 7 7 .8 1 4 0 .1  

p < 0.025

3 6 4 .5 1 2 9 .9

p < 0.001

T 2 (s) 4 .8 9 1 0 .6 5 2 .7 1 1 0 .5 6  

p < 0.05

3 .5 0 1 0 .7 5

ns

3 .6 4 1 0 .5 9

ns

T 3 ( s ) 2 2 4 .9 1 3 7 .7 1 3 2 .9 1 2 6 .5

ns

2 0 2 .0 1 4 7 .2

ns

1 7 1 .8 1 2 4 .9

ns

A 1.73 (1 .31 -2 .28 ) 2 .38  (1 .51-4 .10)  
ns

2.17 (1 .60 -2 .65 )  
ns

2.38  (1 .61 -2 .92 )  
ns

B 0 .68  (0 .47 -0 .85 ) 0 .44  (0 .33-0 .65)  
ns

0.57 (0 .28 -0 .86 )  
ns

0.52  (0 .29 -0 .68 )  
ns

C 1.53 (1 .42 -1 .77 ) 1.37 (1 .25-1 .55)  
p < 0.025

1.39 (1 .25 -1 .58 )  
ns

1.39 (1 .25 -1 .59 )  
p < 0.025

Values are expressed as mean ± standard error except for intercepts which are medians  
(interquartile range), p values refer to comparison with 'AS' group, (unpaired t test, or Mann* 
Whitney test)
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Figure 42. Mechanical restitution time constant T i  in individual
muscles from patients with and without aortic stenosis.
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iv. Aortic stenosis

The relationship between aortic stenosis and mechanical restitution was investigated 

further by examining the relationship of the degree of stenosis and T i .

The aortic valve areas of individual patients with aortic stenosis were correlated with Ti 
using both least squares linear regression and Kendall's rank correlation. Figure 44 
demonstrates a poor but significant correlation between the aortic valve area and Ti. It is 
notable that the patient (No. 10) with the highest value of Ti also had the most severe 
degree of stenosis (0.23 cm2). It should also be pointed out that the significant 
relationship between Ti and aortic valve area persists even if this patient is removed 

from the analysis. This patient was severely ill at the time of cardiac catheterization and 
operation. He had symptoms at rest and a cardiac index of 0.93 lm in^nr2  with a left- 
ventricular ejection fraction of 27%.
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Figure 44. Scatter plot of T i / Aortic valve area showing least squares 
linear regression and 95% confidence limits of the means of T i 
y = -281 x +710 r = 0.43 p<0.025
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In order to examine the relationship between afterload and Ti in patients with and 
without aortic stenosis, systemic vascular resistance and the resistance to left- 
ventricular outflow from aortic stenosis were combined as an index which I have called 
'Systemic Resistance'. This index shows a significant positive correlation with Ti 
(Figure 45).

Sy stemi c Res istanc e = SVR +
mean AVG x

SEP~
60

CO

Where:
m ean aortic pressure  - m ean right atrial p ressure

SVR =-------------------------K------------ ------------ ;— f K--------------
cardiac output

mean AVG = mean aortic valve gradient (in mm Hg)

SEP = systolic ejection period (in sec per minute)

CO = cardiac output (in litres per minute)

(All pressures in mm Hg)
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Figure 45. Scatter plot of T i against systemic resistance (calculated from the sum of
the systemic vascular resistance and the resistance across the aortic valve), 
y = 8.9x +179, r = 0.55, p < 0.0005
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v. Hypertrophy

There was an inverse correlation between aortic valve area and the degree of left 
ventricular hypertrophy as assessed by wall thickness (r = 0.73, p<0.002) (Figure
46). The sum of left ventricular free wall and inter-ventricular septal thickness (as 

measured from the M-mode echocardiograph at end diastole) was used as a measure of 
wall thickness. This measurement was the best available estimate as the exposure 
quality of the left-ventricular cine angiograms was generally not suitable for this 
purpose.

Using the same method to assess the degree of hypertrophy, there was a significant, 
but poor, positive correlation with the mechanical restitution time constant, Ti (Figure

47).
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Figure 46. Scatter plot of left-ventricular wall thickness (posterior wall 
plus septum) against aortic valve area showing least squares linear 
regression and 95% confidence limits of the means of LV wall thickness, 
y = -6.13x + 29.5, r = 0.73, p = 0.0013
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Kendall's rank correlation coefficient (Tau) = 0.273, p<0.025
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COMPARISON OF HUMAN AND OTHER MAMMALIAN MYOCARDIUM 

Muscle Preparations

Experiments were performed on tissue from thirty-seven guinea-pigs and six ferrets. 
All guinea-pig preparations were obtained from right-ventricular papillary muscles. In 

the ferret, three preparations were obtained from right-ventricular papillary muscles and 
three from right ventricular trabeculae. The relative size and weight of preparations 
from the two species are shown in Table 34. The two types of ferret preparation are not 
distinguished here because of the small numbers involved. Human preparations were 
significantly heavier than those of both guinea-pig and ferret (p < 0.001, and p < 0.05 
respectively). Both human and ferret preparations were longer than those of guinea-pig 

(p < 0.001, and p < 0.05 respectively). The diameter of human and ferret preparations 
was greater than in the guinea-pig (p < 0.001, and p < 0.05 respectively).

Table 34. S ize and weight of human and animal t i s sue  
p r e p a r a t io n s .

HUMAN GUINEA-PIG FERRET
n=58_______________ n=37______________ n=6________

Weight (mg) 7 .6 0 ± 0 .8 0  2 .6 7 ± 0 .5 3  2 .6 0 ± 0 .9 0

Length (mm) 4 .4 6 ± 0 .1 9  2 .8 2 ± 0 .1 2  3 .9 3 ± 0 .8 7

Diameter (mm) 1 .3 3 ± 0 .0 6  0 .8 1 ± 0 .0 3  1 .0 4 ± 0 .1 3

(mean ± standard error)

Isometric Twitch Parameters

Since two separate groups of human subjects may be distinguished by the performance 

of isolated strips of myocardium (in terms of the restitution time constants), these two 
groups have been separated for further comparison with different mammalian species. 

There is therefore a group of patients with aortic stenosis, and a mixed group of
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subjects mostly with valvular heart disease, but no evidence of significant left 
ventricular out-flow obstruction. Parameters of isometric twitch tension is made 
between guinea-pig, ferret and the two groups of human myocardium in Table 35. This 
shows significant differences between both animal species and each type of human 
preparation; the human preparations producing less tension, having a longer time to 

peak tension and slower peak rates of contraction and relaxation than either animal 

species. There were no significant differences between each of the animal species.

Table 35.  Comparison  of isometr ic  twitch t e n s io n  parameters  in 
different mammalian preparations.

GUINEA-PIG FERRET HUMAN (noAS) HUMAN (AS)
n=37  n=6 n=34 n=24

Peak Tension 1 .2 2 ± 0 .1 6  1 .8 2 ± 0 .4 0  0 .6 5 ± 0 .1 2  1 .0 8 ± 0 .4 1
(kN kg’ 1) ns p < 0.01 p < 0.001

p < 0.01 ns

Time to peak tension 1 7 2 .4 ± 6 .3  1 5 6 .7 ± 6 .7  2 9 2 .4 ± 6 .6  3 1 7 .3 ± 1 0 .5
(ms) ns p < 0.001 p < 0.001

p < 0.001 p < 0.001

dT/dt max 

(kN kg ' 1 s '1)

1 0 .5 7 ± 1 .4 6 1 7 .1 0 1 2 .5 2

ns

3 .5 8 1 0 .7 4
p < 0.001 
p < 0.001

4 .9 1 1 1 .9 8  

p < 0.025 
p < 0.025

dT/dt min 

(kN kg*1 s '1)
-8 . 9 3 1 1 .3 5 - 1 4 . 0 6 1 2 .2 0

ns
- 2 . 4 9 1 0 .5 0

p < 0.001 
p < 0.001

- 3 . 4 5 1 1 .5 3
p < 0.001 
p < 0.001

Values are expressed as mean 1 standard error.
'p' values are given for unpaired t tests with guinea-pigs (upper value) and ferrets (lower 
value).
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M echanical Restitution

Figure 48 shows the superimposed restitution curves from the combined results in the 
different mammalian species. As before, the results from human muscles have been 
divided into two groups. Each curve represents mean values for the group. It is 

immediately clear that there are marked differences in the mechanical restitution curves 
of guinea-pig, ferret and human isolated myocardium. These differences have important 

practical implications in terms of deriving the values of the time constants of restitution. 

While evidence has been provided for the recognition of two recovery phases in the 
human, each with identifiable time constants, the decay phase of the guinea-pig curve 
tends to be much more rapid than in the human and a 'slow' recovery phase could not 
be distinguished. In guinea-pig control experiments only two time constants are used to 
describe the restitution curve.

Three important observations are apparent from the curves in Figure 48. First is the 

entirely different shaped curve of the guinea-pig compared to the other species. 
Whereas in man the decay part of the curve forms a virtual 'plateau', in the guinea-pig 
the decay is much more rapid. The value of the decay constant (X3) is in the region of 
30 seconds in guinea-pig and is 200-300 seconds in both man and the ferret. (The 
differences being significant at the 0 . 1 % level when both types of human preparation 
were compared to the guinea-pig, and at the 1 % level when ferret is compared to 
guinea-pig). A second observation is the similarity of the ferret data to that of human 
subjects without aortic stenosis as distinct from those with aortic stenosis. Thirdly, in 
the presence of a relatively rapid decay phase in the guinea-pig, there is no discernible 
phase 2 and consequently X2  (if present) could not be quantified.

Values of Xi are of the same order of magnitude in each of the four groups (Table 36). 
Xi in guinea-pig and ferret is similar at around 200ms. Human preparations, however, 
exhibit significantly longer Xi (p < 0 .0 0 1 ), both in those from patients without 
(377.9±28.4ms) and those with aortic stenosis (585.9±57.6ms) when compared to the 

guinea-pig. Xi in non-AS subjects was only significantly different from the ferret at the 
2.5% level as opposed to the 0.1% level for the AS group, further emphasizing the 

similarity of non-hypertrophied human tissue and ferret myocardium. As already 

described, there are significant differences between the two groups of human 

preparations.
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Table 36. Comparison of the time c o n s ta n t s  and in tercepts  of 
mechanical  restitution in different mammalian preparations._________

