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Abstract

Experimental studies have shown that when pathological processes disrupt the 

normal orderly sequence of electrical recovery following activation, the conditions 

favouring the development of reentrant arrhythmias are created. Comparatively little 

is knovm about the role of so-called increased dispersion of repolarisation in human 

arrhythmias, due in part to the difficulty in measuring this process. QT dispersion, 

defined as the difference between the longest and shortest QT intervals measured 

from the surface electrocardiogram, has been proposed as just such a measure. A 

fundamental assumption in the use of QT dispersion is that interlead variations in QT 

dispersion do indeed reflect regional variations in ventricular repolarisation time. 

Comparatively few data exist to support this hypothesis and the relationship is 

explored in this thesis.

The last decade has seen a proliferation of studies testing the association between 

increased QT dispersion and the development of life threatening arrhythmias or 

sudden death in a variety of cardiac and noncardiac disease states. In the largest 

group of patients at risk of such events - those with ischaemic heart disease - these 

studies have so far failed to demonstrate the predictive value of QT dispersion. This 

may in part be explained by the way in which the methodology has been applied. 

Dispersion of repolarisation is a dynamic process that may change on a beat to beat 

basis. A single measure of QT dispersion fi*om a resting electrocardiogram may 

therefore fail to reflect an individual’s capacity to develop the substrate for life 

threatening arrhythmias. This thesis concerns an exploration of the factors 

contributing to increased QT dispersion in individuals with heart disease. In 

particular the influence of acute ischaemia and premature beats, separately and in



combination, have been studied as conditions predisposing to arrhythmia 

development and associated in experimental studies with increased dispersion of 

repolarisation.
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Chapter 1

1.1 Introduction

The mechanism underlying the majority of life threatening ventricular 

tachyarrhythmias is reentrant activation (Hoffman and Rosen 1981). We know that 

most such arrhythmias occur in people with structural heart disease and in particular, 

ischaemic heart disease. Experimental studies in animals have revealed a great deal 

about those electrophysiological consequences of heart disease that predispose 

directly to the development of reentrant arrhythmias. Many of these relate to 

disturbances of the pattern of electrical recovery following activation, resulting in 

increased regional variability (‘dispersion’) of repolarisation time. The latter has 

been shown experimentally to be critical to the development of reentrant arrhythmias 

(Han and Moe 1964, Merx et al. 1977, Kuo et al. 1983a).

Measurement of regional variations in ventricular repolarisation time might therefore 

be expected to identify those at greatest risk of developing reentrant arrhythmias. In 

the research setting direct measurement of local repolarisation times may be made 

using monophasic action potential recordings (Franz 1995). The number of 

simultaneous recordings possible with this technique is generally restricted to two or 

three and therefore only limited information can be gained about the dispersion of 

recovery times. The surface electrocardiogram provides another potential tool with 

which to study regional variations in ventricular recovery time. The QT interval of 

the electrocardiogram represents the time course of ventricular activation and 

recovery. Interlead variations in the duration of the QT interval have been recognised 

for many years (Lepeschkin and Surawicz 1952). During the 1980s, in the light of 

gathering experimental evidence of the critical importance of the dispersion of
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ventricular repolarisation times, the suggestion was made that interlead variations in 

QT interval duration (‘QT dispersion’) may reflect regional variations in ventricular 

repolarisation time (Mirvis 1985, Cowan et al. 1988b). Despite widespread interest 

in the use of QT dispersion as a marker for the development of life threatening 

ventricular arrhythmias there have been few published data to support the assumption 

that individual QT intervals are sensitive to local repolarisation times and therefore 

that QT dispersion does indeed reflect dispersion of repolarisation. Much of that 

work has been in normal hearts. The relationship between individual QT intervals 

and local repolarisation times in disease is explored in this thesis.

The last decade has seen a proliferation of studies exploring the association between 

QT dispersion and the development of ventricular tachyarrhythmias and/or sudden 

death in a variety of cardiac and noncardiac conditions. In the largest group at risk - 

patients with ischaemic heart disease -  the studies published to date have not 

demonstrated the predictive value of QT dispersion with consistency. Experimental 

studies have demonstrated elegantly that dispersion of repolarisation times, and 

therefore the substrate for arrhythmia development, is not a static process but instead 

may change on a beat to beat basis. Clinical observation and pathological studies 

implicate acute ischaemia in the development of life threatening arrhythmias. 

Furthermore the arrhythmia itself is often precipitated by a ventricular premature 

beat. Both acute ischaemia and ventricular premature beats have been shown 

experimentally to increase the dispersion of ventricular recovery times (Janse et al. 

1985, Kuo et al. 1983b). In the vast majority of published studies exploring the 

association between QT dispersion and adverse outcomes in the ischaemic heart 

disease populations, QT dispersion has been measured from sinus beats only, on 

resting electrocardiograms recorded in the absence of acute ischaemia. Just as a
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random resting electrocardiogram has limited value in the detection and risk 

stratification of coronary artery disease, the foregoing observations would suggest 

that QT dispersion measured from a resting electrocardiogram may not reflect an 

individual’s true potential to develop the electrophysiological substrate favouring 

arrhythmia development.

This thesis concerns an exploration of dynamic influences of QT dispersion in 

patients with heart disease. The effects of acute ischaemia and ventricular premature 

beats are explored, both singly and in combination, in patients with normal left 

ventricles and in those with previous mycardial infarction or left ventricular 

hypertrophy.

1.2. Sudden cardiac death

Sudden cardiac death presents a continuing challenge to the medical profession, 

causing 50-100,000 deaths per year in the United Kingdom, a substantial proportion 

of which occur in middle aged adults.

1.2.1 Modality of sudden  cardiac death

In out-of-hospital sudden cardiac death the first monitored electrocardiographic 

rhythm is ventricular fibrillation in the majority of cases (Liberthson et al. 1974). 

Indeed as many as 95% of cases have been shown to be due to ventricular fibrillation 

when monitored within four minutes of collapse (Poole and Bardy 1995). As the time 

interval between collapse and electrocardiographic monitoring increases, asystole or 

agonal rhythms are more commonly observed, reflecting the natural history of 

untreated or unsuccessfully treated ventricular fibrillation. Further evidence of the 

importance of ventricular tachyarrhythmias in sudden cardiac death was provided by 

Bayes de Luna et al. (1989) in a review of 157 reported cases of patients who had
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died suddenly and unexpectedly whilst wearing a Holter monitor. Ventricular 

tachyarrhythmias accounted for 83% of the deaths while bradyarrhythmias were 

monitored in the remainder. Of the tachyarrhythmic deaths, ventricular tachycardia 

degenerating into ventricular fibrillation was most commonly observed, with a 

smaller percentage due to either de novo ventricular fibrillation or torsade des 

pointes. As these patients were wearing Holter monitors they cannot be regarded as 

entirely representative of the sudden cardiac death population as a whole: there is a 

certain amount of evidence that in the general population ventricular fibrillation is 

less frequently preceded by ventricular tachycardia (Poole and Bardy 1995).

1.2.2 Pathological findings in sudden  cardiac death

Structural heart disease is observed in most cases of sudden cardiac death and the 

majority of adult cases are associated with atherosclerotic coronary artery disease 

(Liberthson et al. 1974, Davies 1981). In a series of 220 autopsies following out-of

hospital sudden cardiac death Liberthson et al. observed high grade stenoses of at 

least one major coronary artery in 94% of cases. The majority of these cases involved 

disease of two or more major coronary arteries. Where only a single vessel was 

involved this was usually the left main stem or proximal left anterior descending 

coronary artery. Davies (1981) reported a similar frequency and distribution of 

chronic coronary artery stenoses.

There is rather less agreement on the prevalence of acute coronary lesions, which 

may reflect the different methodologies used to detect such lesions. The role of the 

unstable atheromatous plaque in the development of unstable angina and acute 

myocardial infarction is widely accepted (Davies 1992). Unstable plaques are 

characterised by fissuring and/or loss of the overlying endothelium resulting in local
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thrombus formation. This thrombus may be confined to the plaque interior or extend 

to the lumen, which may or may not be occluded as a result. Vasoactive substances 

released by the degranulating platelets may contribute to the resulting acute 

ischaemia by causing superadded coronary vasoconstriction. Davies et al. (1989) 

detected unstable plaques with mural or occlusive thrombus in 73% of a series of 

168 cases of sudden cardiac death due to coronary artery disease, with plaque fissure 

only in a further 8% and no acute lesion in 19%. These findings suggest an important 

role for acute myocardial ischaemia in the genesis of sudden cardiac death and are 

consistent with the wealth of experimental evidence of the potency of acute 

ischaemia as a cause of malignant ventricular arrhythmias (reviewed by Janse and 

Wit 1989).

The frequency with which evidence of acute myocardial infarction is found in 

postmortem studies of sudden cardiac death victims varies widely. This is likely to 

reflect both the definition of sudden cardiac death used (in particular the time 

interval from acute symptom onset to collapse) and the sensitivity of the techniques 

used to detect acute myocardial infarction. Acute myocardial ischaemia resulting 

from an unstable atheromatous plaque may result in such rapid development of fatal 

ventricular arrhythmias that there is insufficient time for macroscopic or microscopic 

changes of infarction to occur. Even with the most sensitive techniques a period of 

approximately six hours must elapse before death for changes of acute infarction to 

be recognisable (Davies 1992). In studies of the survivors of out-of-hospital sudden 

cardiac death, convincing clinical evidence of acute myocardial infarction has been 

found in a minority of subjects: (17%: Baum et al. 1974; 39%: Liberthson et al. 

1974).
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In contrast the presence of a healed myocardial infarction is a common postmortem 

finding in cases of sudden cardiac death. Davies et al. (1989) observed healed 

myocardial infarctions in 57% of 168 cases of sudden death due to coronary heart 

disease. Furthermore the presence of a healed infarct was significantly more common 

in the groups with either no acute coronary lesion detected or with only plaque 

fissure and intraintimal thrombus than in the groups with intraluminal thrombus. 

Experimental evidence suggests that the combination of a healed infarct and acute 

ischaemia is particularly arrhythmogenic, more so than either pathology in isolation 

(Myerburg et al. 1982).

A miscellany of other structural pathologies is observed in cases of sudden cardiac 

death (Davies 1981, Poole and Bardy 1995). Left ventricular hypertrophy due to 

systemic hypertension or aortic stenosis is a common finding. In prospective studies 

of unselected populations, left ventricular hypertrophy has been shown to be an 

independent risk factor for total and cardiovascular mortality (Levy et al. 1990). 

Ventricular arrhythmias occur frequently in subjects with left ventricular hypertrophy 

and the frequency and complexity of such arrhythmias shows a strong correlation 

with the echocardiographically-determined left ventricular mass (Levy et al. 1987, 

McLenachan et al. 1987). Other pathologies observed less frequently include acute 

myocarditis, dilated cardiomyopathy, hypertrophic cardiomyopathy and mitral valve 

prolapse.

The mechanisms by which these pathological processes cause arrhythmia 

development have been studied intensively in animal models. The following section 

briefly reviews those aspects of cardiac electrophysiology relevant to an 

understanding of the electrophysiological disturbances accompanying acute
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myocardial ischaemia, healed myocardial infarction, ventricular hypertrophy and 

ventricular premature beats.

1.3 Normal cardiac electrophysiology

Coordinated contraction of the atria and ventricles is dependent upon a repetitive, 

orderly sequence of electrical activation and recovery. Any disturbance of this 

electrical rhythm may compromise the heart’s mechanical efficiency. In the extreme 

case of ventricular fibrillation, effective cardiac output ceases and, vvdthout prompt 

defibrillation, death follows quickly.

1.3.1 The cardiac action potential

At the cellular level, contraction of cardiac myocytes is triggered by cyclical changes 

in the electrical potential gradient across the plasma membrane - the cardiac action 

potential - which result in the delivery of calcium to the contractile proteins. In the 

relaxed state the cytoplasm is negatively charged compared to the extracellular space 

(phase 4 in figure 1.3.1). The magnitude of the so-called resting membrane potential 

in most healthy cardiac cells is -80 to -90mV. This potential is created and 

maintained by differences in the intracellular and extracellular concentrations of 

certain ions, particularly sodium and potassium. An ATP dependent protein pump in 

the plasma membrane extracts three sodium ions from the cell in exchange for two 

potassium ions. As a result concentration gradients of these ions develop across the 

membrane with a relatively high intracellular potassium concentration and relatively 

low intracellular sodium concentration. In the resting state the membrane is virtually 

impermeable to sodium but there is a small outward potassium current. This loss of 

positive charge from the cytoplasm creates the negative resting potential. In atrial and 

ventricular myocytes the resting membrane potential remains constant throughout
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diastole. In the pacemaker cells of the sinoatrial and atrioventricular nodes, and the 

specialised fibres of the cardiac conduction system there is gradual depolarisation 

during diastole. This diastolic depolarisation results from an inward sodium current 

If and a gradual fall in membrane permeability to potassium carried by the inward 

rectifier current Iki- Once a threshold membrane potential is reached, a cardiac 

action potential is triggered. The upstroke of the cardiac action potential (phase 0) 

results from sudden increase in the permeability of the membrane to sodium ions. 

The inward sodium current Inh results in a transient reversal of the membrane 

potential, typically to +10 to + 20mV. As figure 1.3.1 shows, the inward sodium 

current is very brief, typically < 5ms as the membrane ion channel exhibits voltage- 

dependent inactivation. The early phase of repolarisation (phase 1) results from 

inactivation of the inward sodium current, with a variable contribution from the 

transient outward current Ito, largely carried by potassium ions. The contribution of 

Ito to repolarisation increases from endocardium to epicardium in a variety of species 

(Antzelevitch et al. 1997). The ventricular action potential is distinguished by the 

presence of a plateau phase (phase 2), the amplitude and duration of which is 

governed by the activity of both inward and outward currents. The principal inward 

current during the plateau phase is carried by calcium ions Ica, although a late 

sodium current is thought to contribute. The membrane calcium channels are voltage 

dependent, opening as the membrane potential reaches approximately -35mV, 

although their time course of activation and inactivation is far slower than that of the 

sodium channels.
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Figure 1.3.1 The transmembrane action potential of a Guinea pig Purkinje fibre 
is shown together with the principal transmembrane ion currents contributing 
to its development. Redrawn from Oxsoft Heart, Oxsoft Ltd, Oxford, UK.
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The plateau phase merges smoothly into the late and more rapid phase of 

repolarisation (phase 3) as outward currents predominate. Of these the delayed 

rectifier currents Ik, largely carried by potassium provides the main contribution to 

phase 3 repolarisation. The inward rectifier Iri also plays an important role in the 

terminal phase of repolarisation as well as maintaining the resting membrane 

potential. A further outward potassium current I r a t p  remains inactive under normal 

conditions but becomes activated by low intracellular concentrations of ATP. 

Activation of this current may therefore contribute to the action potential duration 

shortening observed during acute ischaemia.