GUINEA-PIG FERRET HUMAN (noAS) HUMAN (AS)
n = 3 7  n = 6 n = 3 4  n = 24

T i  (ms) 2 2 0 .0 ± 2 2 .7 1 9 2 .5 1 4 3 .2

ns

3 6 4 .5 1 2 9 .9

p < 0.001
p < 0.025

5 8 5 .9 1 5 7 .6

p < 0.001 
p < 0.001

X 2 (s) 4 .4 5 1 1 .4 7 3 .6 4 1 0 .5 9 4 .8 9 1 0 .6 5

ns ns

T 3 ( s ) 2 8 .5 1 8 .4 2 2 1 .0 1 1 5 6 .3

p < 0.01
1 7 1 .8 1 2 4 .9

p < 0.001
ns

2 2 4 .9 1 3 7 .7

p < 0.001
p < 0.05

2 .3 1 ( 1 .5 2 - 3 . 8 8 )  3 .3 4 ( 2 .1 8 - 7 . 9 0 )  2 .3 8 ( 1 .6 1 - 2 . 9 2 )  1 .7 3 ( 1 .3 1 - 2 .2 8 )
ns
ns

ns
p < 0.025

p < 0.05

1 .0 1 ( 0 .6 4 - 1 .3 9 )  0 .5 2 ( 0 .3 0 - 0 . 6 9 )  0 .6 8 ( 0 .4 7 - 0 . 8 5 )

ns ns

0 .7 4 ( 0 .5 3 - 0 .9 8 )  1 .6 6 ( 1 .1 8 - 2 .0 0 )  1 .0 1 ( 0 .6 4 - 1 .3 9 )  1 .5 3 ( 1 .4 2 - 1 .7 7 )
p < 0.001 p < 0.001 p < 0.001

ns ns

Time constants are expressed as mean 1 standard error, and p values are derived from 
an unpaired t test with guinea-pigs (on the top line), and ferrets (on the lower line). 
Intercepts are expressed as medians (interquartile range) and significance is tested 
with the Mann-Whitney test.
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The lower panel show s the sam e data as the upper on an expanded time scale.
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'Normal' human vs. guinea-pig and ferret myocardium

It may be more appropriate to compare myocardium from patients believed to have 

relatively normal myocardium with that of other mammals. The sub-group of patients 
most likely to have unimpaired left-ventricular function are those with pure mitral 

stenosis. All patients were female, aged 55+3.9 years. Eight patients were in the New 
York Heart Association (NYHA) symptom class 3, and one was in class 2. The cardiac 
index was 2.31±0.21-l-min-1-nr2; left ventricular cineangiographic ejection fraction 

61±4%; left ventricular peak systolic pressure 140±15 mm Hg; left ventricular end 

diastolic pressure 7.1±1.8 mm Hg.

The in-vitro  data from the myocardium of these patients is shown in Table 31. 
Comparison of twitch tension parameters show differences between human and animal 
tissue in a similar manner and to a similar degree to the differences observed in the non- 

AS group in Table 35. The rapid recovery phase time constant (Ti) was 259.7±45.2ms 
in tissue from patients with mitral stenosis. This was not significantly different from 
either the guinea-pig or ferret. Futhermore there was no significant difference between 
any of the three time constants of restitution in human and in ferret tissue. When this 

comparison is made between so-called 'relatively normal' human myocardium the only 
species difference in the MRC is that the guinea-pig does not display a second slow 
recovery phase and decay is more rapid than in both human and ferret myocardium (see 
Figure 49).

In summary, the human mechanical restitution curve appears to be more similar to that 

of the ferret than the guinea-pig, particularly in myocardium from patients without left- 
ventricular out-flow obstruction and in patients with no evidence of impaired left- 

ventricular function. Man and the ferret are distinguished from the guinea-pig largely 
by the difference in the decay of twitch tension which is very much slower and appears 

to form a 'plateau' at intervals up to 30 seconds.
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ANIMAL TISSUE - INTERVENTIONS

i. A lterations in [Ca2+] .

Six experiments were performed on guinea-pig papillary muscles at 0.9 mmol/1 [Ca2+] 

and eight at 3.6 mmol/1 [Ca2+]. The results are shown in Tables 37, 38 and 39 and 
Figures 50 to 53. There was an expected dose-response effect of increasing [Ca2+] on 
twitch tension, but little consistent effect on mechanical restitution time constants. Ti in 
0.9 mmol/1 [Ca2+] was faster than in 1.8 and 3.6 mmol/1 [Ca2+] (p < 0.05). 'A' was 
larger in 0.9mmol/l [Ca2+] than in 1.8 or 3.6 mmol/1 (p < 0.05).

Table 37. Guinea-pig papillary muscle: The effect of changes  of [Ca2+] 
on isometric twitch parameters.___________________________________________

[C a2 + ]
(m m o l/ l )

Tension Time to peak Tens. 
(kN kg'1) (ms)

dT/dt max dT/dt min 
(kN kg' 1 s'1) (kN kg"1 s'1)

0.9 (n = 6 ) 0 . 4 0 ± 0 . 1 9 1 64.1 7 ± 4 .5 5  
p < 0.05 ns

4 .2 4 1 2 .2 1  - 2 . 3 2 1 1 .1 8  
p < 0.05 p < 0.05

1.8 (n =8 ) 0 .8 1 ± 0 .2 8  1 6 5 .6 3 1 7 .5 9 8 .3 0 1 3 .0 1  - 7 . 2 5 1 2 .7 3

3.6 (n =8 ) 2 .0 1 1 0 .6 0  1 6 5 .0 0 1 6 .1 2  
p < 0.05 ns

1 9 .0 2 1 7 .0 8  - 1 8 . 2 7 1 6 .8 6  
p < 0.025 p < 0.025

Values are expressed as mean ± standard error 

Significance tested (for comparison with 1.8 mmol/l [Ca2+J) 
s a m p le s

using Wilcoxon test on paired

Table 38. 
restitution

The effect of changes  of [Ca2+] on the mechanical  
time constants  of guinea-pig papillary musc le

[C a2 + ]

(m m o l/ l )

T i  (ms) T 2 (s) T 3 (s)

0.9 (n=6 ) 156.34 1 21.07  
p < 0.05

46.04 1 22.65  
ns

1.8 (n=8 ) 211.64 1 26.24 21.28 1 8.03

3.6 (n=8 ) 198.73 1 9 .84 1 6 4 0 .8 9  
ns

17.84 1 5.49  
ns

(Mean ± standard error)

Significance tested (for comparison with 1 . 8  mmol/l [Ca2+b using Wilcoxon 
test on paired samples
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Table 39. The effect of changes  in [Ca2+] on the intercepts of 
mechanical  restitution of guinea-pig papillary musc le________

[Ca2 + ]
(m m o l/ l )

A B c

0.9 (n=6 ) 2.81 (2 .47 -9 .38 )  
p < 0.05

0.69 (0 .35 -0 .82 )
ns

1.8 (n=8 ) 2 .24  (1 .61 -2 .94 ) 0.75 (0 .59 -0 .85 )

3.6 (n=8 ) 1.73 (1 .47 -3 .12 )  
ns

0 .3 3 1.05 (0 .76 -1 .19 )
ns

(Median and interquartile range)
Significance tested (for comparison with 1.8 mmol/l [ Ca 2+]) using Wilcoxon  
test on paired samples
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0.9 1.8 3.6
Calcium concentration (mmol/l)

Figure 50. Calcium dose-response for twitch tension in guinea-pig papillary 
muscle.
* = p < 0.05
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Figure 51. Calcium dose-response for Ti in guinea-pig papillary muscle. 
* = p < 0.05
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Figure 52. Calcium dose-response for T3 in guinea-pig papillary muscle.
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Figure 53. Mechanical restitution curves in the guinea-pig derived from the 
combined data of several experiments at different [Ca2 +].

ii. Adrenalin

Nine experiments were performed on guinea-pig papillary muscles with ljiM  
Adrenalin. The results are shown in Tables 40-42 and Figure 54. Adrenalin 

significantly increased twitch tension and the maximum rates of change of tension. 

Neither Ti and T3 were modified by the addition of adrenalin to the superfusate.

Table 40.  Guinea-p ig  papillary m u sc le :  Isometr ic  twitch
parameters in Tyrode’s  solution containing 1nM Adrenalin, n = 9

Tension 
(kN kq-1)

Time to peak tension 
(m s)

dT/dt max 
(kN kq' 1 s '1)

dT/dt min 
(kN kq*1 s '1)

1 .8 3 ± 0 .3 6 1 5 1 .2 5 ± 1 8 .8 5 13 .4 5 ± 8 .3 1 -1 2 .2 4 ± 3 .2

(1 .41  ± 0 .2 8 ) (1 6 2 .2 2 ± 1 8 .1 1 ) (9 .3 9 ± 1 .8 6 ) ( -7 .4 0 ± 1 .5 8 )
p < 0.025 ns p < 0.025 p < 0.025

Values are expressed as mean ± standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples
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Table 41. Time constants of mechanical restitution 
of guinea-pig papillary musc le  in 1jiM adrenalin,  
n = 9

T i  (ms) T 2 (s ) T3 (s)

194.81 ± 28.97 18.86 ± 3 .13

(209.12 ± 20.10) 
ns

(18.59 ± 2 .75) 
ns

(Mean ± standard error)
Significance tested using Wilcoxon test 
control values are given in brackets.

on paired samples. Paired

Table 42. Intercepts 
guinea-pig papillary 
n = 9

of mechanical restitution of 
musc le  in 1pM adrenalin.

A B C

1.65 (1 .3 5 -1 2 .3 7 ) 0 .59  (0 .5 6 -0 .7 0 )

[2 .10  (1 .6 6 -2 .5 2 )] 
ns

[0 .69  (0 .5 7 -0 .8 3 )]  
ns

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples. 
Paired control values are given in brackets.

0 .8 -

Adrenalin 
n = 1 0

0 .6 -

0 . 4 -

Normal Tyrode's 
n=37

0 .2 -

5 0 0 0  1 0 0 0 0  1 5 0 0 0  2 0 0 0 0  2 5 0 0 0  3 0 0 0 00

Ectopic Interval (ms)

Figure 54. Mechanical restitution curves in the guinea-pig  derived from the
combined data of several experiments in the presence of 1pM Adrenalin.
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iii. Ouabain

Five experiments were performed on guinea-pig papillary muscles with 0.5JJ.M 
Ouabain. The results are shown in Tables 43-45 and Figure 55. Ouabain increased 
twich tension, time to peak tension, max dT/dt and min dT/dt (p < 0.05). T3 was slower 

than controls (p < 0.05) and an identifiable T2  was present. No consistent effect was 
observed on Ti.

Table 43.  Guinea-p ig  papillary m u sc le :  Isometr ic  twitch
parameters in Tyrode's solution containing 0.5uM Ouabain. n = 5

Tension 
(kN kg'1)

Time to peak tension 
(m s)

dT/dt max 
(kN kq*1 s '1)

dT/dt min 
(kN kg-1 s '1)

2 .4 3 ± 0 .5 0 1 7 6 .0 0 ± 1  3 .5 5 2 6 .9 0 1 5 .7 9 -2 3 .1 8 1 5 .6 9

( 1 .0 5 ± 0 .1 6 ) (1 5 4 .0 0 ± 4 .3 0 ) (1 1 .5 8 1 1 .5 8 ) ( -9 .1 3 1 1 .4 7 )
p < 0.05 p < 0.05 p < 0.05 p < 0.05

Values are expressed as mean ± standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

Table 44. Time constants  of mechanical restitution 
of guinea-pig papillary musc le  in 0.5|iM Ouabain,  
n = 5

T i (ms) T 2 ( s ) T 3 ( s )

2 6 7 .9 6 1 4 8 .7 5 7 .8 6 1 2 .4 8 2 8 2 .5 8 1 1 5 5 .9 9

(169 .00  1 12.22) (13.71 1 2 .22)
ns p < 0.05

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 45. Intercepts 
guinea-pig papillary 
n = 5

of mechanical restitution of 
muscle  in 0.5pM Ouabain.