1.3.2 R efractoriness and Excitability

Many of the transmembrane ion channels regulating the currents of the cardiac action 

potential exhibit voltage and/or time dependent inactivation. While these channels 

remain in the inactivated state a further action potential cannot be elicited by a 

stimulus. This period of inexcitability is referred to as the refractory period. From 

depolarisation until the later stages of repolarisation the cell is totally inexcitable. An 

action potential cannot be elicited by a stimulus of any strength. This period of total 

inexcitability is known as the absolute refractory period. As repolarisation nears 

completion, the population of sodium channels gradually regains its excitablity. 

During this time a strong stimulus may elicit an action potential, although as not all 

of the sodium channels are available to carry inward current the rate of rise and 

amplitude of the resulting action potential are lower than normal and the action 

potential is propagated with a lower than normal conduction velocity. This phase of 

partial excitability is known as the relative refractory period. Under normal 

conditions, recovery of excitability occurs in close time relationship to the end of
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phase 3 of the cardiac action potential. This relationship may be disrupted in certain 

pathological states, notably acute ischaemia, and also by certain drugs.

1.3.3 T ransm ission of excitation

Adjacent myocytes are in electrical continuity via specialised connections known as 

gap junctions. These are regions of extremely close apposition of adjacent cell 

membranes. Protein channels called connexons through which small ions may pass 

span the gap of 2-4 nm. During the cardiac action potential the sarcoplasm is 

positively charged with respect to the tissue ahead which has yet to be depolarised. 

Intracellular current flows from the activated region to the resting zone ahead (figure 

1.3.2) whilst extracellular current flows in the opposite direction. As a result the 

resting zone is depolarised and when the threshold potential is reached, an action 

potential is generated.

+ 1 0 - 1

mV

90-1

□ A
+
+

\_r
□ B

/T

Figure 1.3.2 Transmission of the activation wavefront at the cellular level. The 
wavefront propagates in the direction shown by the large arrow. Two myocytes, 
A and B are shown with their respective transmembrane potentials shown 
above at the same time point. Myocyte A is activated ahead of myocyte B and its 
intracellular potential is therefore positive with respect to that of myocyte B. 
Positive charge flows from A to B via gap junctions causing the intracellular 
potential of myocyte B to fall towards the threshold potential for action 
potential generation.
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1.3.4 Activation and recovery in the normal heart

In the normal heart the activation wavefront begins in the sinoatrial node, a 

specialised area located on the posterior wall of the right atrium adjacent to the 

junction with the superior vena cava (figure 1.3.3). The resting potential of the 

sinoatrial node falls progressively until the threshold potential is reached and an 

action potential is generated. A wavefront of excitation emerges from the sinoatrial 

node to activate the atria. At the lower end of the interatrial septum the activation 

wavefront reaches the atrioventricular node, another area of specialised conduction 

tissue. Conduction velocity through the atrioventricular node is slow, resulting in a 

delay in conduction of the activation wavefront of approximately 100ms. From the 

atrioventricular node the activation wavefront spreads rapidly along the specialised 

conducting tissue of the bundle of His, the bundle branches and the subendocardial 

network of Purkinje fibres.

Sino atrial node

Atrioventricular
node

Bundle of His

Posterior

Anterior

Left bundle 
branch

Right bundle branch

Figure 1.3.3 The cardiac conduction system. Adapted from Levick JR. An 
Introduction to Cardiovascular Physiology 2"̂  ed. Butterworth and Heinemann 
1995.
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Activation of the ventricular free walls thus proceeds from apex to base and from 

endocardium to epicardium (van Dam and Janse 1989).

In the normal ventricle, furthermore, there is an inverse relationship between the 

activation time of an area of myocardium and the duration of the cardiac action 

potential in that area (Franz et al. 1987, Cowan et al. 1988a, Costard-Jackie et 

al. 1989). As a result, the temporal dispersion of repolarisation times following 

activation is smaller than the dispersion of activation times. Recovery of excitability 

in the normal ventricle is thus rapid and virtually simultaneous, a mechanism which 

serves to maintain electrical stability of the myocardium.

1.4 R eentrant arrhythm ias and the d ispersion of ventricular

repolarisation tim es

1.4.1 Reentrant arrhythm ias

The mechanism underlying most clinically important tachyarrhythmias is circus 

reentry. This term describes a wavefront of excitation which persists beyond the 

period of normal activation and whose propagation continues as long as the 

wavefront encounters excitable tissue. In certain cases, such as atrial flutter or 

ventricular tachycardia, there appears usually to be a single reentrant circuit, whilst in 

the more disorganised rhythms of atrial and ventricular fibrillation multiple reentrant 

circuits coexist, 'with continuously changing morphology and location. (Hoffman and 

Rosen 1981).

The conditions predisposing to the development of a reentrant circuit have been 

defined: i) an area of unidirectional conduction block; ii) conduction in an alternative 

anterograde pathway; iii) recovery of excitability in the tissue proximal to the area of 

unidirectional block by the time that the activation wavefront reaches this tissue by
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the alternative pathway (Hoffman and Rosen 1981). Such conditions may occur 

when the normal, orderly sequence of recovery following activation is disrupted such 

that there is a greater than normal spread of repolarisation times between adjacent 

areas of myocardium, a state usually referred to as increased dispersion of 

repolarisation times.

1.4.2. D ispersion of ventricular repolarisation tim es

A strong body of experimental evidence demonstrates that disruption of the normal, 

orderly sequence of repolarisation (in other words increased dispersion of 

repolarisation times), is a critical factor in the development of certain reentrant 

arrhythmias. Han and Moe (1964) demonstrated that various interventions known to 

predispose to the development of ventricular fibrillation, including acute myocardial 

ischaemia, early premature beats and sympathetic nerve stimulation, all increase the 

temporal dispersion of recovery of excitability in the canine ventricle. These 

observations were extended by Merx et al. in 1977, who showed a strong association 

between increased temporal dispersion of recovery times and the vulnerability of the 

canine ventricle to fibrillation. Kuo et al. (1983a) further demonstrated the critical 

importance of the dispersion of ventricular repolarisation to arrhythmogenesis using 

a preparation in which they were able to cause graded changes in dispersion of 

repolarisation in the canine ventricle by a combination of generalised hypothermia 

and selective coronary perfusion with warm blood. They showed that when 

dispersion of repolarisation across the ventricular epicardium exceeded a critical 

value a single ventricular premature beat could reliably induce repetitive ventricular 

responses progressing to fibrillation. In the same animals, when the dispersion of 

repolarisation was subsequently reduced either by a reduction in the temperature
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gradient or by increasing the atrial pacing rate, ventricular fibrillation was no longer 

inducible. The outcome of a ventricular premature beat was therefore shown to be 

critically dependent upon the prevailing dispersion of ventricular repolarisation.

1.4.3 The link betw een Increased dispersion of repolarisation and 

arrhythm ia developm ent

In both the experimental and clinical setting, ventricular tachyarrhythmias are 

initiated by ventricular premature beats that are usually closely coupled to the 

preceding normally conducted beat (Janse 1992, Janse et al. 1980). In a normal heart 

the activation wavefront of a ventricular premature beat is likely to encounter tissue 

that is either uniformly refractory or uniformly excitable. In the former situation the 

wavefront will be extinguished while in the latter situation it will propagate. In an 

abnormal heart, however, where increased dispersion of ventricular repolarisation 

times is present, the activation wavefront of the ventricular premature beat may 

encounter areas of myocardium that are still refractory following the previous beat 

while simultaneously encountering adjacent areas where there has been a degree of 

recovery of excitability. Conduction may proceed, albeit slowly, through the partially 

excitable tissue. If the conduction velocity is slowed sufficiently the activation 

wavefront may then reexcite the adjacent, previously refractory tissue and a reentrant 

circuit may be established. Provided that an ‘excitable gap’ exists, this reentrant 

circuit will be sustained and result in ventricular tachycardia which may degenerate 

into fibrillation.

1.4.4 Determ inants of regional recovery tim es

The repolarisation time of an area of myocardium following the initiation of an 

activation wavefront is influenced by the time taken for the wavefront to conduct to
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that area (activation time) and the duration of the cardiac action potential in that area. 

Thus any pathological or pharmacological process which affects either activation 

time or action potential duration in an inhomogenous fashion may increase the 

dispersion of repolarisation times, predisposing to the development of reentrant 

arrhythmias. Acute myocardial ischaemia, ventricular premature beats and certain 

ventricular structural abnormalities are three such factors. In the following section 

the mechanism by which they may influence the dispersion of repolarisation times is 

explored.

1.5 Acute myocardial ischaem ia, reentrant arrhythm ias and increased 

dispersion of ventricular repolarisation tim es

1.5.1 Electrophysiological changes during acute myocardial ischaem ia

a. C hanges in transm em brane potential

Within seconds following experimental coronary occlusion profound changes occur 

in the transmembrane potential of cells within the ischaemic territory (Downar et al. 

1977, Janse and Wit 1989). A reduction in the resting membrane potential occurs, 

accompanied by a reduction in the upstroke velocity and amplitude of the cardiac 

action potential. At the same time, changes occur to the duration of the action 

potential. On the endocardium, progressive shortening of action potential duration 

occurs whilst on the epicardium an initial lengthening may be seen (at least in open

chested animals), with subsequent shortening (Coronel et al. 1997).

b. C hanges in recovery of excitability

In normal myocardium, recovery of excitability following activation occurs in close 

relationship to the completion of repolarisation and therefore changes in recovery
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time parallel changes in action potential duration. In acutely ischaemic myocardium 

this close relationship may be lost and inexcitability may persist after a return to the 

resting potential, a phenomenon referred to as post repolarisation refractoriness 

(Downar et al. 1977). In the study by Downar and coworkers, post repolarisation 

refractoriness was most prominent in cells in the centre of the acutely ischaemic 

zone, whereas at the border of the ischaemic region, reft-actory periods shortened in 

parallel with action potential duration, a situation promoting increased temporal 

dispersion of recovery times. Post repolarisation refractoriness has recently been 

demonstrated to occur in the human ventricular epicardium (Sutton et al. 1997).

c. C hanges in conduction velocity

Among the earliest electrophysiological changes following experimental acute 

coronary occlusion is an increase in conduction velocity associated with a small 

reduction in the resting membrane potential (Janse and Wit 1989). As ischaemia 

progresses, conduction velocity falls. The slowing of conduction in this phase of 

acute myocardial ischaemia results initially fi'om a reduction in the upstroke velocity 

and amplitude of the transmembrane action potential which reduces the ‘driving 

force’. At a later stage changes occur in cellular coupling due to a reduction in the 

number of functional gap junctions, increasing the resistance to current flow. 

Experimental acute ischaemia due to coronary artery occlusion thus causes profound, 

regional changes in the resting membrane potential, action potential upstroke 

velocity, amplitude and duration, refractoriness and conduction velocity. These 

changes would be expected to increase the temporal dispersion of recovery of 

excitability following activation, and this has indeed been demonstrated in the 

experimental setting (Han and Moe 1964, Downar et al. 1977, Janse et al. 1985).
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1.5.2. Reentrant arrhythm ias during acu te  myocardial ischaem ia

Experimental acute myocardial ischaemia creates an electrophysiological 

environment that predisposes to the development of reentrant arrhythmias. Indirect 

evidence that reentry may indeed occur in this setting was provided by Han, Goel and 

Hanson in 1970, who measured extracellular electrograms in an area of canine 

ventricular myocardium rendered acutely ischaemic by occlusion of the left anterior 

descending artery, and in an adjacent nonischaemic area. Premature ventricular 

stimuli in the nonischaemic area conducted slowly in to the acutely ischaemic area 

and could reexcite the nonischaemic area resulting in repetitive responses.

Direct evidence for reentry as a mechanism of ventricular tachyarrhythmias during 

the first few minutes following experimental coronary occlusion came from Janse et 

al. (1980), using a model of acute left anterior descending artery occlusion in isolated 

pig and dog hearts. Extracellular electrograms were recorded from up to sixty 

epicardial and intramural sites spanning the border zone between the ischaemic 

territory and the normal myocardium. These electrograms were used to construct 

activation maps that were used to follow the patterns of ventricular activation during 

atrial pacing and during the occurrence of spontaneous ventricular arrhythmias. This 

study clearly demonstrated the presence of reentrant circuits during ventricular 

tachycardia and fibrillation occurring spontaneously during the first few minutes 

following coronary occlusion. In the case of ventricular tachycardia, a single 

reentrant circuit with a diameter of 1-2 cms was usually detected, whilst during 

ventricular fibrillation, multiple wavelets coexisted with continuously changing 

morphology and site.
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1.5.3. Summary

Acute myocardial ischaemia is well recognised as an important cause of clinical and 

experimental arrhythmias. There is convincing experimental evidence that the 

earliest ventricular tachyarrhythmias following acute coronary occlusion are due to 

reentry. Through its effects on the resting membrane potential, the action potential, 

refractoriness and conduction velocity, experimental acute ischaemia causes a 

marked increase in the temporal dispersion of ventricular repolarisation and recovery 

times following activation, creating the conditions in which reentrant arrhythmias 

may occur.

1.6 Ventricular prem ature beats and d ispersion of repolarisation

1.6.1 Terminology of prem ature beats

Abnormal activation wavefronts may arise de novo in any area of the heart with 

varying degrees of prematurity. The characteristic features of these abnormal 

impulses are their abnormal (‘ectopic’) site of origin and/or their prematurity. 

Despite the ubiquity of these impulses, no wholly satisfactory term exists to describe 

them (Janse 1992). In this thesis the widely used terms ‘atrial premature beat’ and 

‘ventricular premature beat’ are used although it is accepted that the word ‘beat’ may 

suggest a mechanical rather than an electrical event and that in some of the studies, 

ventricular beats have been interposed without any change in timing, ie without 

prematurity.

1.6.2 Ventricular prem ature beats and d ispersion  of repolarisation

Ventricular premature beats (VPBs) are widely recognised as triggers of serious and 

potentially fatal arrhythmias (Janse 1992). Experimental evidence suggests that they
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may do so, at least in part, by increasing the dispersion of ventricular recovery times. 