A B C

1.03 (0 .6 6 -1 .5 6 ) 0 .28  (0 .1 5 -0 .3 5 ) 1 .26 (0 .9 5 -1 .3 3 )

[2 .44  (2 .2 5 -3 .1 1 )]  
p < 0.05

[0 .60  (0 .5 7 -0 .7 0 )]  
ns

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Ouabain
n=5

0 . 8  -

0 . 6  -

0.4 -
Normal Tyrode's 
n=37

0 . 2  -

0 . 0

2 0 0 0 0 25000 300001 0 0 0 0 150005000

Ectopic Interval (ms)

Ouabain
n=5

0 .8 -
Normal Tyrode's 
n=37

0 .6 -

0 . 4 -

0 .2 -

3 0 0 0 4 0 0 0 5 0 0 01 0 0 0 2 0 0 00

Ectopic Interval (ms)

Figure 55. Mechanical restitution curves derived from the combined data of several
experiments in the presence of 0.5jiM Ouabain.



120 RESULTS

iv. Verapamil

Six experiments were performed on guinea-pig papillary muscles with 2.2 nM 
Verapamil. The results are shown in Tables 46-48 and Figure 56. Verapamil reduces 
isometric twitch tension (p < 0.05). Ti and X3 are both slowed (p < 0.05). In five out of 
six experiments the decay part of the mechanical restitution curve was virtually flat and 

an accurate figure for T3 could not be obtained. In the presence of verapamil a slow 
recovery phase is apparent and X2  could be measured.

Table  46.  G u in ea -p ig  papil lary  m u s c le :  I so m e tr ic  twitch
parameters in Tyrode's solution containing 2.2 nM Verapamil. n=6

Tension 
(kN kq-1)

Time to peak tension 
(m s)

dT/dt max 
(kN kg-1 s’1)

dT/dt min 
(kN kq*1 S"1)

0 .3 0 ± 0 .1 3 1 4 9 .0 0 ± 3 .3 2 0.53 (n=2) -0.51 (n=2)

(0 .5 5 ± 0 .1 3 ) (1 5 8 .0 0 ± 8 .6 0 ) (1 .4 3 ) ( -1 .0 8 )
p < 0.05 ns

Values are expressed as mean ± standard error. Mean values only are given for 
dT/dt max and dt/dt min.
Paired values (normal Tyrode's solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

Table 47. Time constants  of mechanical  restitution 
of guinea-pig papillary musc le in 2.2 nM 
Verapamil .  n = 6______________________________________

X i (ms) X2  (s) X3 (s)

348 .62  ± 141.26 8 .8 2 ± 2 .2 4 Unmeasurably slow

(164 .35  ± 47.33) 
p < 0.05

(15.25 ± 3.70) 
p < 0.05

(Mean ± standard error)
Significance tested using Wilcoxon test on 
control values are given in brackets.

paired samples. Paired

Table 48. Intercepts 
guinea-pig papillary 
n = 6

of mechanical  restitution of 
muscle  in 2.2 nM Verapamil.

A B C

1.06 (0 .8 4 -1 .9 3 ) 0 .52  (0 .5 1 -0 .9 2 ) 1.49 (1 .3 9 -1 .7 2 )

[1 .72  (1 .2 7 -6 .8 9 )]  
ns

[0.53 (0 .3 1 -0 .5 5 )]  
p < 0.05

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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v. Diltiazem

Five experiments were pereformed on guinea-pig papillary muscles with 4}iM 
Diltiazem. The results are shown in Tables 49-51 and in Figure 56. As with verapamil, 

twitch tension was reduced and T i  and T 3 were slowed. A separate T 2 could not be 
measured with diltiazem.

Table 49.  Guinea-pig  papil lary m u sc le :  I sometr ic  twitch
parameters in Tyrode's solution containing 4uM Diltiazem. n = 5

Tension 
(kN kg-1)

Time to peak tension 
(m s)

dT/dt max 
(kN kg-1 s '1)

dT/dt min 
(kN kg*1 s’ 1)

0 .4 4 ± 0 .1 2 1 7 0 .0 0 ± 1  0 .0 0 2 .6 2 ± 1 .1 9 -2 .2 2 ± 1 .01

(1.1 0 ± 0 .3 1 ) (1 7 1 .00±1  8 .6 0 ) (6 .4 8 ± 3 .3 2 ) ( -6 .2 0 1 3 .1 4 )
p < 0.05 ns ns ns

Values are expressed as mean ± standard error. Paired values (normal Tyrode's 
solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

Table 50. Time constants  of mechanical restitution 
of guinea-pig papillary musc le  in 4|iM Diltiazem. 
n = 5

T i  (ms) T 2 ( s )  X 3 ( s )

397.89  ± 84.58 233 .26  ± 96.16

(194.68 ± 33 .96) (10 .66  ± 2 .06)
p < 0.05 p < 0.05________

(Mean ± standard error)
Significance tested using Wilcoxon test on paired samples. Paired 
control values are given in brackets.

Table 51. Intercepts of mechanical  restitution of 
guinea-pig papillary m usc le  in 4jiM Diltiazem.  
n = 5

A B c

1.06 (0 .9 4 -1 .5 2 ) .31 1 0 .99 (0 .4 3 -1 .1 4 )

[2 .10  (1 .8 9 -4 .2 9 )] [0.66 (0 .5 4 -0 .7 2 )]
p < 0.05 ns

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.
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Verapamil
n=6

Diltiazem
n=50 .8 -

0 . 6 -

0 . 4 -

Normal Tyrode's 
n=370 .2 -

5 0 0 0  1 0 0 0 0  1 5 0 0 0  2 0 0 0 0  2 5 0 0 0  3 0 0 0 00

Ectopic Interval (ms)

Verapamil
n=6

Diltiazem
n=5

0 .8 -
Normal Tyrode's 
n=370 . 6 -

0 . 4 -

0 .2 -

2 0 0 0 4 0 0 0 5 0 0 01 0 0 0 3 0 0 0

Ectopic Interval (ms)

Figure 56. Mechanical restitution curves derived from the combined data of several 
experiments in the presence of 2.2 nM Verapamil and 4jiM Diltiazem.
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vi. Ryanodine

Six experiments were performed on guinea-pig papillary muscles with lOjiM 

Ryanodine. The results are shown in Tables 52-54 and Figure 57. Ryanodine reduced 

twitch tension (p < 0.05) and abbreviated both Ti and T2.

Table 52. Guinea-pig papil lary m u sc le :  I sometr ic  twitch  
parameters in Tyrode's  solution containing 10pM Ryanodine,  
n = 6

Tension 
(kN kq'1)

Time to peak tension 
(m s)

dT/dt max 
(kN kq' 1 s"1)

dT/dt min 
(kN kq-1 s"1)

0 .3 8 ± 0 .1  3 1 8 0 .8 3 ± 0 .12 1.05 (n=2) - 1.02 (n=2 )

(1 .2 6 ± 0 .6 4 ) (1 64.1 7±1 0 .0 4 ) (2 .9 4 ) ( - 2 .2 2 )
p < 0.05 ns

Values are expressed as mean ± standard error. Mean values only are given for 
dT/dt max and dt/dt min.
Paired values (normal Tyrode's solution) are in brackets.
Significance tested using Wilcoxon test on paired samples

Table 53. Time constants  of mechanical restitution 
of guinea-pig papillary musc le  in 10|iM Ryanodine,  
n = 6

T i  (ms) x 2 (s) X 3 ( s )

47.08 ± 6.88 2.48 ± 0.39

(161.49 ± 33.14) 
p < 0.05

(97 .05  ± 54 .86) 
p < 0.05

(Mean ± standard error)
Significance tested using Wilcoxon test 
control values are given in brackets.

on paired samples. Paired

Table 54. Intercepts 
guinea-pig papillary 
n = 6

of mechanical restitution of 
muscle  in 10pM Ryanodine.

A B C

3 4 .7 2  (2 9 .7 7 -7 3 9 4 8 .1 ) 0 .43  (0 .3 1 -0 .8 2 )

[3 .53  (2 .7 4 -9 .2 4 )] 
p < 0.05

[0 .88  (0 .4 5 -1 .1 1 )]  
ns

(Median and interquartile range)
Significance tested using Wilcoxon test on paired samples.
Paired control values are given in brackets.



Te
ns

io
n 

(E
ct

op
ic

/S
te

ad
y 

St
at

e)
 

Te
ns

io
n 

(E
ct

op
ic

/S
te

ad
y 

S
ta

te
)

124 RESULTS

0 . 8  - Ryanodine
n=6

0 . 6  -

0.4 -

Normal Tyrode's 
n=370 . 2  -

0 . 0

0 5000 1 0 0 0 0 15000 2 0 0 0 0 25000 30000

Ectopic Interval (ms)

Normal Tyrode's 
n=37

0 .8 -

Ryanodine
n=6

0 . 6 -

0 .4 -

0 .2 -

0 . 0

0 1 0 0 0 2 0 0 0 3000 4000 5000
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Figure 57. Mechanical restitution curves derived from the combined
data of several experiments in the presence of 10jiM Ryanodine.
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SUMMARY OF RESULTS

In this study of contractility in the isolated mammalian ventricular myocardium several 
important species differences are described. Human myocardium produces less tension, 

has a prolonged time to peak tension, a reduced rate of tension development and a 
reduced rate of relaxation than either guinea-pig or ferret myocardium.

Mechanical restitution also appeared to differ in the three species. All three species have 
a rapid recovery phase with a time constant (Ti) between 190-260ms. The guinea-pig 
MRC is then characterized by a rapid decay time constant (X3) of approximately 29 
seconds. Ferret and human myocardium, however, display a second, slower, recovery 

phase time constant (T2) of 3.0-4.5 seconds followed by a very slow decay (T3) of 
approximately 2 0 0  seconds.

Twitch tension parameters and mechanical restitution time constants are not affected by 
the clinical status (cardiac output, ventricular function or drug history) of the patient.

Patients with aortic stenosis are shown to have significantly higher left-ventricular 
systolic pressures and increased left-ventricular wall thickness. The myocardium from 
this group of patients demonstrates normal twitch tension and rate of development of 
tension, but has significantly prolonged time to peak tension, when compared to 

controls. Furthermore, mechanical restitution differs in this group. The rapid recovery 
phase of mechanical restitution is slowed in comparison to myocardium from patients 
without aortic stenosis (Ti : 586±58ms and 377±28ms respectively). There is a 

significant correlation between this time constant and both the degree of aortic stenosis 

and left-ventricular wall thickness.

No difference is observed between the trans-membrane action potentials recorded from 

patients with and those without aortic stenosis. Likewise, slow action potentials are no 

different in the two groups. Neither does clinical status and ventricular function appear 

to affect the configuration of both normal and slow action potentials. The time constant 

of restitution of dV/dt max of slow action potentials ( T S a p )  i s  much faster than 
mechanical recovery (Ti) (time constants: 72±13ms and 482±34ms respectivly).

The effects of pharmacological interventions on twitch tension parameters and the time 
constants of mechanical restitution in both human and guinea-pig myocardium, are 
summarized in Tables 55 and 56.
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M odification o f isometric tension
Changes of peak isometric tension were always mirrored by alteration of the maximum 
rate of tension development (max dT/dt) and the maximum rate of relaxation (min 
dT/dt). The time to peak tension was unaltered in all of the interventions with the 
exception of a significant reduction shown by human myocardium in the presence of 
ljiM  adrenalin.

Ti
The rapid recovery phase time constant, Xi, was significantly shortened in human 
myocardium by adrenalin, ouabain and ryanodine, whilst in the guinea-pig, ryanodine, 
alone of these three agents, shortened Ti. In addition the calcium antagonist verapamil 
prolonged Xi in both species by a similar degree.

Alteration of the ionic environment had no consistent effect on Xi. Change in 
extracellular [Ca2+] had no significant effect on human myocardium, but a reduction of 
extracellular [Ca2+] to 0.9mM reduced Xi in guinea-pig myocardium.

X3
The reduction of force after a rest interval was also influenced by alteration of the 

extracellular environment. Again, the magnitude of the effect was different in guinea- 
pig and human myocardium which may in part reflect the fact that the control value was 
significantly shorter in guinea-pig.

The most dramatic effects were noted in guinea-pig where ouabain and verapamil 
produced a large increase in the value of X3. In fact when verapamil was added to the 
superfusate the decline of tension after a rest interval was virtually negligible so that no 

value could be attributed to X3. Ouabain and verapamil also prolonged T3 in human 

myocardium although the proportional increase was much less. Adrenalin however 

exerted no effect on the value of T3.

The effects of ryanodine were equally pronounced, but in this case a profound 
reduction of the time constant was observed. In both tissues the decay of force after a 

rest interval was considerably accelerated.

In contrast to the effect on Ti, alteration of the extracellular ionic environment changed 

the decay time constant, X3. In human myocardium an increase of extracellular [Ca2+] 

increased X3. Changes to the extracellular [Ca2+] were without significant effect on the 
decay time constant in guinea-pig myocardium and this may reflect the large variability
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in the data with this intervention (coefficient of variation 120% in 0.9mM Ca and 87% 
in 3.6mM Ca). The reason for this increased variance in the data could not be 

ascertained.

^ 2

This component of the rising phase of the restitution curve was only normally 
distinguishable in human myocardium and was not consistently altered by the 
interventions shown in Table 5, again partly a reflection of substantial variability in the 
data. Only addition of verapamil and increase in the [Ca2+] to 5.4mM produced an 

increase in the value of X2 .
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CHAPTER 4: DISCUSSION

VALIDITY OF RESULTS

A study of isolated strips of human ventricle presents a number of practical problems 
not encountered with similar preparations from other mammals. The size of preparation 
required was larger than could be obtained by endomyocardial biopsy at cardiac 
catheterization; open biopsy at the time of cardiac surgery was therefore necessary. 
Since ventricular myocardium was required, samples could only be obtained from those 
cases where the ventricular cavity was exposed. Thus, the number of patients available 
for study were restricted. Animal muscle preparations were obtained from either 

papillary muscles or trabeculae carneae, each of which tended to be of a size 
conveniently suited to in-vitro studies of this type. Human myocardium, however, was 
obtained either as a small strip excised by the surgeon from the subendocardial region 
of the left-ventricular outflow tract, or from a papillary muscle excised before replacing 
the mitral valve. In the former situation, the samples were small and by necessity were 
subject to instrumentation rather more than were the papillary muscles. On a small 

number of occasions mechanical injury to the tissue was severe and no viable tissue 
remained. These were technical problems which were largely overcome with practice 

and experience.

The fibre alignment in human myocardial biopsies was not always conveniently 

arranged in parallel formation as it was in animal papillary muscles and trabeculae. This 
presented technical difficulties in the dissection of a muscle strip suitable for mounting 

in the tissue bath. Thus increasing the amount of tissue handling; the development of a 
certain technical expertise was therefore important. Furthermore, there was an 
inevitable delay in transferring human tissue from the operating theatre to the 
laboratory. This delay was always kept to a minimum, but in practice it was evident that 
the tissue remained viable for several hours if kept in physiological saline at room 
temperature. The technical difficulties associated with excision, transport and dissection
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of human specimens were largely overcome and ultimately did not present a significant 
problem.

The viability of isolated myocardial preparations such as used in this study depends on 

the diffusion of oxygen to the centre of the muscle (Koch-Weser, 1963). If a certain 
critical diameter is exceeded, the innermost fibres become hypoxic and the developed 
tension will fall off rapidly (Hill, 1928, Koch-Weser, 1963 and Shattock et al, 1983). 

This critical diameter varies in relation to the oxygen consumption and is smaller at 
higher rates of stimulation and would appear to be in the region of 1mm2. The cross- 
sectional area of the preparations in this study were 0.97±0.1mm 2  in human tissue, 
0.91±0.22mm2 in ferrets, and 0.51±0.1mm2 in guinea-pigs. The human and ferret 

preparations were therefore larger than those of guinea-pig and their cross-sectional 
area approached the upper limits (in terms of tissue viability) proposed both by Hill 
(1928) and Koch-Weser (1963). In all preparations there was a gradual decline in 

twitch tension throughout the experiment; this tended to be more marked in the human 
preparation. A likely explanation for this may have been related to the fact that the 
human preparations consist of fibres of different orientation allowing slippage and 
reduction in resting tension to occur more rapidly than in the intact unit of, say, a 
guinea-pig papillary muscle. It is likely, also, that this phenomenon explains the 
observation that human muscles generally took longer to establish both Lmax and a 
steady state twitch response at the beginning of each experiment. The slow change in 
baseline control twitch tension which continued throughout the experiment was taken 
into account when examining the effect of interventions.

A major difference between the different preparations was the anatomical site from 
which ventricular myocardium was excised in each species. All human tissue was 

obtained from the left ventricle, whereas both the guinea-pig and ferret tissue were 
taken from the right ventricle. Furthermore, a basal rate of 60 per minute may be 

physiological in human tissue but is much slower than the normal heart rates in the 
other two species (ferrets having heart rates of around 300 per minute). The choice of a 
uniform steady state stimulus frequency of 1Hz was considered justified for two 

reasons. Firstly, the use of an identical rate in each species removes one variable from 

the final analysis. Secondly, as discussed previously, tissue viability at high rates of 
stimulation would be impaired.

The viability of human myocardium in this study is attested to by the fact that 
biochemical interventions to both human and guinea-pig myocardium produced similar
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inotropic responses (Table 57), in keeping with the magnitude of response expected 

with such interventions.

The reproducibility of mechanical restitution time constants in a single preparation 

throughout an experiment has been confirmed by Fry et al (1983). In experiments in 
which the muscle was deliberately made hypoxic, the time constants of mechanical 
restitution returned to control values on recovery of normal oxygen tensions, despite a 
persistent reduction of absolute developed tension. Furthermore, Fry et al (1983) have 
shown that the time constants of mechanical restitution are independent of the size and 

degree of fibrosis of the specimen. Thus, mechanical restitution can be regarded as a 

phenomenon related to the viable cells within a muscle and would appear to be 

independent of the total number of muscle fibres.

The technique of recording trans-membrane action potentials with glass micro
electrodes has been well described elsewhere (see Purves, 1981). There are, however, 
a number of problems with these techniques that warrant further discussion. 
Manipulation of the microelectrode and penetration into the cell required a certain 
amount of expertise which could only be acquired through experience. It was more 
difficult in some preparations than in others to obtain action potential recordings from. 
Frequently, although recordings could be made, a stable penetration was not achieved 
and serial recordings (as in restitution of slow action potential dV/dt max) could not be 

obtained. This was especially true of the guinea-pig papillary muscles in which it was 
more difficult to obtain stable electrode penetration than in human muscle. The technical 
problems associated with recording slow action potentials have already been referred to 

in Results. The high threshold of excitability of myocardium exposed to high [K+] 
caused major difficulty in recording the upstroke velocity of the action potential. In 
order to differentiate stimulus artefact and phase one of the action potential a second 

micro-electrode was used as the reference electrode and was positioned close to the 

intracellular electrode. This did not overcome the problem in all cases, but stable 

recordings of slow action potential dV/dt max was possible in 16 out of 20 attempts 

(where initial penetration was successful).

While the maximum rate of rise of the slow action potential has been shown to provide 
a good approximation of the inward calcium current (Malecot and Trautwein, 1987), 

the use of this method has limitations and may be subject to contamination by the 

outward currents of the action potential.
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The results of attempts to manipulate the rate of recovery of the 'slow' action potential 
dV/dt max were mixed and largely inconclusive due to the small numbers involved. 
Adrenalin and increased extracellular calcium had no consistent effect. Verapamil alone 
showed consistent effects (but n=3); the 'slow' action potentials being lower in 
amplitude and shorter in duration with reduced upstroke velocity and slowed dV/dt max 
recovery. Thus, both the magnitude and reactivation time constant of the slow inward 

current may be slowed by verapamil in this preparation.

INTERPRETATION OF RESULTS 

Isom etric  Tw itch Tension

The twitch tension parameters of human myocardium obtained from patients in all 

diagnostic categories differed from each of the two animal species. Human myocardium 
produced less tension per gram of tissue, time to peak tension was prolonged and peak 
rates of contraction and relaxation were reduced. The values of time to peak tension in 

human myocardium are similar to those obtained by others from trabeculae (mostly 

right ventricular) of normal transplant donor hearts handled under similar conditions, 
but at 30°C (Gwathmey et al. 1987). Developed tension was also similar to that 
measured by others in human atrial and ventricular myocardium measured at 30°C 

(Poole- Wilson et al. 1979).

In this study, time to peak tension in isolated guinea-pig and ferret myocardium is 

comparable to that found in rat (Capasso et al. 1981, Bing et al. 1971 and Cooper and 
Tomanek 1987), and cat, (Anderson, Manring, Arentzen et al. 1977). In the rabbit, 

time to peak tension appears to be intermediate (2 2 2 ms) to the values obtained in animal 
and human experiments in this study (Shattock and Bers, 1987). Values in excess of 
500ms may be seen in human myocardium from patients with end-stage heart failure 

(Gwathmey et al. 1987). In this study, however, there was no difference in any of the 
myocardial twitch tension parameters between any of the diagnostic groups (see Table 
31). It is of course unlikely that any of these patients had impaired left-ventricular 

function to the degree of patients undergoing heart transplantation, since they would 

have been unsuitable for valve replacement surgery.

Three possible explanations may be responsible for the finding of reduced twitch 

tension and prolonged time to peak tension seen in human myocardium: 1 ) a true 

species difference is observed, 2 ) the difference in handling techniques applied to
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human preparations has caused tissue damage, or 3) there is an intrinsic impairment of 
function which is undetected clinically.

Since there is no apparent correlation of isometric twitch tension and clinical indices of 
ventricular function or disease classification, the latter is an unlikely explanation. 

Furthermore, reduced isometric tension in human myocardium is a universal finding 
even in normal hearts. This is observed in isolated right ventricular trabeculae 
(Gwathmey et al. 1987) which presumably undergo less trauma in terms of dissection 
immediately prior to mounting in the tissue bath. One could therefore argue that it is an 
intrinsic property of human myocardium that it is capable of producing less isometric 

tension than other species. This might be related to other well described species 
differences such as variations in myosin isoenzymes (see Winegrad, 1984 for reveiw).