In a study using simultaneously-recorded epicardial monophasic action potentials in 

the open-chested canine ventricle, Kuo et al (1983b) demonstrated that VPBs 

introduced during atrial pacing were associated with a marked increase in the 

dispersion of ventricular repolarisation in comparison to atrially-paced beats. In a 

further study the same authors used the combination of generalised hypothermia and 

regional warm blood perfusion to vary the basic dispersion of repolarisation during 

atrial beats in a graded fashion (Kuo et al. 1985). The basic dispersion could be set to 

a level where a single VPB was unable to trigger a repetitive ventricular response but 

a second VPB immediately after the first could do so. It appeared that the increased 

dispersion of repolarisation due to the first VPB facilitated arrhythmia induction by 

the second VPB. A VPB represents a profound disturbance in the normal orderly 

sequence of ventricular depolarisation and repolarisation. There are several features 

of such beats that may contribute to their ability to increase the dispersion of 

ventricular repolarisation:

a) Altered activation sequence

The activation wavefront of a VPB spreads laterally through the myocardium (typical 

conduction velocity 50-60 cm/s), in contrast to the wavefront of a normally- 

conducted sinus beat which is conducted rapidly along the subendocardial His- 

Purkinje network (typical conduction velocity l-3m/s) and only relies on slower 

transmyocardial conduction for the short distance from endocardium to epicardium 

(van Dam and Janse 1989). The broad QRS complex on the surface 

electrocardiogram reflects the slow conduction of a VPB. The result of the slow
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conduction of the ectopic activation wavefront is increased dispersion of ventricular 

activation times.

b). Prem aturity and restitution

When a premature beat is interposed during steady state pacing, the action potential 

duration of the premature beat varies with the coupling interval of the beat. This 

relationship is referred to as the electrical restitution curve (Boyett and Jewell 1980; 

figure 1.6.1).

Action potential 
duration (ms)

3001

250-

200 -

150-

500

Test interval (ms)

1000

Figure 1.6.1 Electrical restitution curve of cat ventricular muscle. Test stimuli 
were interposed at various coupling intervals during steady state pacing at a 
cycle length of 600ms. The steady state action potential duration is shown by the 
circled symbol. Adapted from Boyett and Jewell (1980).

It can be seen from the restitution curve that areas of the myocardium near the origin 

of the premature beat, which will be activated earliest, will have shorter action 

potential durations than areas further from the origin. The greater dispersion of 

ventricular activation times associated with a ventricular premature beat would 

therefore promote increased dispersion of repolarisation. It also follows from the
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restitution curve that the earliest premature beats, which fall on the steepest part of 

the curve, are likely to result in the greatest dispersion of repolarisation as at short 

coupling intervals there is a greater change in action potential duration for a given 

change in activation time.

c). Altered activation sequence  and cardiac ‘memory’

When the ventricular activation sequence is altered suddenly, the normal inverse 

relationship between activation time and action potential duration is lost (Costard- 

Jackle et al. 1989). If the new activation sequence is maintained, for example by a 

switch from continuous atrial to continuous ventricular pacing, the inverse 

relationship is gradually reestablished. When the activation sequence is switched 

again, by a reversion to atrial pacing, the inverse relationship is lost again but 

reestablished gradually during continued atrial pacing. It thus appears that during a 

period with a continuous activation sequence (normal or otherwise) the inverse 

relationship between activation time and action potential duration is ‘learnt’, and 

remembered. With a sudden switch in activation sequence, as occurs with a 

ventricular premature beat, ventricular tachycardia, ventricular pacing or the 

development of a bundle branch block, there is a time lag before the myocytes adapt 

to the new activation sequence wdth a restoration of the inverse relationship between 

activation time and action potential duration. At the time of the switch in activation 

sequence, even without a change in timing, a situation may exist where the earliest 

cells to be activated have the shortest action potential durations while the cells 

activated later have longer action potential durations. Such a situation will result in 

an increase in the dispersion of repolarisation.
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1.7 Ventricular hypertrophy: electrophysiological consequences

Echocardiographically-deteraiined left ventricular hypertrophy has been shown to be 

a strong risk factor for sudden cardiac death (Levy et al. 1990). Furthermore, left 

ventricular hypertrophy is strongly associated with the occurrence of all grades of 

ventricular arrhythmias during ambulatory monitoring (Levy et al. 1987, 

McLenachan et al. 1987). A consistent finding from experimental studies of the 

electrophysiological changes accompanying left ventricular hypertrophy is that 

resting membrane potential, action potential amplitude and upstroke velocity are 

unchanged. It is generally held that both action potential duration and refractory 

period are prolonged in the presence of ventricular hypertrophy (Keung and Aronson 

1981, Hicks et al. 1995, Rials et al. 1995). Recent work, however, suggests that the 

prolongation of action potential duration may be confined to the subepicardial and 

midmyocardial layers (Shipsey et al. 1997, Bryant et al. 1997). Indeed, action 

potential duration shortening has been observed in subendocardial myocytes (Shipsey 

et al. 1997). A small number of published experimental studies address the question 

of whether the dispersion of ventricular repolarisation and refractoriness is also 

increased, although the findings have not been consistent. Keung and Aronson 

(1981) observed non-uniform prolongation of action potential duration in an in vitro 

study of cardiac tissue excised from hypertrophied rat ventricles with greater 

prolongation of endocardial and papillary muscle than epicardial action potential 

duration. In vitro studies of action potential duration require cautious interpretation, 

however, as the excised tissue is removed from neural and mechanical factors which 

may influence action potential duration in vivo. Jauch et al. (1994) found a tendency 

for increased dispersion of both repolarisation and refractoriness at three left 

ventricular sites during atrial pacing in Langendorff preparations of hypertrophied
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rabbit hearts by comparison with control hearts although the difference was not 

statistically significant. Rials et al. (1995) demonstrated increased dispersion of both 

monophasic action potential duration and effective refractory period in hypertrophied 

cat ventricles by comparison with normal hearts. Although this study was performed 

on in-situ hearts, ventricular pacing was employed during the electrophysiological 

measurements and no measure of activation time was added to the action potential 

durations to give repolarisation time dispersion. In summary, while most published 

studies agree that action potential duration and refractoriness are prolonged in left 

ventricular hypertrophy, the experimental evidence for increased dispersion of 

repolarisation and refractoriness is scanty.

1.8 Electrophysiological changes in healed myocardial infarction

The presence of a healed myocardial infarction is a common finding in post mortem 

studies of sudden cardiac death. Clinical and experimental evidence suggests that 

ventricular tachyarrhythmias in this setting are often due to reentry (Janse and Wit 

1989), although the electrophysiological substrate for arrhythmia development 

differs from that in acute ischaemia. It is clear that the development of reentrant 

arrhythmias will depend upon the presence of viable myocardial cells in or around 

the infarcted region. The electrophysiological properties of these cells and their 

anatomical arrangement may provide the setting in which an appropriate trigger, 

usually a ventricular premature beat, may initiate a reentrant arrhythmia.

1.8.1 Anatomy of healed myocardial Infarction

Following experimental coronary occlusion, cell necrosis begins in the 

midmyocardium or deep subendocardium and then spreads towards the epicardium 

and endocardium. Although the exact pathological findings vary depending on
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various factors such as the species used, the site, method and duration of coronary 

artery occlusion, a common finding in transmural infarction is a layer of viable tissue 

overlying the infarct on both the epicardium and endocardium, referred to as the 

epicardial and endocardial border zones (Ursell et al. 1985). In these zones the 

myocardial fibre bundles are often widely separated by fibrous connective tissue and 

may lose their normal orderly, parallel orientation.

1.8.2 Electrophysiological changes accom panying healed myocardial 

infarction

In animal models of healed myocardial infarction, resting membrane potential, action 

potential amplitude, rate of depolarisation and duration in the infarct border zones 

have been found to be similar to those in normal muscle fibres (Janse and Wit 1989). 

Conduction of activation wavefronts into the infarct border zones is markedly 

abnormal, however, particularly where the surviving cell layer is thin (1-20 cell 

layers). Delayed activation is seen, reflected by prolonged and fractionated 

extracellular electrograms. As the transmembrane action potential amplitude and 

upstroke velocity are essentially normal, the slowing of conduction is thought to be 

due to the separation of myocardial fibres by fibrous tissue and disruption of the 

normal, parallel fibre orientation (Ursell et al. 1985). In areas where the surviving 

cell layer is thicker (30-100 cell layers) conduction properties are relatively normal 

and exhibit anisotropy: conduction velocity is higher in the direction parallel to fibre 

bundle orientation than in the perpendicular direction. Broadly similar changes have 

been observed in human ventricles with healed infarcts (de Bakker et al. 1988).
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1.8.3 Evidence for reentry a s  an arrhythm ia m echanism  in healed 

myocardial infarction

In patients with previous myocardial infarction complicated by monomorphic 

ventricular tachycardia, a tachycardia with similar morphology can often be induced 

and terminated in the catheter laboratory or operating theatre by programmed 

ventricular stimulation, suggesting although not proving a reentrant mechanism 

(Janse and Wit 1989). Direct evidence for a reentrant mechanism has been provided 

by activation map studies in canine hearts using multiple, simultaneously recorded 

extracellular electrograms (Gough et al. 1985). In their study, steady state drive 

stimuli initiated activation wavefronts, which spread across the epicardial border 

zone from the margins to the centre with relatively normal conduction velocities. 

Premature activation wavefronts that initiated a tachycardia met lines of (functional) 

conduction block. Reentry occurred when the blocked wavefront traveled slowly 

around the area of conduction block to activate the myocardium on the distal side 

and from there reexcited the myocardium on the proximal side. Although it has been 

suggested that the area of conduction block may result from increased dispersion of 

refractoriness (Gough et al. 1985), the precise nature of this area is debated (Janse 

and Wit 1989). As the characteristics of transmembrane action potentials in the 

infarct border zones are relatively normal, increased dispersion of refractoriness may 

result from increased dispersion of activation times as a result of conduction delay. 

This is in contrast to the situation during acute ischaemia where the major 

contribution is thought to be from increased dispersion of action potential durations.
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1.9 Clinical a sse ssm e n t of the dispersion of ventricular repolarisation

It is clear from experimental studies that many tachyarrhythmias are due to reentry, 

and that increased dispersion of recovery times is an important factor in the 

development of such arrhythmias. The ability to measure the dispersion of recovery 

times in the human ventricle would therefore be expected to enhance our 

understanding of arrhythmia development in man, to provide a novel tool for risk 

stratification, and to provide a means of assessing individual response to 

interventions intended to reduce arrhythmia risk. During the last decade there has 

been increasing interest in the use of QT interval dispersion measured from the 

surface electrocardiogram as a noninvasive measure of the dispersion of ventricular 

repolarisation. In the following section the development and theory of the 

electrocardiogram is briefly reviewed as an introduction to the concept of QT 

dispersion.

1.9.1 The electrocardiogram

The electrical activity of the heart generates currents, which flow throughout the 

tissues of the body creating potential differences between different areas of the body 

surface. The electrocardiogram is a measurement of these potential differences as a 

function of time (Barr 1989). The modem electrocardiogram consists of twelve 

‘leads’ derived from ten body surface electrodes.

1.9.2 The developm ent of the twelve lead electrocardiogram

The first reported recording of a human electrocardiogram was that of the 

physiologist Waller who used a mercury electrometer to record the potential 

difference between the right hand and left foot and also that between the front and 

back of the chest (Waller 1887). The mercury column was seen to pulsate in time
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with the heart beat, although the frequency response of this system was poor and so 

the resulting electrocardiogram did not reflect the underlying electrical activity of the 

heart accurately. The development of the string galvanometer, usually credited to the 

Dutch physician Einthoven, was an important advance in electrocardiography 

allowing a frequency response comparable to that of modem systems. Using his 

string galvanometer Einthoven developed the use of bipolar limb leads by recording 

the potential differences between the left arm and right arm (lead I), left leg and right 

arm (lead II), and the left leg and left arm (lead III; Einthoven 1901). In the early part 

of the twentieth century this recording system was used to document abnormalities of 

cardiac rhythm and conduction. In the United States during the 1920s and 1930s, 

Wilson linked the electrodes attached to the left and right arms and the left leg via 

equal resistances to a central terminal with a relatively constant potential (Wilson 

1932). The central terminal allowed the measurement of potential variations at a 

single point using a ‘unipolar’ exploring electrode. In the modem twelve-lead 

electrocardiogram the six praecordial leads are derived by measuring the potential 

difference between the relevant praecordial electrodes and the central terminal. The 

positions of these leads were defined by the American Heart Association in the 

1940s. If the exploring electrode is placed on the limbs a ‘unipolar limb lead’ is 

recorded. This arrangement was modified by Goldberger in 1942 who removed the 

central terminal connection from the limb on which the exploring electrode was 

placed. The result of this was to increase the potential recorded by the relevant lead 

by 50%. This gave rise to the ‘augmented unipolar limb leads’ aVR, aVL and aVF, 

thus completing the development of the standard twelve-lead electrocardiogram, 

which remains a fundamental tool in medical practice.
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1.9.3 Nom enclature of the electrocardiogram

The various deflections of the electrocardiogram were labeled PQRST by Einthoven 

as shown below. The P wave is the electrocardiographic manifestation of atrial 

depolarisation (Barr 1989). The QRS complex represents depolarisation of the 

ventricular myocardium and the T wave reflects ventricular repolarisation. The QT 

interval is the interval between the onset of the QRS complex and the end of the T 

wave and therefore reflects the interval between the onset of ventricular 

depolarisation and the completion of repolarisation. The U wave was described later 

although the underlying electrophysiological events responsible for U wave 

generation are still the subject of debate (Surawicz 1998).

R

QT

Figure 1.9.1 Nomenclature of the electrocardiogram 

1.9.4 Solid angle theory

The orientation of the electrocardiographic leads is such that the electrical activity of 

the heart is recorded from twelve different projections. Fundamental to the use of 

interlead variations in QT interval as a measure of dispersion of ventricular 

repolarisation is the assumption that individual leads reflect predominantly local
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events in the underlying myocardium. Solid angle theory describes the potential 

changes recorded by electrodes distant to the site of electrical activity (for example 

the body surface) in relation to the underlying electrical events (Holland and 

Amsdorf 1977). The solid angle Q is defined as the area of spherical surface cut off a 

unit sphere surrounding a point P (the electrode site) by the cone formed by drawing 

lines from P to every point at a boundary between sites of different transmembrane 

potential (figure 1.9.2). The potential (e) recorded at point P is described by the 

equation

8 = K. AVm. Q 
4 71

where AVm is the difference in transmembrane potential between the two regions and 

Kisdi  term correcting for tissue attenuation of the potential recorded at point P.

Recording electrode

Solid angle (Q)

Boundary

Figure 1.9.2 Solid angle theory - the relationship of a recording electrode at 
point P to a boundary between two areas of the heart at different electrical 
potential (Vmi and Vmz)* The solid angle is directly proportional to the radius of 
the boundary and inversely proportional to the distance between point P and 
the boundary. It follows that local electrical events will exert a greater influence 
on an ECG electrode than distant events of similar boundary size and potential 
difference.
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1.9.5 QT dispersion

Interlead variations in the duration of the QT interval have been recognised for many 

years (Lepeschkin and Surawicz 1952), although the basis for and the implications of 

these variations have only been explored over recent years in the light of 

accumulating experimental evidence of the importance of regional variations in 

repolarisation time. Mirvis (1985) measured QT intervals from 150 sites around the 

thorax of fifty healthy males without clinical or electrocardiographic evidence of 

heart disease. The average difference between the longest and shortest QT intervals 

was 59±13ms. The longest QT intervals were consistently observed over the left 

lateral torso while the shortest intervals occurred over the right inferior chest wall. 