The maximum velocity of contraction seems to be influenced by the relative amounts of 
Vi and V3 myosin isoenzymes (Schwartz et al, 1981); with the V3 isoenzyme being 
associated with a slower rate of force development. The lower mammals tend to have 
variable amounts of the three myosin isoenzymes Vi, V2  and V3 , whereas in man the 
predominant isoenzyme is V3 . Almost certainly these differences explain the more 
highly significant species differences in time to peak tension observed in this study.

M echanical R estitu tion

Certain similarities between mechanical restitution in different mammalian species has 

led to the proposal that this phenomenon represents a common fundamental cellular 
mechanism (Seed and Walker, 1988). However, important differences have been 

observed in the mechanical restitution of isolated myocardial preparations in different 

mammalian species (see Introduction)', though most workers have failed to quantify 
mechanical restitution and direct comparison cannot be made. The phenomenon of 

mechanical restitution is thought to represent underlying cellular processes (Elzinga et 
al, 1981). In order to investigate these processes a quantitative description of the 

phenomenon is essential. In this study I have examined mechanical restitution in three 
mammalian species using identical experimental protocols.

Unlike twitch tension parameters, the results of mechanical restitution do not 
distinguish human from other mammalian species in the same way. So as not to include 

data from human tissue from disordered left ventricles the data has been divided 
according to diagnostic categories. It is apparent from the results in Table 31 that
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variation exists between Ti between different diagnostic groups. Those patients with 

aortic stenosis tended to have a prolonged value for Ti (mean 603ms), and those with 
mitral stenosis had the shortest value (mean 260ms). (See below for a discussion of the 
changes that occur in different pathological states.)

If patients with pure mitral stenosis can be regarded as having normal left-ventricular 

function (supported by the fact that left ventricular systolic and end diastolic pressures 
and ejection fractions were normal) then there was no quantitative difference between 

the MRC in man and the ferret. Since there are obvious differences between the MRC 
in myocardium from different patients, it would be reasonable to confine the 
comparison of results from different species to that group of human subjects who were 

considered to have the most 'normal' myocardium.

All three species (human, ferret and guinea-pig) have been shown to have rapid 
recovery phase time constants (Ti), with values between 190-260ms. The guinea-pig 
MRC is then characterized by a rapid decay time constant (T3 ) of approximately 29 
seconds. Ferret and human myocardium, however, display a second, slower, recovery 

phase time constant (X2 ) of 3.0-4.5 seconds (which is absent in the guinea-pig) 
followed by a very slow decay (T3 ) of approximately 2 0 0  seconds.

Direct comparison of the mechanical restitution data obtained in these experiments with 
the results of others is difficult. This is largely due to the different preparations used 
and the lack of uniformity of stimulation rate and muscle bath temperature. A recovery 
of tension, reaching a maximum (or "optimum contractile response") (Pidgeon et al. 
1980) at 700-800ms has been observed in the isolated myocardium of rabbit (Edman 

and Johannson 1976), isolated cat hearts (Pidgeon et al. 1980), intact dogs, (Pidgeon 
et al. 1980 and Elzinga et al. 1981) and in patients undergoing cardiac catheterisation 

(Seed et al. 1984). We have made similar observations in isolated guinea-pig 

myocardium. However, ferret (Wier and Yue 1986), rat (Ragnarsdottir et al. 1982) and 

rabbit (Cave et al. 1990) appear to behave differently. Like the results of Wier and Yue 
(1986) in ferret papillary muscles, our data would suggest that a maximum response is 
seen in ferret and human myocardium after 4-5 seconds. In the rat a maximum value 
may not be reached for up to 60-120 seconds (Ragnarsdottir et al. 1982).

A monoexponential function has been used to describe the process of mechanical 

restitution (Mahler and Rogel, 1970) and time constants have been described of 152ms 

in guinea-pig papillary muscles (Fry et al. 1983), 765ms in ferret papillary muscles
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(Wier and Yue 1986), 606ms in isolated human myocardium (Fry et al. 1983), and 
384ms in isolated dog hearts (Burkhoff et al. 1984).

In this study I present evidence to justify a biexponential recovery process in human 
and ferret myocardium (see Results). Having used this analytic approach, the similarity 
of the time constants of the rapid recovery phase (Ti) in each species is notable. If we 

had assumed a monoexponential process, the time constant of human and ferret muscle 
would have been much longer and may have compared with the findings o f others. 

Thus, the identification of recovery processes with similar time constants, in this study, 
endorses the theory that the underlying mechanism may be common to different 

species.

The principal difference between the MRC in different species appears to be in the time 
course of decay; ferret and human tissue having a much slower decay than the guinea- 

pig. Similarly in a study on rabbit trabeculae under identical experimental conditions 
and using the same method of analysis similar values of %\ and X3 are seen to those 
observed in human and ferret muscle (Ti = 190ms (Shattock, unpublished data) T3 = 
224s (Cave et al, 1990))

In studies on isolated mammalian myocardium, using extracellular ion selective 
microelectrodes, post-rest decay of contraction has been shown to correspond to a net 
trans-sarcolemmal calcium efflux (Bers, 1985 and MacLeod and Bers, 1987). This 
phenomenon appears to vary between species, with the rat (which demonstrates post 

rest potentiation and has no decay of the MRC (Ragnarsdottir et al. 1982)) having an 
influx of calcium during rest (Shattock and Bers, 1989). In this study human, ferret 
and guinea-pig myocardium show post-rest decay, which is much faster in the guinea- 
pig than the other species. The use of so-called "rapid cooling contractures" as an index 

of SR calcium content (Bers, 1989) reveals that the cellular efflux of calcium is 

associated with a depletion of sarcoplasmic reticulum calcium content. Thus, species 
differences in the rate and direction of calcium flux during diastole, might explain the 

differences in the rate of post-rest decay (T3) observed this study.

The second slow recovery phase (T2 ) is observed in the two species that exhibit a T3 in 
the region of 200 seconds. T2  is not seen in the guinea-pig that has a T3  of 29 seconds. 

While it would not be possible to speculate the nature of the cellular process underlying 

the slow recovery phase, it is possible that this process is present in the guinea-pig, but 

that analysis of the MRC is not sensitive enough to distinguish T2  from T3 which have a 
similar order of magnitude. In other words, there is insufficient evidence that the
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apparent absence of a slow recovery phase in the guinea-pig represents a true species 
difference.

In summary, mechanical restitution is described by three distinct phases in the ferret 
and man. Rapid recovery has similar time constants in guinea-pig, ferret and man, 
suggesting a common underlying process. Post-rest decay, however, differs between 
species and may reflect different rates of trans-sarcolemmal calcium efflux.

Slow action potential dV/dt max 

Magnitude
In these experiments, the maximum rate of rise of the action potential in human 

myocardium exposed to raised (14-18 mmol) external [K+] was 4.4 ± 0.35 V s'1, 
compared to 126.6 ± 19.1 Vs ' 1 in 4mmol [K+] . Similar values for slow action potential 
dV/dt max were obtained by others in single guinea-pig ventricular cells injected with 
140mM caesium (Malecot and Trautwein, 1987). In the presence of adrenalin slow 
action potential dV/dt max was increased at 5.9 ± 0.47 Vs-1 which is similar to the 
values ( 6  to 12 Vs-1) found by Schneider & Sperelakis (1975) in isolated perfused 
guinea-pig hearts exposed to isoprenaline in an external [K+] of 27mM.

Kinetics of recovery of slow action potential dV/dt max
The reactivation time course of Isj was assessed in a derivative fashion by measuring the 
restitution of the upstroke velocity of the slow action potential. The time constant of 

recovery of slow action potential dV/dt max (TSAP) was 72.2±13.1 ms. Malecot and 
Trautwein (1987) have established a close proportionality between Isj and slow action 

potential dV/dt max, when there is no net current flow in the preparation, i.e. the 
conditions used here in field stimulation. A similar time course of reactivation of the 
slow inward current has also been observed with voltage-clamp techniques in isolated 
guinea-pig myocytes, using conditions similar to those employed in these experiments 
(Shimoni et al. 1987) and in rat myocytes (Mitchell et al. 1985) where the recovery time 

constant was around 1 0 0 ms.

MODEL

Calcium ions are well known to play an important role in stimulus-response coupling in 
many different types of animal cell (for review see Rasmussen 1986a & 1986b). In the 
heart the circulation of calcium within and across the membrane of the myocardial cell is
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central to the process of excitation-contraction coupling and is involved in the 
mechanism by which the heart can vary its force of contraction on a beat to beat basis 
(for reviews see Chapman, 1983, Morad & Goldman, 1973, Bowman et al, 1985, 

Braunwald et al, 1988, Colucci et al, 1986).

The force of contraction of the myocardial cell is ultimately dependent on the number of 
actin-myosin crossbridges formed, which is in turn dependent upon the concentration 

of calcium in the region of the myofilaments and their sensitivity to calcium. A rise in 
intracellular [Ca2+] initiates contraction, but the precise source of this activator calcium 
is controversial. Calcium ions enter the cell during the plateau phase of the action 

potential through voltage-gated and time-dependent calcium channels. Additional 

sources of extracellular Ca2+ are via non-gated membrane ionic channels and via a 
bidirectional sodium-calcium exchanger, in which three sodium ions are exchanged for 
one calcium ion. The amount of calcium entering the cell during the action potential is 
thought to be insufficient to account for the rise in intracellular [Ca2+] which occurs and 
is insufficient to cause activation of the myofilaments alone. It has therefore been 
postulated that calcium ions entering the cell via voltage-gated calcium channels induce 
a further increase in cytoplasmic [Ca2+] by causing the stores of calcium within the 
sarcoplasmic reticulum to be released (the so-called calcium-induced calcium release) 
(Fabiato & Fabiato, 1977). Relaxation is associated with calcium uptake by intracellular 
storage sites, or removal from the cell via mechanisms such as the Na+/Ca2+exchanger. 
Ca2+ remaining within the cell may then be available for recirculation and release during 

subsequent depolarizations.

If the phenomenon of mechanical restitution is related to the cellular circulation of 

calcium, the existence of a number of distinct compartments involved in the handling of 
calcium during muscular contraction is implied (Lipsius et al, 1982). Activator calcium 
is released from intracellular stores and enters the cell during the action potential. This 
calcium is released into an area of the sarcoplasm in the region of the myofilaments. 
Studies using the photoprotein aequorin have demonstrated that the sarcoplasmic [Ca2+] 

rises to a maximum at around the time of the maximum rate of rise of tension, and falls 

rapidly to a minimum by the time of peak tension (Chapman, 1983). This would 
suggest that Ca2+ is removed rapidly from the myofibrilar space. However, this calcium 

is clearly not taken up directly by the release stores; if this were so, a premature 
depolarisation would produce a maximal contraction. Since a premature depolarisation 

produces a sub-maximal mechanical response, it is presumed that at this time the release 
store has not taken up all the calcium released in the previous depolarisation. As the 
[Ca2+] has already fallen in the region of the myofilaments, then there must be a third
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site involved in the process of circulating calcium from the myofilaments back to the 
release site. In other words, calcium is released from a release store into the area of the 

myofilaments and taken up by a third uptake compartment from where it is returned to 
the release store, thus completing a cycle of calcium movement within the cell.

The amount of calcium available to the circulation described above is presumably a 
function of the net trans-sarcolemmal flux o f Ca2+. This in turn is dictated by the 

balance of previous calcium entry and loss from the cell and thus requires the inclusion 
of the cell membrane in the model (Figure 58).