Different distributions were observed in patients studied within 72 hours of acute 

myocardial infarction: in those with anterior infarction the longest QT intervals were 

observed over the central chest while in those with inferior infarction the longest 

intervals occurred inferiorly on the anterior chest in a horizontal band. Mirvis 

recognised that the results demonstrated an ability of surface electrocardiographic 

QT measurements to reflect normal and abnormal regional variations in ventricular 

repolarisation times and therefore the potential for such measurements to identify 

clinical states at risk of sudden death. Cowan and colleagues (1988b) demonstrated 

that interlead variations of QT interval duration of similar magnitude to those 

observed by Mirvis were present in the standard twelve-lead electrocardiogram. They 

proposed the term QT dispersion to describe the difference between the longest and 

the shortest measured QT intervals and observed values of 48±18ms in patients 

without evidence of heart disease. Greater QT dispersion was seen in patients in
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whom electrocardiograms were recorded 6-10 days after anterior (70±30ms) and 

inferior (73±32ms) myocardial infarction.

The existence of QT dispersion may be explained in a number of ways (Higham and 

Campbell 1994, Surawicz 1996): i) QT dispersion may indeed reflect regional 

differences in the time course of ventricular repolarisation; ii) QT dispersion may 

result from the differing orientation of the individual ECG leads to a single 

repolarisation vector - the T wave would be expected to end earlier in a lead 

orientated perpendicular to a repolarisation vector than in a lead with parallel 

orientation; iii) QT dispersion may result from differential attenuation of the ionic 

currents which are generated around the heart by the electrical activity within the 

heart and are responsible for the electrical potentials recorded at the body surface. 

Clearly these possibilities are not necessarily mutually exclusive. In order for QT 

dispersion to be a clinically useful tool, however, it is essential that a substantial 

proportion of the interlead variation in QT interval duration is due to regional 

differences in the time course of ventricular repolarisation.

1.9.6 Evidence that QT dispersion reflects d ispersion  of ventricular 

repolarisation

Higham et al. (1992) observed a correlation of 0.84 (p=0.001) between the dispersion 

of ventricular recovery times during sinus rhythm assessed by epicardial monophasic 

action potential recordings made in ten patients during cardiac surgery and QT 

dispersion measured from a simultaneously-recorded twelve lead electrocardiogram. 

Further supportive evidence came from a study by Zabel et al. (1995) in which an 

isolated rabbit heart model was used to assess the correlation between 

electrocardiographic indexes of dispersion of repolarisation and the dispersion of
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simultaneously-recorded epicardial monophasic action potential durations and 

ventricular repolarisation times (repolarisation time being the sum of activation time 

and action potential duration). A highly significant correlation was found between 

both QT and JT dispersion and the dispersion of monophasic action potential 

durations and recovery times, with correlation coefficients of between 0.58 and 0.64 

(p<0.001). Hardman et al. (1995) explored the relationship between individual QT 

intervals and direct measurements of local repolarisation time in a preliminary study 

of five patients with normal ventricles in the nonischaemic setting. They 

demonstrated a strong correlation (r^=0.93, p<0.0001) between the duration of 

endocardial monophasic action potentials recorded from a range of left ventricular 

sites spanning apex to base, and the QT interval recorded using a roving praecordial 

ECG electrode positioned as close as possible to the endocardial recording site 

The available evidence would therefore support the hypothesis that individual lead 

QT intervals (the praecordial leads) reflect local repolarisation times, and that QT 

dispersion reflects regional variations in ventricular repolarisation time. The two 

clinical studies have only appeared in abstract form to date. Many questions remain 

concerning the extent to which surface electrocardiographic QT interval 

measurements reflect the electrical events in the underlying myocardium, especially 

in disease states.

1.9.7 QT d ispersion  a s  a predictor of arrhythm ic even ts in d isease  

s ta te s

The decade since the proposal of QT dispersion as a noninvasive measure of the 

dispersion of ventricular repolarisation has seen a proliferation of studies seeking to 

correlate QT dispersion measurements with arrhythmic events and/or sudden cardiac
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death. Many of these studies have focused on ischaemic heart disease populations as 

the group accounting for the vast majority of such deaths. The results have been 

conflicting and, to date, QT dispersion has failed to live up to its initial promise in 

this group of patients.

a) Acute myocardial infarction

QT dispersion measured from the admission electrocardiogram of patients with acute 

myocardial infarction is significantly higher than that of normal controls without 

heart disease (56+23 ms vs 30±10 ms. Van de Loo et al. 1994) and that of patients 

with unstable angina (69±19 ms vs 38+13 ms, Higham et al. 1995). One might 

expect that QT dispersion would be elevated in patients with unstable angina, which 

was not the shown to be the case in the study of Higham et al. An important question 

is whether the ECGs of the unstable angina patients in that study were recorded 

during chest pain and this information is not given. The dynamic nature of QT 

dispersion was demonstrated by their observation that QT dispersion fell by an 

average of 24 ms over the first day following acute infarction. Interestingly, in two 

patients the second ECG was recorded during a further episode of chest pain and in 

both cases QT dispersion increased by 30 ms.

Acute myocardial infarction is frequently complicated by the development of 

ventricular fibrillation. In general, higher QT dispersion has been observed in the 

admission electrocardiogram of those patients who subsequently develop early 

ventricular fibrillation than in those who do not (88±30 ms vs 55+21 ms. Van de Loo 

et al. 1994; 87±15 ms vs 66+18 ms, Higham et al 1995). In a larger series, however, 

no association was observed between admission QT dispersion and subsequent 

development of ventricular fibrillation (Higham et al. 1994). How might these
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conflicting observations be explained? Firstly, by virtue of the fact that these patients 

have reached hospital they may be at lower risk of life threatening arrhythmias than 

those dying suddenly out of hospital. Secondly, the acute phase of myocardial 

infarction is a highly unstable situation and it is almost certainly true that the 

electrophysiological substrate for arrhythmia development is changing continuously. 

QT dispersion measured from the admission electrocardiogram may only reflect the 

potential for arrhythmia development at that exact time. Higham et al. (1995) 

concluded that real time monitoring of interlead differences in QT interval duration 

might have greater value in the prediction of ventricular fibrillation than 

measurements made from a single electrocardiogram on admission.

b) Healed myocardial infarction

Zareba and coworkers (1994) explored the relationship between various 

electrocardiographic indices of repolarisation dispersion and sudden cardiac death in 

a population enrolled one to six months following either acute myocardial infarction 

or an episode of unstable angina. During the two-year follow up period there were 

just 17 such deaths (two percent). JT dispersion but not QT dispersion was 

significantly higher in those who subsequently died suddenly of presumed arrhythmia 

than in matched survivors (JT dispersion 82±26 ms vs 59±20 ms, p=0.003). 

Furthermore the incidence of sudden cardiac death was directly related to the 

magnitude of JT dispersion. Mânttâri et al. (1997) have since confirmed the inability 

of QT dispersion measured from a resting electrocardiogram to predict sudden 

cardiac death in middle aged men with or without a history of myocardial infarction. 

In another retrospective study, Glancy et al. (1995) measured QT dispersion from a 

resting ECG recorded two or three days following acute myocardial infarction in 163
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patients who died (of all causes) in the subsequent five years and in an equal number 

of age and sex matched survivors. There was no difference in QT dispersion between 

those who died and the survivors (94±41 ms vs 94±40 ms). In a proportion of 

patients QT dispersion was measured fi'om a second resting ECG recorded at least 28 

days following myocardial infarction. In the survivors QT dispersion fell by 28±50 

ms whereas in those who died (again of all causes), QT dispersion fell by only 3±5 7 

ms. The authors concluded that QT dispersion measured on an ECG recorded two or 

three days following myocardial infarction does not predict mortality during the next 

five years whereas increased QT dispersion on ECGs recorded at least 28 days post 

infarct may be associated with subsequent mortality.

Each of these studies was retrospective. The electrocardiograms were recorded at 

different times following acute myocardial infarction and the end points differed ie 

sudden and presumed arrhythmic death in two, all cause mortality in the other. 

Despite these limitations, QT dispersion measured from a resting electrocardiogram 

in the days and weeks following myocardial infarction does not appear to identify 

those patients who will subsequently die from an arrhythmia. It is initially surprising 

therefore that increased QT dispersion in patients with a history of myocardial 

infarction does appear to be associated with the development of ventricular 

tachyarrhythmias. Pye et al. (1994) showed that in patients with previous myocardial 

infarction and a history of sustained monomorphic ventricular tachycardia or 

ventricular fibrillation, QT dispersion was significantly higher than in a similar group 

of patients without a history of ventricular tachyarrhythmias (82±22 ms vs 3 8± 10 ms, 

p<0.01). Broadly similar findings were reported by Perkiomaki et al. (1995) who 

observed a QT dispersion of 101±3 9 ms in 30 patients with a history of myocardial
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infarction and either sustained monomorphic ventricular tachycardia or cardiac 

arrest, ail of whom had inducible sustained monomorphic ventricular tachycardia. 

QT dispersion in a similar group of post infarction patients with no history of 

ventricular tacharrhythmias was 63+29 ms while QT dispersion in healthy controls 

was 36±14 ms. More recently Oikarinen et al. (1998) have studied patients with 

remote myocardial infarction but have distinguished those presenting with sustained 

monomorphic ventricular tachycardia from those resuscitated from ventricular 

fibrillation. Both groups were compared with a control group of postinfarction 

patients with no history of ventricular tachyarrhythmia, matched for the site of 

previous infarction, left ventricular ejection fraction and extent of coronary artery 

disease. Interestingly the QT dispersion was significantly higher than the control 

group (QT dispersion 49±18 ms) only in the ventricular tachycardia group (65±29 

ms) but not in the ventricular fibrillation/cardiac arrest group (57+18 ms). One 

interpretation of these results and those of the aforementioned studies is that 

increased QT dispersion measured from a resting ECG in patients with a history of 

remote myocardial infarction may identify those at higher risk of developing 

sustained monomorphic ventricular tachycardia although this remains to be tested in 

a prospective study. Resting QT dispersion in these patients does not appear to 

identify those at risk of ventricular fibrillation. It is possible that the superimposition 

of acute myocardial ischaemia upon healed myocardial infarction is the critical 

stimulus to the development of ventricular fibrillation. Such a combination has been 

shown in the experimental setting to be a particularly potent precursor of ventricular 

fibrillation (Myerburg et al. 1982) whilst post mortem studies of sudden cardiac 

death due to coronary artery disease have demonstrated the presence of healed
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myocardial infarction in a high proportion of cases (Davies et al. 1989). As with 

acute infarction it may be hypothesised that a single resting electrocardiogram 

recorded in the postinfarction period may not reflect an individual’s true potential for 

the development of ventricular fibrillation and that a dynamic study incorporating the 

induction of acute ischaemia (for example exercise electrocardiography) may prove a 

more sensitive measure of this potential.

c) QT dispersion  of ventricular prem ature beats

To date there has been little work on the changes in QT dispersion associated with 

VPBs. Day et al. (1992) studied induced VPBs in patients with normal hearts and 

demonstrated that the QT dispersion of the VPBs was significantly higher than that 

of the preceding or following sinus beats. Over a limited range of coupling intervals 

they observed no relationship between the coupling interval of the VPBs and the 

change in QT dispersion. This study was the first demonstration of beat to beat 

changes in QT dispersion, highlighting the dynamic nature of the measurement. We 

know that even fi'equent VPBs in an otherwise normal heart are not associated with a 

poor prognosis (Campbell 1993) but that in the presence of heart disease, even a 

single VPB may precipitate a fatal arrhythmia. The experimental studies discussed 

previously demonstrated that the outcome of a VPB is critically dependent upon the 

prevailing dispersion of recovery times. To date no studies have explored the effect 

of VPBs on QT dispersion in the presence of heart disease.

d) QT d ispersion  in association  with left ventricular hypertrophy

Several groups have studied the effect of left ventricular hypertrophy (LVH) on QT 

dispersion with qualitatively similar findings. Davey et al. (1994) observed a 

significantly higher QT dispersion in a group of patients with LVH from a variety of
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causes compared to a control group with normal left ventricles (113+14 ms vs 71±7 

ms). Perkiomaki et al. (1996) also observed greater QT dispersion in hypertensive 

patients with echocardiographic evidence of LVH than in those without although the 

difference between the groups was far smaller than that observed by Davey et al. 

(67±37 ms vs 53+21 ms). The aetiology of the LVH, the selection of control subjects 

and the definition of LVH differed between these studies which may explain the 

quantitative differences in QT dispersion observed. Two groups have explored the 

relationship between left ventricular mass and QT dispersion without using an 

arbitrary definition of LVH. Mayet et al. (1996) studied a population of 73 

individuals with essential hypertension and 27 normotensive controls. They observed 

a significant correlation of 0.3 (p<0.01) between QT dispersion and

echocardiographically determined left ventricular mass index (the left ventricular 

mass divided by the estimated body surface area). Ichkhan et al. (1997) demonstrated 

a similar relationship between left ventricular mass and QT dispersion in their study 

of 49 hypertensive patients with and without echocardiographically-determined 

LVH, with a correlation coefficient of 0.74. Published studies have therefore been 

consistent in demonstrating increased QT interval dispersion in the presence of left 

ventricular hypertrophy resulting from systemic hypertension. These observations are 

consistent with those of Franz et al. (1989) who demonstrated increased dispersion of 

both left ventricular endocardial and epicardial monophasic action potential duration 

and repolarisation time in patients with left ventricular hypertrophy compared with 

patients with normal left ventricles.

Dispersion of repolarisation is a dynamic process that may be adversely affected by a 

wide range of pathologies. In the case of acute ischaemia and ventricular premature 

beats this arrhythmogenic substrate may change on a beat basis. It follows that QT
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dispersion should be a dynamic measurement and that a single measure of QT 

dispersion, particularly when recorded from a resting ECG, may fail to reflect an 

individual’s potential to develop reentrant arrhythmias. This thesis concerns dynamic 

influences on QT dispersion in individuals with heart disease. QT dispersion is used 

as a tool with which to measure beat to beat changes in QT dispersion during the 

development of acute ischaemia and premature beats, both separately and in 

combination and in patients with normal left ventricles, previous myocardial 

infarction and left ventricular hypertrophy.
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C h a p te r  2

Methodology

2.1 ECG recordings

Standard twelve lead ECGs were recorded using Marquette MAC 8 or MAC VU 

systems (Marquette Hellige, Kettering, UK) which allow simultaneous data 

acquisition for all ECG leads with a sampling frequency of 250Hz and permanent 

storage of recorded information on magnetic disk. Radiolucent ECG electrodes (Blue 

sensor QR-50-A, Medicotest, 01stykke, Denmark) were placed at the time of 

preparation for cardiac catheterisation. In order to allow unrestricted arm movement 

during coronary angiography and to minimise muscle tremor artefact, the upper limb 

electrodes were placed immediately beneath the lateral clavicle and the lower limb 

electrodes were placed on the upper thigh. The praecordial electrodes were placed in 

the conventional positions (figure 2.1.1).

Fig 2.1.1 ECG electrode placement.
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The ECG recording systems used employ an ‘acquisition module’, which converts 

the analogue signals from the individual leadwires into a digital signal which is then 

transmitted by a cable to the ECG machine. Placement of the acquisition module 

next to the patient is intended to minimise electrical interference. Despite this, ECG 

printouts made in the catheter laboratory were frequently subject to electrical 

interference, which was not evident when the same recordings were printed out in a 

less electrically ‘noisy’ environment. For this reason, QT interval measurements 

were made wherever possible from ECGs printed out away from the catheter 

laboratory.

All ECGs were printed at a paper speed of 50mm/sec Avith a gain of lOmm/mV and a 

writer filter setting of lOOHz (low pass). A paper speed of 50mm/sec was shown by 

Murray et al. (1994) to be associated with greater reproducibility of QT interval 

measurement than a paper speed of 25mm/sec. They found no additional 

improvement in reproducibility using ECGs printed at lOOmm/sec. Murray and 

colleagues also examined the influence of gain on the reproducibility of QT interval 

measurements and found no significant difference between gains of 5, 10 or 

15mm/mV. The conventional gain of lOmm/mV was used in the present studies.

2.2 QT interval m easurem ents

QT intervals during sinus rhythm or atrial pacing were measured manually from the 

onset of the QRS complex in each lead to the point of return of the T wave to the 

isoelectric line. Care was taken to exclude U waves from the measurement using the 

criteria proposed by Lepeschkin and Surawicz (1952). QT intervals during 

ventricular pacing were measured from the start of the pacing spike to the end of the 

T wave, as described by Day et al. (1992). Each of the twelve leads was assessed in
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every ECG, however where the end of the T wave could not be identified with 

certainty in a particular lead, that lead was excluded from analysis. A fine pencil was 

used to mark the onset of the QRS complex and the end of the T wave. The distance 

in millimetres between these marks was then measured by ruler and multiplied by 

twenty to obtain the QT interval in milliseconds. The majority of published studies of 

QT dispersion have used manual QT interval measurements and this is considered by 

many to be the technique of choice (Murray et al 1994). In many cases a digitising 

pad connected to a computer has been used as an aid to measurement, but this 

method still requires visual identification of the QRS onset and T wave offset and 

seems to offer little advantage over the purely manual method used in the present 

studies in terms of accuracy.

2.3 Definition of QT dispersion

QT dispersion is usually defined as the difference between the longest and the 

shortest QT intervals measured in any of the twelve leads of the electrocardiogram 

(QTmax - QTmin)- This definition has been used in most published studies since 

proposed by Day et al. in 1990 and is the definition adopted in this thesis.

Hnatkova et al. (1994) investigated an alternative measure of QT dispersion - the 

standard deviation of the QT interval in each measurable lead of the twelve-lead 

ECG. This measure of QT dispersion has its proponents as it is influenced by the QT 

interval of every lead, and was shown by Hnatkova and colleagues to be less 

dependent than the QTmax - QTmin formula on the QT interval being measurable in 

every lead. Hnatkova et al. observed a correlation coefficient of 0.977 between QT 

dispersion measured as the range of QT intervals and as the standard deviation in 25 

normal subjects. Figure 2.3.1 shows the correlation between standard deviation and
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QTmax - QTmin measurements of 112 ECGs from 18 patients with coronary artery 

disease (closed circles) and six patients with normal coronary arteries (open circles) 

who comprised the study subjects of chapter 3. Although QT dispersion values were 

higher in the patients with coronary artery disease, the correlation between the two 

measures of QT dispersion remained high.
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Fig 2.3.1 The correlation between QTmax - QTmin and standard deviation 
measurements of QT dispersion in 112 ECGs from 18 patients with coronary 
artery disease (closed circles) and six patients with normal coronary arteries 
(open circles).

Priori and colleagues (1994) proposed another index of QT dispersion - the 

coefficient of variation (Standard deviation of all measured QT intervals x 100/mean 

QT interval). This measure of QT dispersion gave very similar results to the 

conventional QTmax - QTmin formula, however as Statters et al (1994) observed, this
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formula ‘corrects’ the QT dispersion measurement for the QT interval, assuming that 

one is dependent on the other which is not the case.

2.4 Adjustm ent for ‘m issing’ leads

It is often not possible to measure the QT interval in each of the twelve leads of the 

ECG, usually because of low amplitude T waves in certain leads and occasionally 

because of poor quality recordings. These ‘missing’ leads may contain important 

information, which would influence the measurement of QT dispersion. Day and 

colleagues observed a direct relationship between QT dispersion and the square root 

of the number of measurable leads and proposed the use of ‘adjusted’ QT dispersion 

(QTmax - QTrnin/Vnumber of leads measured; Day et al. 1991, Day et al. 1992). 

Hnatkova et al. tested the validity of this formula in normal subjects by recording 

twelve lead ECGs and measuring QT dispersion (both as QTmax - QTmin and as the 

standard deviation of all measured QT intervals), and then excluding different 

individual leads and combinations of leads. They suggested that the standard 

deviation was a more robust measure of QT dispersion than QTmax - QTmin in that it 

was influenced less by the exclusion of up to four ECG leads. The ‘adjusted’ QT 

dispersion formula corrected on average for the systematic bias introduced by 

missing leads for the QTmax - QTmin (but overcorrects for the standard deviation). 

However, the authors observed large coefficients of variation (The standard deviation

of the QT dispersion measurements w?.th different leads missing divided by the mean
.1

of these measurements). The likely reason for this finding is that certain ECG leads 

are more likely than others to contain the maximum or minimum value and an 

inability to measure these leads will influence the measurement of QT dispersion to a 

greater extent than other leads. The adjustment foimula proposed by Day et al. takes
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no account of this and assumes that each lead has an equal chance of containing 

QTmax or QTmin. Hnatkova et al. drew the conclusion that ‘although some formulas 

for QT dispersion can on average be adjusted for the number of measured leads, any 

adjustment based solely on the number of measured leads will not be successful in 

individual examples with missing leads’ (Hnatkova et al. 1994). These observations 

were made from ECGs recorded from healthy subjects. Adjustment formulae are 

likely to be even less applicable to patients with heart disease who form the majority 

of the subjects of this thesis and therefore no attempt has been made to adjust for 

missing ECG leads.

2.5 Heart rate correction

There is an inverse relationship between the duration of the QT interval and heart 

rate. Bazett described this relationship in 39 normal subjects (Bazett 1920). He 

observed that the QT interval varied with the square root of the cycle length 

according to the formula QT = k x VrR, where RR is the cycle length in seconds and 

k is a constant which Bazett found to equal 0.37 in men and 0.40 in women. Using 

this formula it would be possible to calculate the expected QT interval knowing only 

the heart rate and the value of the constant. Bazett’s formula was subsequently 

modified by Taran and Szilagyi (1947) by making the constant k equivalent to the 

corrected QT (‘QTc’) and the expected QT from the original formula became the 

measured QT (‘QTm’), to give the equation QTc = QTm/VRR. The QTc is in 

widespread use in clinical studies of the QT interval and QT dispersion and is 

intended to correct for the influence of heart rate on QT interval by giving an 

estimate of what an individual’s QT interval would be at a heart rate of 60/min, 

allowing comparison between individuals and between studies. The use of Bazett’s
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original formula and the modification of Taran and Szilagyi are subject to a number 

of limitations (Ward 1988). Firstly, the data were derived from healthy subjects and 

may not be applicable to disease states. Secondly, population data such as those of 

Bazett may not be applicable to individuals within that population. Thirdly, when 

there is a change in heart rate to a new steady state, there is a ‘hysteresis’ effect - a 

time lag before the QT interval reaches it’s new steady-state value (Lau et al. 1988): 

Bazett’s formula applies only to the steady state which may take several minutes to 

achieve following a change in heart rate. Fourthly, there are other influences on QT 

interval besides heart rate, such as autonomic tone, electrolyte concentrations, the 

presence of drugs, temperature and disease states such as myocardial ischaemia. For 

these reasons concept of the corrected QT interval is problematic and requires 

cautious interpretation.

In many of the published studies of QT dispersion, ‘corrected’ QT dispersion has 

been presented, calculated using the formula QTc dispersion = QTcmax - QTcmin- The 

effect of this is to ‘correct’ QT dispersion for the influence of heart rate and will 

result in higher values of ‘corrected’ QT dispersion at higher heart rates. There is a 

significant body of experimental and clinical evidence that dispersion of 

repolarisation is only weakly and inversely related to heart rate in the normal heart. 

Kuo et al. (1983a) observed that an increase in the atrial pacing rate from a mean 

cycle length of 510ms to a mean of 423ms resulted in a small but significant fall in 

the dispersion repolarisation of six simultaneously-recorded epicardial monophasic 

action potentials in the dog ventricle, from 103ms to 86ms. Similar findings were 

reported by Zabel et al. (1994) in isolated rabbit hearts. Zareba et al. (1995) found a 

non significant inverse relationship between heart rate and JT dispersion in the 

praecordial leads of resting ECGs recorded from 380 normal subjects. These findings
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were supported by Lax et al. (1994) who found no correlation between heart rate and 

praecordial dispersion (measured from the J point to the T wave peak) in 94 healthy 

subjects, either on the resting ECG or during treadmill exercise testing to an average 

peak heart rate of 160/min.

Since most of the data presented in this thesis concerns non steady-state situations, 

QT dispersion has been calculated using uncorrected QT intervals unless specifically 

stated.

2.6 Reproducibility

The reproducibility of both QT interval and QT dispersion measurements has been 

studied by a number of groups: Kautzner et al. (1994) recorded 12 lead 

electrocardiograms at 25 mm/s in 28 healthy volunteers. Two independent observers 

measured QT intervals with a digitising board. Reproducibility of QT and QT 

dispersion measurements was assessed by calculating ‘absolute interobserver error’ 

using the formula A-B where A and B were the repeated values of the same 

measurement and ‘relative interobserver error’ using the formula (A-B)/({A+B}/2). 

The advantage of relative error is that it relates the absolute error to the magnitude of 

the measurement being made. They found that measures of QT interval duration 

were associated with an absolute inter-observer error of 7ms corresponding to a 

relative error of 2%. QT dispersion measurements were associated with an absolute 

inter-observer error of 13ms and hence a relative error of 32%. The patients studied 

were healthy volunteers with a mean QT dispersion of 42ms and so a small absolute 

error would result in a large relative error. In order to address this issue further, 

Glancy et al. (1996) studied interobserver variation in QT interval and QT dispersion 

measurements of abnormal ECGs recorded at 25 mm/s from 70 patients at least 28
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days following acute myocardial infarction. Two independent observers measured 

QT intervals by scanning each ECG into a personal computer, magnifying the image 

and positioning a cursor to delineate the beginning and end of the QT interval. Their 

findings were remarkably similar to those of Kautzner et al: For QT interval duration 

the absolute interobserver error was 7ms (relative error 2%) and for QT dispersion 

the absolute interobserver error was 15ms, corresponding to a relative error of 22%. 

In this study the absolute interobserver error was almost identical to that found by 

Kautzner et al. in healthy subjects, but the average QT dispersion in these post infarct 

patients was higher (68ms) resulting in a lower relative error. Both of these studies 

used ECGs recorded at 25mm/s which would be expected to result in lower 

reproducibility than ECGs printed at 50mm/s (Murray et al. 1994) as used in the 

present studies. Taken together these studies suggest that absolute values for 

interobserver error may remain relatively constant and independent of the value of 

QT dispersion. The relative error will become smaller with increasing QT dispersion. 

It is important that studies of QT dispersion include an assessment of reproducibility. 

In this thesis, reproducibility of QT interval and QT dispersion measurements have 

been assessed as follows: QT intervals and QT dispersion of both atrial and 

ventricular beats were measured from a random sample of ECGs by an independent 

observer unaware of the clinical characteristics of the study subjects. It was not 

possible for the second observer to be blinded to the mode or rate of pacing, or to the 

presence of ST segment changes. Absolute and relative interobserver errors were 

calculated for both QT interval and QT dispersion as described by Kautzner et al. 

(1994):

absolute interobserver error = (A-B)

relative interobserver error = (A-B)/({A+B}/2)
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where A and B are the repeated values of the same measurement by the two 

observers. Absolute interobserver error is reported in milliseconds and relative 

interobserver error as a percentage. The results (shown in table 2.6.1) are consistent 

with those of the studies described above. For atrially-paced beats the absolute 

interobserver is relatively constant and therefore the relative error becomes smaller 

as the QT dispersion increases. Interobserver error measurements have not 

previously been reported for ventricularly-paced beats. The absolute error is rather 

higher than that for atrially-paced beats although the relative error is comparable due 

to the higher QT dispersion associated with ventricular beats.

Table 2.6.1 Absolute and relative interobserver values for QT dispersion 
measurements of atrial and ventricular beats.

Absolute 
interobserver 

error (ms)

Relative 
interobserver 

error (%)
Atrial beats All patients 11 17

Normal coronaries 13 32

Coronary disease 9 9

Ventricular beats 16 22

2.7 Subjects

The subjects for the studies presented in this thesis were consecutive patients 

undergoing elective diagnostic cardiac catheterisation for definite or suspected 

ischaemic heart disease, or coronary angioplasty at the Middlesex Hospital. 

Exclusion criteria were: a) atrial fibrillation; b) bundle branch block; c) aortic 

stenosis d) left main coronary artery disease; e) patient taking antiarrhythmic drugs 

(other than beta-blockers or calcium channel blockers), or other drugs known to 

influence cardiac action potential duration. Patients’ usual medication was continued
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throughout the studies. Sedation with intravenous diazepam or midazolam was given 

prior to cardiac catheterisation as clinically indicated.

All patients gave written informed consent and all study protocols were approved by 

the joint UCL/UCLH committees on the ethics of human research.

2.8 Cardiac catheterisation

For the studies involving incremental atrial pacing or the introduction of atrial or 

ventricular premature beats, routine diagnostic cardiac catheterisation using standard 

Judkins technique via the right femoral artery was performed before the insertion of 

the temporary pacing electrode(s). This always included left ventriculography using 

the contrast medium iohexol (‘Omnipaque 350’, Nycomed (UK) Ltd.) injected at 

37°C, followed by selective intracoronary injections of iohexol, injected at room 

temperature. Coronary artery disease was defined as the presence of a stenosis of 

>70% in at least one major coronary artery. If coronary angiography demonstrated 

coronary artery disease that would make a pacing study potentially hazardous, no 

study was performed. After the diagnostic procedure, patients were given the 

opportunity to withdraw from the research study if they wished, although no patient 

did so. When the selective intracoronary contrast injections caused chest pain and/or 

ECG changes, these were allowed to resolve fully before commencing the study 

protocol.