Cell
Membrane

Uptake Store Release Store

Myofilaments

Figure 58. Diagram of simple model of intracellular calcium circulation.
The arrows indicate the direction of calcium movement

According to this model, mechanical restitution is dependent on the availability of 
activator calcium as determined by the rate of uptake of calcium by the release store. 

This situation is complicated by the activator calcium entering the cell during the action 
potential. It is now generally accepted that that activator calcium is derived from both 

the intracellular release site (presumed to be the sarcoplasmic reticulum) and the voltage
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dependent calcium current in the cell membrane (Chapman, 1983). The relative 
contributions of these two sources varies between species (Fabiato & Fabiato 1979).

Other factors influencing the strength of contraction include the sensitivity of the 
contractile proteins to Ca2+, extracellular [Ca2+] and [Na+], trans-sarcolemmal 

Na+/Ca2+ exchange and the capacity of other intracellular storage sites (such as the 
mitochondria) to sequester calcium (Chapman, 1983). These factors affect contractility 

by either changing the total amount of calcium available, or altering the calcium 
sensitivity of contractile proteins. Since they all tend to affect contractility over a 

relatively long time course they are unlikely to have effect within the brief period 

between beats. Indeed, measurement of the sarcoplasmic [Ca2+] with the photoprotein 
aequorin has shown that the variation of isometric force as a function of stimulus 
interval is mirrored by similar changes of sarcoplasmic [Ca2+] (Wier and Yue, 1986). It 
is therefore unlikely that beat-to-beat changes in contractility are due to changes in 
myofibrillar sensitivity. It would be more likely that the kinetics of recovery of 
contractility between beats is dependent upon the amount of calcium released, which 

may, in turn, depend on the rate of recovery of the voltage dependent calcium channels 
and on the rate of uptake of calcium into the release stores.

MECHANICAL RESTITUTION AND Ca2+ CIRCULATION

A basic assumption made in this study is that mechanical restitution can be described by 
exponential functions. The use of an exponential function is a convenient way to 
describe biological data and can be used to compare interventions within the same 

experiment and examine inter-experiment variability. It is not assumed that the 

underlying physiological processes obey first order kinetics.

The rap id  recovery phase, T1
In guinea-pig and ferret myocardium and in human tissue obtained from patients with 

normal left-ventricular function, isometric force recovered after a previous contraction 
with an initial time constant (Ti) of about 200ms. Several processes are likely to 

contribute to this phenomenon and the value of the time constant represents an empirical 

description of them. One explanation is that there is a delay in the transfer of Ca2+ 

between the intracellular uptake locus and the release site (Seed and Walker, 1988). It 

is also possible that the reactivation time of the second inward current, I s i, acting as a 
trigger to release intracellular Ca2+, may be the rate limiting factor.
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In order to investigate the contribution of these components two approaches have been 
taken; i) direct comparison of the reactivation time course of Isi with Xi and  

ii) measurement o f Ti in the presence of agents expected to diminish the relative 

contribution of either Isi (verapamil) or the intracellular Ca2+ storage sites (ryanodine).

In human myocardium, the time constant of the slow action potential reactivation, XSAP, 
was consistently faster than Xi at normal extracellular [Ca2+] and [Na+] and showed no 
consistent correlation with the variability of the latter. Thus, in normal human and 

guinea-pig ventricular muscle there was no evidence that recovery of force is a direct 

consequence of second inward current refractoriness, implying that Ca2+ entering by 

this route does not directly activate the myofibrils to a significant extent.

Ryanodine (10|iM) was noted not only to reduce isometric tension (37% of control in 
guinea-pig, 55% in human) but to decrease substantially Xi to a value not greatly 
different from that of XSAP. Ryanodine is supposed to prevent all but an insubstantial 
release of Ca2+ from the sarcoplasmic reticulum (Feher and Lipford, 1985). Under 
these conditions the reduced force may now be a result of direct activation from Ca2+ 

entering during the action potential. Thus, in the presence of ryanodine, the time 
constant, Xi, reflects the time course of activation of Isj. This interpretation is consistent 
with the observation that mechanical restitution in the 4 day old rat is faster than in the 
adult rat and corresponds closely to electrical restitution in both neonatal and adult rats 
(Minelli et al. 1985). The source of activator calcium in the rat is known to change with 
its development (Fabiato and Fabiato, 1979). The foetal rat heart, like the frog, has no 
calcium induced release of calcium by the SR. After birth, the calcium induced calcium 
release mechanisms gradually develop. Similarly, in the cat the SR and T tubule system 
are poorly developed at birth and the time constant of restitution is faster in the neonate 

than in the adult (46 vs 300ms), (Maylie, 1982). A similar reduction of Xi has also been 

noted in the presence of 5mM caffeine (C.H.Fry and J.M.Walker, unpublished data), 

which also reduces the contribution of the SR to contractile activation and might, 

therefore, be expected to produce a result similar to ryanodine.

Verapamil (2.2nM) increased the value of Xi in both guinea-pig and human 
myocardium, as well as exerting a negative inotropic effect. This agent has been 
shown to reduce the the magnitude of Isi in cardiac muscle so that the contribution of 
intracellular stores in contractile activation would predominate. Thus, the increased 

value of Xi observed in the presence of verapamil will reflect the time course of 
intracellular recycling of Ca2+, being unaffected by the contribution of transmembrane 

currents.
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Thus it can be concluded that the time constant, Ti, reflects at least two recovery 
processes, a fast reactivation of Isi and a slower intracellular recycling of activator Ca2+. 

When one of these components is attenuated the value of Ti reflects the time course of 
the other. Thus, the value of Ti could be altered without changing the time constant of 
one of the recovery processes but merely by altering the value of its intercept (A). Any 
agent which alters both the magnitude of Isi and the amount of intracellular recycled 

Ca2+ could therefore have a variable net effect on the value of Ti. This may explain the 
lack of consistent effect of alterations of the extracellular [Ca2+] which might be 
expected to affect both components. The observation that Ti is abbreviated by adrenalin 

and ouabain in human tissue but not in guinea-pig, might suggest that in human tissue 

the magnitude of the transmembrane current is increased relatively more than that of the 
recycled calcium in the intracellular pool. Consistent with these data, others have 

demonstrated an increase of Isi with cardiac glycosides (Weingart et al, 1978).

The decay phase, T3

Unlike the fast recovery phase, decay seems to differ markedly between species. 
Guinea-pig myocardium exhibited a decay phase some ten times faster than in human 
and ferret tissue. Slow post-rest decay has also been observed in rat (Ragnarsddttir et 
al. 1982) and rabbit myocardium (Cave et al, 1990).

Shattock and Bers (1989) have demonstrated that in rat myocardium there is a net 
uptake of Ca2+ into the cell during rest whilst in the rabbit there a net efflux. A possible 

explanation for this is that the transmembrane flux of Ca2+ is linked to the Na+ gradient 
across the cell membrane via a 3Na+/Ca2+ counter-exchanger. If this is the case several 
situations would accentuate Ca2+ efflux; these include a low intracellular [Na+], a high 
intracellular [Ca2+] and a relatively negative membrane potential. If these situations 

prevailed then a rapid decay of post-rest tension would result. An increase of 
intracellular [Na+], a reduction of intracellular [Ca2+] and membrane depolarization 

would slow or even reverse the decay of tension during rest.

Several data support this hypothesis. In guinea-pig myocardium application of ouabain, 

which increases intracellular [Na+] (Fry, 1986), thus tending to encourage calcium 
influx via Na+/Ca2+ exchange, and verapamil, which reduces intracellular [Ca2+] both 
prolonged T3 . Conversely application of ryanodine drastically reduced X3 . This result 
might also be explained by this hypothesis in that if intracellular storage is prevented by 

the ryanodine then the extrusion of Ca2+ from the cell will be accentuated. In human
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myocardium similar results were observed with ouabain and ryanodine although 
verapamil was without effect.

In contrast to their effect on Xi, an increase of the extracellular [Ca2+] or reduction of 
the extracellular [Na+] (C.H.Fry and J.M.Walker, unpublished data) prolong X3 in 

human myocardium. Both interventions would reduce Ca2+ efflux, and hence the rate 
of rest decay, one by reducing the transmembrane Ca2+ gradient, the other by coupling 
a Ca2+ influx to Na+ efflux via a Na+/Ca2+ exchange process.

The species variability in the value of X3 is also of interest. A large value will be a 
reflection of a high intracellular [Na+], a low intracellular [Ca2+] or a depolarized 
membrane. In rat myocardium, the relatively high intracellular [Na+] (Shattock and 

Bers, 1989) may underlie the phenomenon. In human tissue the membrane potential 
(-83.0mV) is similar to that recorded in guinea-pig myocardium (-80.0mV) (C.H.Fry, 

unpublished data). Definitive measurements or intracellular ions have yet to be made in 
human tissue and correlated with the value of T3 , but the result should corroborate or 
disprove this hypothesis.

The slow recovery phase time constant,
The mechanisms responsible for the second (slow) recovery time constant, X2 , are 
obscure. Few interventions altered the value of this component and as the capacity is 
small it would be unlikely to exert a significant influence on the force-interval 
relationship. However, it is important to consider this component when calculating Xi 

because if it is ignored then the value of this rapid component will be overestimated and 
attenuate any alteration that might occur.

In summary, the rapid recovery time constant, Xi, and the decay time constant, X3 , 
associated with the mechanical restitution curve of mammalian myocardium can be 

manipulated by agents affecting Ca2+ metabolism. These interventions indicate a 
dependence of Xi on both the reactivation of Isi and the intracellular recycling of Ca2+. 

The value of Xi may be influenced by the relative importance of these two factors. The 

decay constant, X3 , is dependent on those mechanisms responsible for Ca2+ extrusion 

from the cell. These data are consistent with a Na+/Ca2+ exchange playing a role in this 
context.
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CLINICAL AND IN-VITRO COMPARISONS

In the forgoing discussion I have compared mechanical restitution in human 
myocardium with that in two other mammalian species. The similarities which occur 
(primarily in the value of Ti) are restricted to myocardium obtained from patients with 

"normal" myocardium. A major objective of this study was to compare the in-vitro and 
in-vivo properties of human myocardium. It had been suggested by Fry et al (1983) in 
a smaller study, on 16 patients, that Ti in human myocardium is negatively correlated 
with the cine-angiographic ejection fraction. In other words, is prolonged when there 
is clinical evidence of left-ventricular failure. It is important to note, that the values of Ti 

in that study were greater than those in the present study and were derived from a two, 
rather than three, exponential model.

In the present study an attempt was made to compare the in-vivo (clinical and catheter) 
indices of left-ventricular function with in-vitro (isolated muscle) contractile properties. 
This area forms the basis of the important negative findings of this study (for detail see 
Results). In summary, there was no relationship between symptoms, drug history or 
catheter derived indices of contractility, and any of the measurements made on isolated 
myocardium obtained from the same patients.

The catheter measured indices of contractility were those of routine fluid filled catheter 

pressure measurements and angiographic volume estimations. It could be argued that 
these methods are relatively insensitive, and as such did not distinguish 'good' from 
'failing' myocardium. While this is certainly a factor, another explanation is that most 

of the patients studied had well maintained left-ventricular function (ejection fraction

0.53±0.02); with valve lesions being the primary cause of symptomatic cardiac failure. 