2.9 Cardiac pacing

Standard catheter-mounted bipolar temporary pacing electrodes (Cordis, UK) were 

introduced via sheaths inserted into the right femoral vein. Some of the studies 

involved only right atrial pacing while others involved right atrial and right 

ventricular pacing. The pacing catheters were passed under fluoroscopic guidance to
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the right atrium and right ventricular apex and a stable position was found which did 

not cause unwanted premature beats and was associated with a capture threshold of 

under one volt. Pacing was performed at twice the baseline diastolic threshold 

voltage in all studies and was not altered during the course of a study.

For the studies involving atrial pacing alone, a standard temporary pacing unit (AFC 

Cardiovascular Ltd, UK) was used. For the studies involving atrial and ventricular 

pacing, a custom made two-channel temporary pacing unit was used, driven by a Hi- 

Med timing unit allowing the operator to define the atrial pacing rate and to 

introduce both atrial and ventricular premature beats with a wide range of coupling 

intervals after a defined number of basic atrial beats.

2.10 Prem ature beats: nom enclature and technical details

The stimulus coupling interval of atrial premature beats (APBs) refers to the time 

interval in milliseconds between the pacing stimulus of the APB and that of the 

preceding basic atrial beat. The actual coupling interval of APBs refers to the time 

interval between the onset of the QRS complex of the APB and that of the preceding 

basic atrial beat. The actual coupling interval of APBs was frequently longer than the 

stimulus coupling interval because the atrioventricular delay of the premature atrial 

beats was longer than that of the basic atrial beats (figure 2.10.1a).

The coupling interval of VPBs refers to the time interval in milliseconds between the 

pacing stimulus of ventricular premature beat and onset of the QRS complex of the 

preceding atrially-paced beat (figure 2.10.1b). In order for the ventricular premature 

beat to occur with the correct coupling interval it was necessary to account for the 

atrio-ventricular delay present during atrial pacing: in the example shown in figure 

2.10.1b, the desired coupling interval of the ventricular premature beat was 667ms.
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The interval between the atrial pacing spike and the QRS onset of the basic atrial 

beats was 200ms and therefore the ventricular stimulus was programmed to occur 

867 ms after the atrial stimulus. As figure 2.10.1 also shows, the timing unit was 

reset by the introduction of a premature beat so that the next atrial beat occurred after 

an interval equal to the basic atrial cycle length. In other words the usual 

compensatory pause following a premature beat did not occur using this system.

2.11 Percu taneous translum inal coronary angioplasty

Percutaneous transluminal coronary angioplasty (PTCA) was performed via the right 

femoral artery. A guide catheter was positioned so that its tip lay in the ostium of the 

left or right coronary artery. A fine, flexible guide wire was passed across the 

stenosis and into the distal coronary artery under fluoroscopic guidance. A catheter- 

mounted balloon was then passed over the guidewire in the deflated state until it was 

judged to lie across the stenosis. Balloon inflation was then performed to several 

atmospheres pressure (the pressures employed varied depending on the make and 

size of balloon). The usual duration of balloon inflation was two minutes although 

there were occasional exceptions due to clinical circumstances.

2.12 A ssessm en t of collateral circulation

Assessment of collateral circulation was made from the coronary angiogram. Classification 

of collateral flow was made according to the scheme of Rentrop et al. (1985):-

Grade Definition__________________________ ____________________________
0 No collaterals present
1 Barely detectable collateral flow. Contrast medium passes through collateral

chaimels but fails to opacify the epicardial vessel at any time
2 Partial collateral flow. Contrast medium enters but fails to opacify the target

epicardial vessel completely
3 Complete perfusion. Contrast medium enters and completely opacifies the

________ target epicardial vessel._____________________________________________
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Fig. 2.10.1a - Reproduction of an original electrocardiogram (praecordial leads) 
showing steady-state atrial pacing at a cycle length of 667ms. An atrial 
premature stimulus is introduced with a coupling interval of 350ms. The actual 
coupling interval of the resultant atrial premature beat is 440ms.
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Fig. 2.10.1b - Reproduction of an original electrocardiogram from the same 
patient as figure 2.12.1a. During steady state atrial pacing at a cycle length of 
667ms a ventricular premature stimulus is introduced with a coupling interval 
of 867ms. The coupling interval of the resultant ventricular premature beat is 
667ms, equal to the basic atrial cycle length.
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2.13 A ssessm en t of left ventricular struc tu re  and function

For the studies involving the introduction of atrial and ventricular premature beats an 

assessment of the structure and function of the left ventricle was made from the left 

ventriculogram and from an echocardiogram performed on the day of the research 

studies, three to four hours after returning to the ward from the catheter laboratory. A 

single plane left ventriculogram was performed in the right anterior oblique 

projection. From this left ventricular systolic function was categorised as normal, 

globally impaired or regionally impaired. An echocardiogram was performed as a 

further means of assessing wall motion abnormalities and to detect left ventricular 

hypertrophy. Concentric left ventricular hypertrophy was diagnosed when the 

diastolic dimension of both the interventricular septum and the left ventricular 

posterior wall exceeded 11mm on M-mode echocardiography (Feigenbaum 1994). 

Regional wall motion abnormalities were detected by a 2-D echocardiographic 

examination of the left ventricle according to the recommendations of the American 

Society of echocardiography (Schiller et al. 1989). This scheme divides the left 

ventricle into sixteen segments (figure 2.13.1). The motion of each segment is 

examined in both parasternal and apical projections and classified as normal, 

hypokinetic, akinetic, dyskinetic or aneurysmal. Although the assignment of a 

segment to one of these categories relies upon a subjective judgement, the advantage 

of this scheme is that it promotes a systematic assessment of left ventricular wall 

motion. Furthermore, each of the segments is visible from more than one projection 

which was especially important in the present group of patients who were studied 

following cardiac catheterisation and were therefore less mobile than usual and 

therefore less able to assume the optimum position for echocardiography.
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From the left ventriculogram and echocardiogram left ventricular structure and 

function was assigned to one of the following categories: i) normal, ii) concentric left 

ventricular hypertrophy but normal systolic function, iii) regional wall motion 

abnormalities, iv) globally-impaired systolic function.
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Figure 2.13.1. The American Society of Echocardiography scheme for the 
assessment of left ventricular regional wall motion abnormalities. LAX - long 
axis, SAX - short axis, 2C - two chamber, 4C - four chamber, MV - mitral valve, 
PM - papillary muscle, AP - apex. Adapted from Feigenbaum (1994).
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Chapter 3

Study 1. Acute ischaem ia: a dynamic influence on QT dispersion 

3.1 A bstract

The aim of this study was to test the hypothesis that acute myocardial ischaemia 

causes an increase in QT dispersion. Incremental atrial pacing was used to induce 

myocardial ischaemia in eighteen patients with coronary artery disease and QT 

dispersion was measured. Six patients with normal coronary arteries served as the 

control group. All of the patients with coronary artery disease developed angina 

and/or ST depression accompanied by an increase in QT dispersion from 44±5ms to 

82±10ms, mean increase 38±8ms (p<0.001). In contrast, in the six patients with 

normal coronary arteries, who remained without symptoms and without ST changes, 

there was no significant change in QT dispersion in response to pacing. Baseline QT 

dispersion did not distinguish those patients with coronary artery disease (44±5ms) 

from those with normal coronary arteries (40±15ms, p=0.5). These results 

demonstrate that myocardial ischaemia induced by incremental atrial pacing in 

patients with coronary artery disease causes an acute increase in QT dispersion. Such 

‘inducible’ QT dispersion may prove more useful than resting QT dispersion in 

assessing the individual risk of arrhythmic events in patients with coronary artery 

disease.

3.2 Introduction

Our knowledge of the basic electrophysiological changes during early acute 

ischaemia in man is limited, reflecting difficulties in studying patients during acute 

ischaemia and the inaccessibility of the heart. Local shortening of endocardial 

monophasic action potential duration accompanies acute regional ischaemia due to
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incremental atrial pacing, dipyridamole infusion or coronary angioplasty (John et al. 

1991, 1992; Taggart et al. 1989). Monophasic action potential recordings are less 

well suited to the assessment of dispersion of repolarisation as the number of 

simultaneous measurements possible is limited to two or three, while sequential 

measurements are unhelpful in dynamic situations such as the development of acute 

ischaemia. QT interval dispersion measurements from the surface electrocardiogram 

have the theoretical advantage of allowing multiple simultaneous measurements 

reflecting repolarisation times in different areas of the myocardium during the 

development of acute ischaemia. This study was designed to test the hypothesis that 

acute myocardial ischaemia increases QT interval dispersion measured from the 

surface electrocardiogram.

3.3 Method

3.3.1 Study protocol

Following diagnostic cardiac catheterisation a temporary pacing electrode was 

positioned in the right atrium and pacing was established at a rate five to ten beats 

per minute above the subjects’ resting heart rate. The pacing rate was increased in 

increments of ten beats per minute at intervals of two minutes until either the patient 

developed angina or a heart rate of 120 beats per minute was attained. This was 

selected as the upper pacing limit because fusion of the T and P waves at higher rates 

made accurate identification of the end of the T wave impossible. Twelve lead 

electrocardiograms were recorded at baseline and after two minutes pacing at each 

heart rate. QT intervals were measured in three consecutive complexes and the mean 

value used for the calculation of QT dispersion.
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3.3.2 Statistical analysis

Results are presented as means together with 95% confidence intervals for the mean. 

Baseline QT dispersion in the subject groups with and without coronary artery 

disease was compared using Student’s unpaired t-test. In order to assess the response 

of the two groups to incremental atrial pacing the individual baseline QT dispersion 

values were compared with the maximum (or minimum) values during incremental 

pacing using a paired t-test. The relationship between the number of coronary arteries 

with significant stenoses and the change in QT dispersion during incremental atrial 

pacing was assessed using Spearman’s rank correlation.

3.4 R esults

a) Patients

Twenty-four patients were studied, eighteen with coronary artery disease and six 

with normal coronary arteries. The clinical characteristics of these subjects are shown 

in table 3.4.1. Ten of the eighteen patients with coronary artery disease had a history 

of myocardial infarction, from five days to twelve years prior to study. No patient 

was taking potassium channel openers or sulphonylureas.

b) Baseline QT dispersion

The baseline electrocardiogram was recorded in clinically non-ischaemic conditions. 

In no patient was angina or ST segment depression present. Baseline QT dispersion 

did not distinguish between the groups of subjects with and v^thout coronary artery 

disease (figure 3.4.1). Baseline QT dispersion was 44±5ms in the group with 

coronary artery disease and 40±15ms in the group with normal coronary arteries 

(p=0.5).
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c) R esponse to incremental atrial pacing

The groups of patients with and without coronary artery disease differed markedly in 

their response to incremental atrial pacing. All of the patients with coronary artery 

disease developed clinical evidence of acute myocardial ischaemia - angina and/or 

horizontal ST segment depression of > 1mm. In these patients QT dispersion 

increased from 44±5ms to 82±10ms, a mean increase of 38±8ms (p<0.0001). An 

increase in QT dispersion was seen in every individual within the group although the 

magnitude of the increase varied (figure 3.4.2). None of the patients with normal 

coronary arteries developed angina or ST segment depression. In this group QT 

dispersion fell non-significantly from 40+15 to 33+11ms, an average decrease of 

7±18ms (p=0.4).

A strong positive correlation was observed between the number of coronary arteries 

with significant stenoses and the change in QT dispersion induced by incremental 

atrial pacing (figure 3.4.3). In the group of patients with coronary artery disease the 

influence of previous myocardial infarction on the response to incremental atrial 

pacing was explored (figure 3.4.4). QT dispersion was very slightly higher in the 

subgroup with previous myocardial infarction at all heart rates however there was 

substantial overlap of the 95% confidence intervals at each rate.

The presence or absence of beta-blockers did not alter the influence of incremental 

atrial pacing on QT dispersion in the group of patients with coronary artery disease. 

QT dispersion tended to be marginally higher in the subgroup taking beta-blockers 

but again, there was substantial overlap of the 95% confidence intervals between the 

two groups (figure 3.4.5). Figure 3.4.6 shows representative examples of the 

behaviour of the individual ECG leads during incremental atrial pacing. Data for
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each patient are shown in appendix 1. Each bar represents the change in QT interval 

from the baseline ECG to the last ECG recorded before the cessation of incremental 

pacing. There was substantial interpatient variation in both the initial and final 

pacing rates. For this reason the solid horizontal bars in the figure have been added 

as a guide to the expected change in QT interval over the range of heart rates used in 

each individual patient, calculated from Bazett’s original formula QT = k x VRR 

where k = 0.37 for males and 0.40 for females. In the patients with normal coronary 

arteries (patients 19 to 24) there was virtually uniform shortening of all of the QT 

intervals with increasing heart rate and Bazett’s formula gave a reasonable estimate 

of the absolute degree of QT shortening. In the patients with coronary artery disease, 

while the QT intervals in every lead shortened with increasing heart rate, the 

increased QT dispersion in these patients arose as a result of interlead variations in 

the degree of QT shortening. No simple relationship was observed between the 

pattern of QT interval shortening and the coronary anatomy although a frequent 

observation was that QT shortening was less than might be expected (from Bazett’s 

formula) in those leads in which ST segment depression occurred.

3.5 D iscussion

This study has shown that acute myocardial ischaemia induced by incremental atrial 

pacing in patients with coronary artery disease is associated with a marked increase 

in QT dispersion. Pacing to similar heart rates in patients with normal coronary 

arteries did not alter QT dispersion significantly, effectively excluding an effect of 

increased heart rate per se on QT dispersion over the range studied. Importantly, the 

baseline QT dispersion did not distinguish between the groups of patients with and
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without coronary artery disease, although there was a dramatic difference in the 

response of the groups to incremental pacing.

Previous studies have established that QT dispersion measured from the admission 

electrocardiogram of patients with acute myocardial infarction is elevated, with 

values of 69±19ms (Higham et al. 1995) and 56±23ms (Van de Loo et al. 1994) 

reported. In both of these studies QT dispersion was significantly higher in the group 

of patients who subsequently developed early ventricular fibrillation than in the 

group who did not. The study of Higham et al. highlighted the dynamic nature of QT 

dispersion, which fell significantly over the first day of the admission. Notably in 

two of their patients the second ECG was recorded during a further episode of chest 

pain and in both cases QT dispersion increased further. The measures used in this 

study for the detection of acute ischaemia ie the development of angina and/or 

horizontal ST segment depression are unsuitable for quantification of the ischaemia 

and no attempt has been made to do so. However the aim of the present study was to 

induce a degree of ischaemia comparable to that which might be experienced by 

patients with coronary artery disease during everyday life. Although incremental 

pacing ceased shortly after the onset of angina, QT dispersion increased from 

baseline values similar to those reported for healthy volunteers to levels somewhat 

higher than those reported for patients in the acute stage of myocardial infarction.

The observation of a strong correlation between the induced change in QT dispersion 

and the number of diseased coronary arteries is intriguing. Post-mortem studies of 

sudden cardiac deaths due to atherosclerotic coronary artery disease have shown 

consistently that the majority of cases have two or three vessel disease. Where a 

single vessel is involved it tends to be the left main coronary artery or the proximal 

left anterior descending artery (Davies 1992). QT dispersion is generally regarded as
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a noninvasive measure of the dispersion of ventricular repolarisation. It might be 

expected that there would be no relationship between the number of diseased 

coronary arteries and the degree of inducible QT dispersion. To illustrate this point, 

two hypothetical situations can be considered. In the first a discreet area of 

myocardium is rendered acutely ischaemic due to a solitary coronary stenosis. The 

resulting regional changes in repolarisation time are reflected by corresponding 

changes in QT interval in those ECG leads orientated to the acutely ischaemic 

territory creating increased QT dispersion in proportion to the intensity of ischaemia. 

In the second situation, global acute ischaemia is present due to proximal stenoses of 

the right and left main coronary arteries. Although profound ischaemia is present, 

repolarisation times are globally and uniformly shortened, and QT dispersion is little 

altered. Clearly in the latter situation, however, it would be extremely unlikely that 

an entirely uniform degree of myocardial ischaemia and repolarisation time change 

would occur: increased QT dispersion would be expected. The observed correlation 

between the increase in QT dispersion induced by incremental pacing and the 

number of diseased coronary arteries may help to explain why patients with 

multivessel coronary disease are at particularly high risk of sudden death.

No clear relationship was observed between the coronary anatomy and the pattern of 

QT interval shortening in individual ECG leads, although a common observation was 

that QT shortening in those leads where ST depression occurred was less than in 

other leads and less than might be expected from Bazetf s formula. Acute myocardial 

ischaemia induced by incremental atrial pacing in patients with coronary artery 

disease results in greater shortening of endocardial monophasic action potential 

duration than that due to the increase in heart rate alone (John et al. 1991). It might 

therefore have been expected that QT interval shortening would be greatest in those
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leads orientated to the acutely ischaemic territory, and perhaps greater than would be 

predicted from Bazett’s formula. Several observations may help to explain this 

unexpected observation. Firstly, Bazett’s formula describing the relationship between 

cycle length and QT interval was derived from cross sectional steady state recordings 

made in a healthy population and may not be applicable to incremental atrial pacing 

in a population with coronary artery disease. Secondly no direct assessment of the 

actual site of acute ischaemia was made in this study. Many of the patients had 

severe multivessel disease, which may have caused acute ischaemia in more than one 

territory. ST segment changes during exercise testing are notoriously poor guides to 

the location of coronary artery stenoses at cardiac catheterisation. A recent study has 

demonstrated that the distribution of epicardial (and by inference praecordial) ST 

segment depression fails to reflect the location of acutely ischaemic myocardium (Li 

et al. 1998). Thirdly, the discrepancy between the QT interval and endocardial 

monophasic action potential changes during acute ischaemia may be explained, in 

part, by transmural variations in the electrophysio logical response to acute ischaemia. 

For example, initial prolongation of action potential duration is observed in the 

epicardium whereas shortening is seen on the endocardium in open chested animals 

(Coronel et al. 1997), although whether similar transmural variations occur in closed 

chested animals remains the subject of debate. Fourthly, acute ischaemia alters not 

only action potential duration but also conduction velocity (Janse and Wit 1989). The 

repolarisation time of an area of myocardium relative to other areas is dependent 

upon both the time taken by the activation wavefront to reach that area and action 

potential duration within that area. Although an initial increase in conduction 

velocity may be seen, the predominant response to acute ischaemia is a fall in 

conduction velocity (Janse and Wit 1989) which would tend to delay local
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repolarisation times and lengthen corresponding QT intervals. During sinus rhythm 

(or atrial pacing) the ventricles are activated normally via the subendocardial 

Purkinje network, which is relatively, spared from the effects of acute ischaemia, 

either due to its proximity to intracavity blood or to an intrinsic property of the 

Purkinje fibres themselves. Transmural spread of the activation wavefront from 

endocardium to epicardium may be more susceptible to conduction slowing during 

acute ischaemia. This would result in delayed activation of the epicardium in the 

acutely ischaemic area with a tendency to lengthen local repolarisation times 

although this effect would be countered by action potential duration shortening. 

Clearly any changes in local repolarisation time would depend upon the balance 

between delayed activation and action potential shortening. To answer this question 

in vitro studies combining QT interval and endocardial and epicardial monophasic 

action potential recordings would be required. The findings of the present study are 

consistent with those of Higham et al. (1995) in their study of QT dispersion during 

acute myocardial infarction. They observed that the increased QT dispersion in that 

setting arose largely from prolongation of the maximum QT interval rather than 

shortening of the minimum QT interval as might be expected. The present study was 

not designed specifically to explore the issue of individual lead QT interval changes 

during acute ischaemia. The study presented in chapter five addresses that question. 

Beta-blockers are widely used in the treatment of coronary heart disease, both for 

their symptomatic benefit in the treatment of angina, and for their beneficial effect on 

reinfarction, all-cause mortality and sudden cardiac death in the post infarct 

population. The substantial protective effect against sudden cardiac death in the post 

infarct population has been demonstrated in several landmark clinical trials 

(Norwegian Multicentre Study Group 1981, Beta-blocker Heart Attack Trial
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Research Group 1982, Hansteen 1983). The precise mechanism by which beta- 

blockers reduce the incidence of sudden death in this population is unknown 

although their protective effect against the development of acute myocardial 

ischaemia is thought to be a key element. In the present study the effect of 

incremental atrial pacing on QT dispersion was virtually identical in the subgroups of 

coronary artery disease patients taking and not taking beta-blockers. This observation 

is consistent with the hypothesis that the anti-ischaemic effect may account for a 

substantial part of the protective effect of beta-blockers. Atrial pacing effectively 

bypasses the negative chronotropic effect of beta-blockers, and although the negative 

inotropic effect remains, it is heart rate that is the major determinant of myocardial 

oxygen demand.

In conclusion this study has shown that acute myocardial ischaemia induced by 

incremental atrial pacing in patients with coronary artery disease is accompanied by 

an increase in QT dispersion. Pacing to similar heart rates in patients with normal 

coronary arteries did not alter QT dispersion, effectively excluding an effect of heart 

rate per se on QT dispersion over the range studied. Baseline QT dispersion did not 

distinguish between the groups of patients with and without coronary artery disease. 

It seems likely that a measure of ‘inducible’ QT dispersion may prove a more 

sensitive marker of risk of serious and life threatening arrhythmias than resting QT 

dispersion in patients with coronary artery disease.
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Table 3.4.1 Clinical characteristics of the study patients and their response to 
incremental atrial pacing.

No. Sex Age MI B-B CCB CAD Response to Pacing 
Angina S X i

QT dispersion (ms) 
Baseline Change

1 F 51 - + - 3 + + 37 +36

2 M 73 - - + 1 - + 32 +45

3 M 62 + + - 3 - + 43 +41

4 M 72 - - + 3 + + 40 +40

5 M 58 - + + 3 + + 37 +38

6 F 69 + - - 3 - + 35 +57

7 M 59 - + - 3 - + 38 +37

8 F 50 + - - 1 + + 60 +10

9 M 58 + + + 3 + + 33 +32

10 M 74 - + - 1 + - 28 +22

11 M 34 + + + 1 + - 43 +20

12 M 60 - + - 3 + + 51 +29

13 M 38 + - + 1 + - 56 +33

14 M 67 - + - 3 - + 50 +60

15 F 54 + + + 1 + - 50 +20

16 M 65 + + + 3 + + 60 +62

17 F 68 + + - 2 - + 63 +64

18 M 71 + - + 2 + + 41 +31

19 M 43 - - - 0 - - 37 -6

20 M 60 - + + 0 - - 25 -8

21 M 25 - - - 0 - - 66 -39

22 M 39 - - + 0 - - 35 +9

23 F 56 - - + 0 - - 33 +9

24 M 55 - - 0 - - 45 -8

MI = Previous myocardial infarction; B-B = Beta-blocker; CCB = Calcium channel blocker 
CAD = No. Of coronary arteries with stenoses >70%; ST>1 = ST segment depression.
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Figure 3.4.1 Baseline QT dispersion in the patient groups with and without 
coronary artery disease. Individual data are shown together with group means 
and 95% confidence intervals.

81



QT dispersion (ms)

140 1

120  -

100  -

80 -

60 -

40 -

cr
20  -

40 60 80 100 120

QT dispersion (ms)

100 1

80 -

60 -

40 -

20 -

50 60 70 80 90 100 110 120

Heart rate

Figure 3.4.2 The effect of incremental atrial pacing on QT dispersion in subjects 
with coronary artery disease (closed circles n=18) and normal coronary arteries 
(open circles n=6). The upper figure shows individual data and the lower figure 
shows summary data as means ± 95% confidence intervals.
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Figure 3.4.3 The relationship between the number of coronary arteries with 
significant stenoses (>70% of the diameter) and the change in QT dispersion 
with incremental atrial pacing.
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Figure 3.4.4 The influence of previous myocardial infarction on the response to 
incremental atrial pacing in the group of patients with coronary artery disease 
(mean ± 95% confidence intervals). Closed circles - patients with previous 
myocardial infarction (n=10); open circles - patients with no previous 
myocardial infarction (n=8).
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Figure 3.4.5 The influence of beta-blocker usage on the response to incremental 
atrial pacing in the group of patients with coronary artery disease (mean ± 95% 
confidence intervals). Closed circles = patients taking beta-blockers (n=12), 
open circles = patients not taking beta-blockers (n=6).
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Figure 3.4.6. The absolute change in QT interval (ms) in each ECG lead during 
incremental atrial pacing in a patient with coronary artery disease and one with 
normal coronary arteries. The horizontal line superimposed on each graph 
shows the predicted change in QT interval over the range of cycle lengths used 
in that particular individual as calculated using Bazett’s formula.
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Chapter 4

Study 2. Regional QT interval changes during selective intracoronary 

injections of con trast medium 

4.1 A bstract

The aim of this study was to examine the regional changes in QT interval during 

selective intracoronary injections of the contrast medium iohexol, which is known to 

prolong cardiac action potential duration in vitro. Continuous twelve lead ECGs 

were recorded during the first injection of iohexol into the left and right coronary 

arteries of forty-seven patients with and without coronary artery disease. In a 

proportion of patients steady state atrial pacing was used. The absolute change in QT 

interval from the immediate preinflation baseline value was measured in each ECG 

lead on alternate beats. Complex patterns of QT interval behaviour were observed 

which is likely to reflect multiple and opposing influences on cardiac action potential 

duration and interpatient variations in coronary anatomy.

4.2 Introduction

Many important questions remain concerning the extent to which surface 

electrocardiographic QT intervals reflect regional variations in ventricular 

repolarisation time. In the study presented in the previous chapter an attempt was 

made to relate the changes in QT interval accompanying the development of acute 

ischaemia to the coronary anatomy and likely site of acute ischaemia. No clear 

relationship was observed which might have reflected the predominance of patients 

with multivessel coronary artery disease in that study and the poor correlation 

between the location of ST segment depression on the surface electrocardiogram and 

the site of acute ischaemia (Li et al. 1998). Selective intracoronary injections of
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contrast media during cardiac catheterisation frequently cause ST segment and T 

wave changes and are occasionally complicated by ventricular fibrillation. In vitro 

studies using animal heart tissue have shown that iohexol, a nonionic contrast 

medium in widespread use for coronary angiography, causes hyperpolarisation of the 

resting membrane potential and prolongation of the cardiac action potential (Klow et 

al. 1990). Regional changes in resting membrane potential during selective 

intracoronary injection of iohexol would be expected to result in ST segment 

changes, while regional lengthening of action potential duration would result in 

corresponding changes in repolarisation time. The aim of this study was to examine 

the regional changes in QT interval during selective intracoronary injections of 

iohexol and to determine the extent to which local changes in QT interval are 

influenced by the coronary anatomy.

4.3 Method 

Patients

The patients were selected at random from those undergoing routine diagnostic 

cardiac catheterisation and included patients with and without coronary artery 

disease.

C ontrast medium

The contrast medium iohexol (‘Omnipaque 350’, Nycomed UK Ltd.) was used for 

all studies. Iohexol is a triiodinated, non-ionic water-soluble contrast medium with 

an iodine content of 46.4%, osmolality of 0.78mol/kg, and viscosity of 23.3mPa.s at 

20°C. The contrast medium for selective intracoronary injections was injected at 

room temperature while that for left ventriculography was injected at 37°C.
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study  protocol

Follovsdng left ventriculography continuous twelve lead ECGs were recorded during 

the first left and then the first right intracoronary injection of iohexol. Recordings 

began immediately before the start of the injection and continued until the start of the 

following injection. In a proportion of patients a temporary pacing electrode was 

positioned in the right atrium and steady state pacing performed five to ten beats per 

minute above the patient’s resting heart rate starting a minimum of two minutes 

before the first intracoronary injection. QT intervals were measured in each ECG 

lead on every second beat. For each lead the absolute change in QT interval from the 

immediate preinjection baseline value was calculated.

4.4 R esults

Forty-seven patients were studied of which sixteen were paced during coronary 

injections. Angiographic details of these patients are shown in table 4.4.1. Figure 

4.4.1 shows the effect of intracoronary injections of iohexol in the 31 patients with 

and without coronary artery disease where steady state pacing was not performed. 

Injection of iohexol into either coronary artery was associated with a progressive 

lengthening of QT interval, reaching an average maximum increase from the 

preinjection baseline value of ten to fifteen milliseconds. Similar qualitative changes 

in QT interval were observed in almost every ECG lead. In the case of left coronary 

injections QT interval lengthening occurred earlier in the praecordial leads than in 

the inferior leads while in the case of right coronary injections the opposite occurred. 

Figure 4.4.2 shows data for the same patients but relates the changes in QT interval 

to the changes in RR interval occurring simultaneously. Initial inspection of this 

figure might suggest that the observed lengthening of QT interval occurred simply as
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a function of an increase in cycle length. If that were the sole explanation, however, 

one might expect complete congruence between the different ECG leads, which was 

not observed.

Figure 4.4.3 shows the effect of intracoronary injections of iohexol during steady 

state pacing in sixteen patients with and without coronary artery disease. In these 

patients a biphasic change in QT interval was frequently observed. In the case of left 

coronary injections QT intervals in the praecordial leads shortened initially and then 

lengthened. In the inferior leads progressive QT interval lengthening was observed. 

A different pattern was observed during right coronary injections where the biphasic 

response of initial QT shortening followed by lengthening was observed in almost 

every ECG lead.