(For review of the effects of left-ventricular volumes in valvular heart disease, see Yang 
et al, 1978.) Twelve patients in this study had ejection fractions of less than 45%, and 

seven of less than 40%. Separate analysis of this group showed no important 
differences in any of the isometric twitch and mechanical restitution parameters.

It has been shown that even in severe myocardial failure (muscle isolated from patients 

undergoing cardiac transplant) isometric twitch tension is normally preserved, but that 

both the twitch and calcium transient duration are prolonged (Gwathmey et al, 1987). 

In contrast with the present study Gwathmey's patients all had end-stage myocardial 

failure, and presumably grossly impaired ejection fractions.
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The failure to find any relationship between myocardial failure and in -v itro  
measurements prompted investigation of the physiological basis for myocardial 
adaptive mechanisms in valvular heart disease. Abnormal pressure and volume loads 
have been shown to produce well defined effects on myocardial mass and left- 

ventricular volume (Dodge and Baxley, 1969), but the cellular basis for these adaptive 

processes in man remains incompletely understood. In this study there was no 
relationship between the left-ventricular end-diastolic volume index and any of the in- 
vitro  param eters measured. Furtherm ore, myocardium from patients with 
predominantly regurgitant lesions did not appear to differ from that from patients with 
no evidence of pressure or volume overload. A conclusion of this study is therefore that 
volume overload, while causing significant increase in left-ventricular end-diastolic 
volume, is not associated with abnormal isometric twitch profiles or mechanical 
restitution.

The results obtained from different diagnostic groups show distinct abnormalities in 
myocardium obtained from patients with aortic stenosis, raising the possibility that the 
hypertrophic response to pressure overload may be involved in the mechanism of these 
abnormalities.

HYPERTROPHY

A major objective of this study was to examine the in-vitro properties of hypertrophic 
human myocardium. For this purpose a group of patients with valvular aortic stenosis 
was studied and comparison was made with patients with other valve lesions. As 
already discussed, there was no difference between the in-vitro parameters of other 
diagnostic categories. This section of the discussion will therefore be confined to the 

results obtained from myocardium from patients with aortic stenosis as compared with 
all other patients. That biopsies in aortic stenosis were obtained only from the left- 
ventricular outflow tract and from either the LV outflow and papillary muscles in all 

other cases is unlikely to have affected the results, since there was no difference in the 
in-vitro parameters measured from the two sites.

The hypertrophic response of myocardium to increased loads is a normal physiological 
response to the increased demands of physical growth which occur during childhood 
and adolescence (Grossman, 1980). In pathological states associated with left 
ventricular pressure-overload, ventricular wall thickness increases in parallel to systolic 
pressure with the result that wall stress is normalized (Grossman et al, 1975). Thus,
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systolic ventricular function is preserved in patients with mild aortic stenosis (Gunther 
& Grossman, 1979), but in later stages ventricular function becomes depressed (Spann 
et al, 1980 and Krayenbuehl et al, 1982). Ross (1985) has described four distinct 
phases in the natural history of left ventricular overload: 1 ) early hypertrophy secondary 

to mild or moderate overload, 2 ) compensated hypertrophy associated with severe 

chronic overload, 3) reversible impaired ventricular performance with severe overload 

(so-called afterload mismatch) and 4) irreversible myocardial disease. Most subjects of 
this study had relatively well preserved left ventricular function and compared well with 

the control group of patients without aortic stenosis, suggesting that most were within 
what Ross would call phase 2. Four patients had left ventricular ejection fractions less 
than 40% and three of these were NYHA symptom class IV. It is likely, therefore, that 
these patients were within Ross' phase 3 or 4.

There are two major differences observed in the in-vitro performance of myocardium 
from patients with aortic stenosis. Firstly, the time course of development of twitch 
tension is prolonged in these patients, but peak isometric tension is no different from 
the control group. Secondly, mechanical recovery of the myocardium between beats 
(Ti) is slower in patients with aortic stenosis. Furthermore, the time constant of the fast 
recovery phase (Ti) is correlated both to the degree of aortic stenosis and to the degree 
of left ventricular hypertrophy. There is an additional suggestion that the recovery of 
the slow inward current (XSAP) (as measured by slow action potential dV/dt max) is 
slower in patients with aortic stenosis, and there is a positive correlation between XSAP 
and left ventricular wall thickness in patients both with and without aortic stenosis.

Abnormalities of twitch tension (prolonged time to peak tension associated with normal 
isometric twitch tension) in myocardium from patients with aortic stenosis are similar to 

the observations of others in rats (B ing et al, 1971) with surgically induced left 
ventricular hypertrophy, and in cats (Anderson, Manring, Arentzen et al, 1977) with 

right ventricular hypertrophy. Isolated myocardium from dilated hypertrophic hearts of 

transplant recipients show a similar pattern of unimpaired peak tension and prolonged 

time to peak tension (Gwathmey et al, 1987).

The effect of hypertrophy on the MRC is qualitatively similar to the results of others on 
the papillary muscles of cats with right ventricular hypertrophy (Anderson, Manring, 
Arentzen et al, 1977). In each study myocardial function is generally preserved, yet 
abnormalities of the force-interval relationship suggest some alteration in the cellular 

handling of calcium in hypertrophic muscle. Mechanical restitution in human subjects 

with aortic stenosis differs from controls in two ways. Firstly, Ti is slower, which
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suggests either a reduced rate of calcium uptake by the SR or reduced rate of recovery 
of membrane currents, or a combination of both. Secondly, the MRC of these patients 

is shifted upwards and tension at long intervals overshoots steady state values more 
than controls, suggesting that the slower recovery process is associated with an 
increased capacity of the system. It was also interesting to note that the four patients 
who were more severely ill, with impaired left ventricular function, had values for Ti 
generally at the upper end of the range (685ms, 1600ms, 526ms and 394ms).

From studies on a model of pressure overload hypertrophy in the ferret using the light 
emitting protein, aequorin, it has been suggested that the rate of calcium uptake and 

possibly the rate of release of calcium from intracellular stores is decreased in 
hypertrophy (Gwathmey & Morgan, 1985). Furthermore, the observation of a biphasic 
calcium transient in myocardium obtained from human transplant recipients has been 
interpreted as reflecting abnormal calcium handling by both the sarcolemma and the 

sarcoplasmic reticulum (Gwathmey et al, 1987).

Hemwall et al (1984) showed that slow action potentials in cats with right ventricular 
hypertrophy were significantly smaller in amplitude and duration than controls, 
suggesting an abnormality of sarcolemmal calcium transport. Twitch tension was 
reduced in the papillary muscles of the cats in that study, so the discrepancy between 
these and the contractile properties of human myocardium may reflect the different 
species and models used. However, in this study there is a suggestion of slowing of 
the slow inward current recovery in hypertrophic human myocardium; the significance 
of any differences possibly being concealed by the small numbers involved.

Direct evidence of altered calcium handling in myocardial hypertrophy is provided by 
studies on isolated SR. In a model of left ventricular hypertrophy in the rabbit (Sordahl 

et al, 1973) the rate of uptake and capacity of the SR for calcium is reduced. SR 
function is similarly impaired in patients with cardiac failure (Lentz et al, 1978 and 

Limas e ta l , 1987), but the relationship between hypertrophy and SR function in man is 

unknown. In the rat, SR function appears to be dependent on the degree of 
hypertrophy, being enhanced in mild hypertrophy (Limas et al, 1980), and impaired in 
more severe degrees of hypertrophy (Limas & Cohn, 1977). According to the model 
described above, the results of this study on hypertrophic myocardium in man may be 

interpreted as demonstrating both an increased capacity of intracellular calcium release 

sites and a reduced rate of uptake of calcium to the release loci.
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In summary, isolated hypertrophic human myocardium may be distinguished by a 
prolonged time to peak tension and a slow recovery of twitch tension between beats. 

These results are consistent with the hypothesis that abnormalities of mechanical 

restitution are related to altered cellular calcium handling involving the function and 
capacity of the sarcoplasmic reticulum and possibly the recovery of sarcolemmal 
membrane currents.

MECHANICAL ALTERNANS

Mechanical alternans, or its bedside clinical counterpart, pulsus alternans, is described 
as an alternation of strong and weak contractions in the presence of a regular rhythm. 
First described by Traube in 1872, the mechanism for this phenomenon remains 
incompletely understood. It is distinguished from pulsus bigeminus, which is alternate 
strong and weak contraction as a result of alternate sinus and ectopic beats with varying 
RR intervals. The phenomenon of mechanical alternans is recognised as being a sign of 
depressed myocardial function (see Braunwald, 1988). It is most common in heart 
failure secondary to an increased resistance to left-ventricular ejection (e.g. systemic 

hypertension and aortic stenosis) but also occurs in coronary artery disease and dilated 
cardiomyopathy. It tends to occur with the combination of depressed contractility and a 
tachycardia, and is often accentuated during the first few beats following a premature 
ventricular beat.

There has been controversy over the exact mechanism of mechanical alternans, 
essentially surrounding the relative roles of changes in ventricular loading and 

contractility. Initially it was thought that changes in stroke volume were a result of 

beat-to-beat changes in end-diastolic volume (Wenckebach, 1902); a theory augmented 

by an angiographic study by Gleason and Braunwald (1962) on a patient with pulsus 

alternans and a study on canine heart preparations by Mitchell et al, (1963). However, 
more extensive investigations in man (Swanton et al, 1976) and dogs (Guntheroth et al, 
1969) have shown a lack of relationship between loading and alternations in 

contractility. McGaughey et al (1985) in a study in the isolated canine heart showed a 
difference in end-systolic pressure-volume relationship between the large and small 
beats of mechanical alternans, consistent with an alternation in contractility. It should be 

emphasised, however, that the relationship between alternations in stroke volume, pre

load, after-load and contractility is complex and that changes in loading inevitably 

influence stroke volume even if changes in contractility are primarily responsible.
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Confirmation that alternation in contractility occurs was provided by a study on an 

isom etric papillary muscle preparation (Nayler & Robertson, 1965) which 

demonstrated mechanical altemans in the absence of significant changes in end-diastolic 
tension. In a study in open chest dogs Mahler and Rogel (1970) demonstrated 
mechanical altemans in segments of myocardium held isometrically between two limbs 

of a force transducer. They showed a positive correlation between the time constant of 
mechanical recovery of a beat and the force of contraction of its preceding beat. Thus an 
equation describing mechanical alternans was derived and was found to predict the 

results of their experiments on dog hearts.

Mechanical altemans is frequently observed in preparations of isolated myocardium. 
This was true in this study and occurred particularly in myocardium obtained from 
more severely ill patients, usually recovering rapidly following mounting of the 
preparation. In some cases recovery did not occur and no steady state peak isometric 
twitch tension could be established, making it impossible to construct mechanical 
restitution curves.

The study of mechanical alternans was not an initial aim of this study. However, the 
emergence of an abnormality of the force interval relationship in myocardium from 
patients with left-ventricular pressure overload raised the question as to whether this 

could provide an explanation for the mechanism of mechanical alternans in such 
patients. An inevitable consequence of mechanical restitution is that a finite time is 
required for full recovery of contractility between beats. This would suggest that at 
heart rates above a certain value (i.e. with a cycle length shorter than the time required 
for full recovery) restitution would be incomplete. According to the model of cellular 

calcium circulation suggested above, this would be a consequence of a reduced amount 

of Ca2+ released by the myofibrils returning to SR release sites in time for the 
subsequent beat. Assuming the Ca2+, which are unable reach the SR release sites in 
time, are not lost from the cell, then they would be available for release during the next 

beat together with the reduced amount recirculated from the preceding smaller beat. 

Since the cycle length has dictated the amount of Ca2+ which can be recirculated 
between beats, it will appear that any surplus Ca2+ recycles every other beat.

This is illustrated in Figure 59 in which the normal state is indicated in the upper 

diagram. Here, all Ca2+ released by the myofibrils are recirculated to the next beat. In 
the lower diagram the cycle length is shorter and there is insufficient time for full 
recirculation. Beat 2 is therefore sub-maximal. Ca2+ released from beat 2 is then 

recirculated to beat 3 together with additional Ca2+ which is now available from beat 1.
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The implication of this theory is that mechanical altemans would occur in situations 
where either the cycle length was short or when mechanical restitution was slowed. 
That mechanical alternans can occur during tachycardia even in the normal heart 

(Saunders & Ord, 1962) is consistent with the hypothesis. If correct, the process 
should be self perpetuating and mechanical alternans would be more likely to occur at 
higher heart rates and in myocardium with a prolonged recovery time constant. The 

system is analogous to an oscillator with a time lag between the input and output.

It has been shown that mechanical restitution is slowed in myocardium from patients 
with increased afterload resistance. This observation may therefore explain the 

increased incidence of pulsus altemans in such patients, and why this occurs at lower 

heart rates than in patients with normal hearts.
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Figure 59. Calcium recirculation in mechanical alternans. 
See text for explanation.
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SUMMARY AND CONCLUSIONS

The central theme of this study was to investigate the in-vitro mechanical properties of 
isolated human ventricular myocardium and to compare these findings with clinical and 

in-vivo  parameters. The initial aim was to examine myocardium from patients 

undergoing valve replacement and to compare the results obtained from myocardium 
with different degrees of pressure and volume overload. The results have shown that 
the mechanical physiology of hypertrophied myocardium (that obtained from patients 
with aortic stenosis) differs from that of myocardium from other patients. In 
hypertrophy the time to development of peak isometric tension is prolonged, whereas 
the amount of tension produced is unaltered. It has also been shown that the rate of 
recovery of tension between beats (mechanical restitution) is slowed in hypertrophy. 

This finding provides a possible explanation for the higher incidence of pulsus 

altemans in patients with increased ventricular afterload.

In order compare mechanical restitution curves these were described as multiple 
exponential processes. A curve fitting procedure was used to ascertain the number of 
exponential processes in each case, to assess the goodness-of-fit and to provide the 
exponential time constants.

The investigation into the mechanisms underlying mechanical restitution took two 
forms:
Firstly, a comparison between human myocardium and that of two other mammalian 

species revealed important species differences. In man and the ferret mechanical 
restitution (which includes both the recovery and decay processes) is best described by 

two recovery phases (a fast followed by a slow phase) and a slow decay phase. In the 
guinea-pig, there is a single rising phase followed by a decay phase. The initial 
recovery phase in each species had similar time constants, suggesting similar 

underlying mechanisms. The decay phase, however, was much slower in man and the 

ferret than in the guinea-pig.

Secondly, a number of interventions were performed in order to manipulate cellular 
calcium handling at different sites and to examine the effects of these on mechanical 

restitution. In addition the role of recovery of the slow inward current was examined by 
measuring dV/dt max of the slow action potential. The results of these studies were 

consistent with the hypothesis that the cellular control of calcium is intimately involved 
in the mechanisms underlying mechanical restitution; that the recovery of releasable 
calcium within the sarcoplasmic reticulum, and to a lesser extent the recovery of the
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slow inward current, underlie the recovery phase; and that net cellular calcium balance 
(usually efflux) is responsible for the decay phase.

From the manner in which mechanical restitution is altered in human hypertrophic 

myocardium these data are consistent with the hypothesis that the calcium capacity of 

the sarcoplasmic reticulum is increased and that the rate of uptake of calcium is reduced.

There was a failure, in this study, to identify any consistent relationship between the 
clinical and catheterisation data and in-vitro data in patients. One explanation for this is 

that the sensitivity of the in-vivo methods used was inadequate to distinguish degrees of 
myocardial failure.

This novel analytical approach to the mechanical restitution curve has provided a new 
insight into the underlying mechanisms, allowed comparison between different species 
and elucidated cellular physiological abnormalities which occur in human pathological 
states.

FUTURE INVESTIGATIONS 

A number of further questions are posed by this study:

Can these or similar observations on the force-interval relationship in isolated 
myocardium be made in patients, and if so do they have clinical relevance or a 
predictive value in assessment of the hypertrophic response in aortic stenosis?

Can the explanations given for the processes underlying mechanical restitution be 

verified by direct measurement of intra-cellular ions and membrane currents?

Finally, there is always the doubt that the so-called normal human myocardium was not 
normal. It would be interesting to examine mechanical restitution in myocardium from 

hearts donated for transplantation and furthermore to compare these, say, with 
myocardium from patients with end-stage heart failure (the excised hearts).
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I. CIRCUIT DIAGRAMS

D i f f e r e n t ia to r  C ircu i t  D e s i g n

Cf

+15
l/P

-15

General circuit diagram for a differentiator

The parameters for the different differentiator circuits were as 
follows:

Operational
Amp. Rf Cf R1 C1 Rp Cp

1. Tension. Type 351 10kD 4.7nF 330^ 1pF 10kD lOpF

2. Slow Action Potential. Type 741 S 22kQ 1.0nF lOkD 1.0pF 22kD lOpF

3. Normal Action Potential. Type 741 S 22kQ 1.0nF 470kD 0.05|iF 22kQ 0.47^iF
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M i c r o e l e c t r o d e  h e a d - s t a g e  p r e -a m p l i f ie r  c i r cu i t  d e s i g n

Microelectrode

FEE

10kQ FET

10 kft

Reference
electrode"

100 kn 

A /V W

>vwv— vwv— vwv +15V-15V
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Fl ip - f lop  c i r c u i t  d e s i g n

5V OUT 5V

PR CK

SN7472

GNDNC CLR

510 Q 510 Q

5V 5V

INPUT 
J K Q Q

OUTPUT

0 1 0 1 0
1 0 0 1 1
0 1 1 0 0
1 0 1 0 1

I n t e g r a t e d  c ir c u i t :
Texas Instruments SN7472/9N72. J-K flip-flop with AND inputs.
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II. SPREADSHEET

Curve Stripping Spreadsheet Template

The following is a guide to the operation and construction of the spreadsheet template 
designed for multiple exponential curve stripping.

Using Jazz™ release 1A (Lotus™ Development Corp., USA) on an Apple® 
Macintosh® microcomputer.

Data is first entered into cells of columns A and B. Column A contains the value of 
normalized twitch tension (ectopic/steady state). Column B contains the corresponding 

ectopic interval (in milliseconds).

Column C contains a column beginning with the following formula:

LN(ABS(A1-$D$9))

where $D$9 = fixed reference to value of cell D9

D9 = the user defined value of the decay curve asymptote

LN = the natural logarithm of (x)

ABS = the absolute value of (x)

A1 = relative reference to the corresponding cell in column A 

(containing the normalized twitch tension)

A graph plotting the data points in columns A and B is then displayed and the user 

defines the points which describe the decay curve and identifies the ectopic interval at 
which it would be reasonable to begin a logarithmic transform. Accordingly the values 

of the ectopic intervals (column B) are copied together with the natural logarithmic 

transform (column C) and pasted into a second spreadsheet where standard least 

squares linear regression analysis is performed. The linearity of the transformed data 
may be inspected on a displayed plot. At this stage the asymptotic value (D9) may be 

modified to achieve the best linear fit.

The values of the intercept and slope thus obtained are then pasted into cells D4 and D5 

respectively.
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D6 then displays the decay time constant using the formula:

-1/D9 (T3 )

Columns J to R contain formulae and are not required to be seen by the user. The 

formulae are as follows:

J = EXP($D$4+(-B1/$D$6))+$D$9

where EXP = e raised to the power of (x)

K = ABS(J1-A1)

L = J1-M1

M = EXP($F$4+(-B1/$F$6))

N = ABS(K1-M1)

O = EXP($H$4+(-B1/$H$6))

P = L1-01

Q = IF(ISNUMBER(A1 ),(A1 -P1 )A2,7")

(returns a value of (A1-P1)squared if there is a numerical value in A1; otherwise 

returns text string "/")

R = IF(ISNUMBER(A1),(A1-L1 )A2,7")

Column J is automatically plotted over the data points, showing where the data deviates 
from the fitted decay curve.

Column E contains the natural logarithmic transform of the difference between the data 

(in column A) and the fitted decay curve:

E = LN(K1)

Column E together with the corresponding valves in column B are then pasted across to 

the other spreadsheet for least squares regression analysis. The plot derived from this 
shows the user whether the relationship is linear (single rising exponential) or not. 

Invariably, there is some linearity of the data at longer ectopic intervals, even if all the 

data is not linearly related. If the overall relationship is non-linear all data points beyond 

the initial linear relationship can be removed and the regression equation for the 

remaining points derived. The values for intercept and slope thus obtained are then
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pasted onto the original spreadsheet in cells F4 and F5 respectively. F6 then provides 
the time constant of this rising exponential with the formula:

F6 = -1/F5

(X2  in a three exponential model, T\ in a two exponential model)

Column M plots this second fitted curve over the data together with the fitted decay 
curve. Any divergence of of the data from this fitted curve may be seen by the user.

Column G then gives the natural logarithmic transform of the difference between 

second fitted curve and the residual data.

If appropriate an initial rapid recovery phase is fitted by pasting values from column G 
together with corresponding values in column B into the linear regression spreadsheet. 
Values for the intercept and slope are then pasted into cells H4 and H5 respectively. 
Cell H6 provides the time constant of the fast rising exponential.

H6 = -1/H5 (Ti)

Finally, this fitted curve is automatically superimposed onto the data plot together with 
the other two fitted exponential curves.

The goodness-of-fit of the exponential function can be ascertained by inspection of the 
following cells.

T8 = COUNT ($A$1..$A$40)

(number of data points)

T9 = IF(ISERR(Q1),SUM($R$1 ..$R 40),S U M ($Q $3..$Q $41))

(sum of squares of differences)

V8 = AVG($A$1..$A$40)

(mean)

V9 = ($T $9 /$T $8)/$V $8

(variance)

The matrix S3..V9 can be used to print out a description of the fitted curve together 
with the composite plot by using the Hotview facility. The following formulae and text 

entry are required to complete this:
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54 - "Intercept"

55 - "Slope"

56 - "Tau"

58 - "n"

59 - "Sum of Squares"

U8 - "Mean"

U9 - "Variance"

T3 - "Curve 1"

T4 = $H$4 

T5 = $H$5

T6 = $H$6 (Ti)

U3 - "Curve 2"

U4 = $F$4 

U5 = $F$5

U6 = $F$6 (X2)

V3 - "Curve 3"

V4 = $D$4 

V5 = $D$5

V6 = $D$6 (X3)
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