The results shown in figures 4.4.1 to 4.4.3 are for all patients irrespective of the 

presence and location of coronary artery disease. Figure 4.4.4 shows the effect of 

intracoronary injections of iohexol in six patients with angiographically normal 

coronary arteries (not paced). The results were similar to those for the whole study 

group with a progressive lengthening in QT interval observed in almost every ECG 

lead. Once again a different pattern was observed in four patients with normal 

coronary arteries in the presence of steady state pacing (figure 4.4.5). In these 

patients injection into the left coronary artery resulted in progressive QT interval 

shortening in the praecordial leads and progressive QT interval lengthening in the 

inferior leads. The reverse pattern was seen during injection into the right coronary 

artery. Figure 4.4.6 shows the effect of injections of iohexol into patients with 

coronary artery disease during steady state pacing. The results are similar to those for 

the group of all paced patients (figure 4.4.3). During left coronary injection a 

biphasic response was observed in the praecordial leads with initial QT interval
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shortening and subsequent lengthening. QT lengthening was observed in the inferior 

leads. During injection into the right coronary the biphasic change in QT interval was 

observed in every ECG lead with the exception of aVL.

D iscussion

Selective intracoronary injections of iohexol were associated with complex patterns 

of QT interval behaviour. The injection of contrast medium may influence action 

potential duration and hence QT interval in a number of different ways. Firstly as a 

consequence of a change in heart rate. Secondly due to a direct effect of the contrast 

medium on cardiac action potential duration (Klow et al. 1990 found that iohexol 

lengthened canine cardiac action potential duration in vitro). Thirdly due to acute 

ischaemia, as intracoronary blood is displaced temporarily by contrast medium 

(which would tend to shorten action potential duration). Fourthly due to a fall in 

temperature (causing action potential duration to lengthen). Of these, changes 

consequent upon a change in heart rate might be expected to influence the QT 

interval in every ECG lead in a similar manner while direct effects of the contrast 

medium, acute ischaemia and temperature changes would result in regional changes 

in action potential duration and therefore QT interval.

In the absence of steady state atrial pacing QT interval lengthening was observed in 

almost every ECG lead whether or not coronary artery disease was present. As the 

usual rate response to contrast injection was a slowing of heart rate and a totally 

different pattern of QT interval behaviour was observed in the presence of steady 

state pacing it would appear that the main influence on QT interval during 

intracoronary contrast injection in the non-paced is the change in cycle length.
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An intriguing pattern of QT interval changes accompanied contrast injection at 

constant cycle length. Under these conditions interlead variations in QT interval 

behaviour were more obvious. The data from patients with normal coronary arteries 

at constant cycle length shown in figure 4.4.5 should provide the clearest insight into 

the effects of selective intracoronary injections of iohexol. QT interval shortening 

was observed in those ECG leads orientated to the area of the heart supplied by the 

injected vessel while QT lengthening occurred in the other leads. The QT shortening 

might be explained by the development of acute ischaemia in the territory of the 

injected vessel (both the direct effect of the contrast medium and a fall in 

temperature would be expected to lengthen action potential duration and hence QT 

interval in that territory). It is less easy to explain why QT interval lengthening 

should have been observed simultaneously in the ECG leads orientated to other 

territories. Solid angle theory would predict that every ECG lead would be 

influenced by electrical changes in any particular territory but that those leads most 

closely apposed to that territory would be influenced to the greatest extent. It follows 

that if the effect of intracoronary injection of iohexol is shortening of local 

repolarisation times, QT intervals would tend to shorten in every ECG lead although 

most markedly in those leads orientated to the affected myocardium. In order to 

explain observed results a different explanation is necessary, for example a slowing 

of conduction by the contrast medium resulting in delayed activation of myocardium 

away from the injected territory with consequent prolongation of local repolarisation 

times and hence QT intervals.

The aim of this study was to explore interlead variations in QT interval behaviour 

during selective intracoronary injections of a contrast medium knovm to influence 

action potential duration in an attempt to correlate the surface electrocardiographic
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measurements with the presumed changes in local repolarisation times. Complex 

patterns of QT interval behaviour were observed which presumably reflect the 

multiple and opposing influences on cardiac action potential duration, potential 

although unknovm influences on conduction velocity, and interpatient variations in 

coronary anatomy. In order to eliminate changes in QT interval secondary to rate 

steady state pacing was performed in a proportion of patients but the most complex 

changes were observed in the paced patients. The potential influence of temperature 

changes could be eliminated by using contrast medium stored at body temperature 

(as is used for the left ventriculogram). Such studies were not performed. An 

interesting future study might be to inject iohexol at body temperature during steady 

state pacing into patients with normal coronary arteries. Still remaining as potential 

(and opposing) influences on action potential duration would be acute ischaemia and 

the direct effect of the contrast medium. Simultaneous measurement of endocardial 

monophasic action potential duration would demonstrate the dominant influence on 

action potential duration in the territory supplied by the injected coronary artery 

which could then be correlated with the surface electrocardiographic QT interval 

measurements.

This study has shown that selective intracoronary injections of iohexol result in 

marked changes in QT interval even at constant cycle length. There were substantial 

interlead variations in QT interval behaviour, which presumably reflects regional 

changes in action potential duration, and possibly conduction velocity and the 

resulting increase in dispersion of repolarisation. This observation may help to 

explain the development of the ventricular fibrillation, which occasionally 

complicates intracoronary injections. The results do not allow us to draw firm 

conclusions about the correlation between surface electrocardiographic QT intervals
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and repolarisation times in the ventricles. That issue is addressed further in the 

following chapter.
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Table 4.4.1 Angiographie details of the study patients

No. Paced Coronary anatomy
1 Normal coronaries
2 Proximally occluded Cx, 70% RCA, mild LAD disease.
3 Severe RCA and Cx stenoses, minor LAD disease.
4 Occluded proximal LAD, Severe proximal RCA (fills r/g), minor Cx disease.
5 Severe proximal stenoses o f LAD and Cx, severe distal RCA stenosis.
6 Occluded min RCA - fills anterogradely from collaterals. Normal left coronaries.
7 Severe proximal 3 vessel disease.
8 Normal coronaries
9 Normal coronaries
10 Normal coronaries
11 Severe distal Cx stenosis, normal LAD and RCA.
12 Severe mid LAD stenosis involving D l, normal RCA and Cx.
13 80% LMS, no other significant stenoses.
14 Severe RCA stenoses x 3, normal left coronaries.
15 Proximally-occiuded RCA, severe proximal stenoses of LAD and Cx.
16 Normal coronaries
17 Severe mid LAD stenosis, normal Cx and RCA.
18 + Occluded proximal LAD and RCA - fill retrogradely from diseased Cx.
19 + 60% mid RCA and proximal D l, normal LAD and Cx.
20 + Severe proximal LAD and distal RCA stenoses.
21 + Normal coronaries
22 + Occluded LMS - fills retrogradely from RCA.
23 + Normal coronaries
24 Normal coronaries
25 Occluded proximal LAD - fills antegradely, severe OMl stenosis, diffuse distal RCA.
26 + Normal coronaries
27 + Normal coronaries
28 90% proximal LAD, heavily diseased native RCA, normal RCA graft, normal CX.
29 Severe proximal 3 vessel disease.
30 Severe very proximal LAD, Cx - midcourse stenosis, normal very small RCA.
31 70% proximal PDA, normal left coronaries.
32 Severe proximal 3 vessel disease.
33 Occluded RCA, severe, very proximal LAD and Cx.
34 Occluded RCA - fills retrogradely, severe proximal LAD and Cx.
35 Severe mid Cx and RCA stenoses, 70% proximal LAD stenosis.
36 Severe proximal and mid LAD stenoses, severe mid RCA and Cx stenoses.
37 + Severe 3 vessel CAD
38 + 99% stenosis origin LV branch RCA, 50-60% proximal AVCx, minor LAD.
39 + Severe proximal LAD and D l stenoses, Small Cx with 50% stenosis, normal RCA
40 + Cx: 50% prox AV, 70% large 0M 2. Nondominant RCA minor dis. Normal LAD
41 Severe stenoses of proximal LAD and mid RCA
42 + 70% prox RCA, 95% prox AVCx, good LIMA to prox. occluded LAD
43 + 80% mid LAD, normal Cx and RCA (dominant)
44 80% mid AVCx, tight proximal OM l, normal LAD (small), and RCA (v. small)
45 + Severe stenosis origin D l, normal LAD and Cx, 60% mid RCA stenosis
46 + 90% proximal LAD, normal Cx and RCA. No collaterals.
47 80% proximal LAD stenosis, normal Cx and RCA.

LAD: left an te rio r descend ing ; Cx: circum flex; RCA: rigfit coronary  artery; LM S: left m ain stem ; D1 : 1st d iagonal; OM : 
obtuse  m arginal; PDA; posterio r descend ing  artery; LIM A: left internal m am m ary artery graft; C A D: coronary  artery d isease

94



II III aVF aVR VI V2 V3 V4 V5 V6 I aVL

20

15on
g

10
o

5
13on
cd 0

X)
E -5o

-10

20

c 15
H
a 10

<u 5

Ca 0

U -5

-10

aVF aVR VI V2 V3 V4 V5 V6 I aVL

f
f t

Left

Right

Figure 4.4.1 The changes in individual lead QT intervals accompanying injection of iohexol into the left and right coronary arteries. Mean
data are shown for the thirty-one patients where steady state atrial pacing was not used. For each ECG lead the change in QT interval from
the immediate preinflation baseline is shown for every alternate beat up to and including the 32nd beat.
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Figure 4.4.2 The effect of intracoronary injections of iohexol into the left and right 
coronary arteries of thirty one patients where atrial pacing was not performed 
showing the relationship of the change in QT interval in each ECG lead (ms) to the 
change in RR interval up to and including the 32nd beat.
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Figure 4.4.3 The changes in individual lead QT intervals accompanying injection of iohexol into the left and right coronary
arteries. Mean data are shown for sixteen patients where steady state atrial pacing was used. For each ECG lead the change in QT
interval from the immediate preinflation baseline is shown for every alternate beat up to and including the 32nd beat.
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Figure 4.4.4 The changes in individual lead QT intervals accompanying injection of iohexol into the left and right coronary 
arteries. Mean data are shown for six patients with normal coronary arteries where steady state atrial pacing was not used. For 
each ECG lead the change in QT interval from the immediate preinflation baseline is shown for every alternate beat up to and 
including the 32nd beat.
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Figure 4.4.5 The changes in individual lead QT intervals accompanying injection of iohexol into the left and right coronary 
arteries. Mean data are shown for four patients with normal coronary arteries during steady state atrial pacing. For each ECG 
lead the change in QT interval from the immediate preinflation baseline is shown for every alternate beat up to and including the 
32nd beat.
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Figure 4.4.6 The changes in individual lead QT intervals accompanying injection of iohexol into the left and right coronary arteries. Mean
data are shown for twelve patients with coronary artery disease during steady state atrial pacing. For each ECG lead the change in QT
interval from the immediate preinflation baseline is shown for every alternate beat up to and including the 32nd beat.
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Chapter 5 

Study 3. QT interval changes during coronary angioplasty: an 

investigation of the m echanism s contributing to increased  QT 

d ispersion  during acute regional ischaem ia

5.1 A bstract

Coronary angioplasty has been shown to result in regional action potential duration 

shortening. This study has tested the hypothesis that in patients with single vessel 

disease, acute occlusion of the vessel should result in QT interval shortening in the 

ECG leads local to the area of myocardium served by the occluded vessel.

Twenty-one balloon inflations were studied (twelve left anterior descending 

angioplasty, four circumflex, five right coronary artery). Steady state atrial pacing was 

established 16±4 minutes before the first balloon inflation just above the resting heart 

rate. Twelve lead ECGs were recorded immediately before the first balloon inflation 

(baseline) and at 30 second intervals during inflation. For each ECG lead the change 

in QT interval from the baseline value was calculated.

Marked interlead variations in QT interval behaviour occurred during balloon 

inflation. Progressive QT shortening was observed which was most prominent in 

those leads orientated to the territory supplied by the acutely occluded artery. 

Angioplasty of the circumflex and right coronary arteries was accompanied by a small 

increase in QT dispersion (from 38 to 53ms and 41 to 55ms respectively) whereas 

angioplasty of the LAD was not accompanied by a change in QT dispersion. These 

observations may be explained by consideration of the contribution of individual 

ECG leads to QT dispersion in the nonischaemic and ischaemic states.
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The results of this study suggest that individual QT intervals do reflect regional 

variations in ventricular repolarisation time during acute ischaemia, and provide 

insight into the mechanisms contributing to increased QT dispersion in that setting.

5.2 Introduction

Fundamental to the use of QT dispersion is the assumption that individual QT 

intervals are sensitive to local repolarisation times and therefore that a substantial 

component of QT dispersion arises from regional variations in the time course of 

ventricular repolarisation. Although there is limited evidence to support that 

hypothesis in the normal heart (Higham et al. 1992, Hardman et al. 1995, Zabel et al. 

1995, Zabel et al. 1998) there are few published data concerning the relationship 

between QT intervals and repolarisation times during acute ischaemia.

Early acute myocardial ischaemia is accompanied by a shortening of action potential 

duration, with variable changes in conduction velocity (Janse and Wit 1989). It may 

be predicted therefore that during acute regional ischaemia repolarisation times would 

shorten in the acutely ischaemic territory and that this would be accompanied by 

shortening of QT intervals in those electrocardiographic leads orientated to that 

territory. In the studies of incremental atrial pacing in patients with coronary artery 

disease presented in chapter three, an attempt was made to correlate the observed 

changes in QT interval in individual ECG leads with the underlying coronary 

anatomy: no simple relationship was observed. Possible reasons for this were: i) many 

of those patients had severe multivessel disease and it is therefore likely that more 

than one area of the heart was rendered acutely ischaemic by incremental pacing; ii) 

ST segment depression is a poor guide to the location of acutely ischaemic 

myocardium; iii) QT intervals decreased progressively in every lead as a function of
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heart rate, making it more difficult to interpret the observed changes in relation to the 

likely sites of acute ischaemia.

The aims of this study were i) to explore the changes in individual lead QT intervals 

accompanying the development of acute regional myocardial ischaemia during 

percutaneous transluminal coronary angioplasty; ii) to relate any such changes in QT 

interval to the baseline distribution of QT intervals in order to gain insight into the 

mechanisms contributing to increased QT dispersion during acute ischaemia.

5.3 Method

5.3.1 Subjects

The subjects for these studies were consecutive patients of any age and either sex 

undergoing percutaneous transluminal coronary angioplasty (PTCA) for single vessel 

disease of the left anterior descending, circumflex or right coronary arteries. As the 

aim was to observe the electrocardiographic changes during the development of acute 

ischaemia, no subject was studied where total occlusion of the artery undergoing 

PTCA had occurred previously and patients with unstable angina were excluded.

5.3.2 Protocol

On arrival in the catheter laboratory, sheaths were placed in the right femoral artery 

and vein and surface electrodes positioned for ECG recording. Steady state atrial 

pacing was established at a rate five to twenty beats per minute above the patient’s 

resting heart rate and maintained throughout the angioplasty procedure. 

Electrocardiograms were recorded immediately prior to the first balloon inflation, at 

30 second intervals during that inflation, and at the moment of balloon deflation 

(usually two minutes).
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5.3.3 QT interval m easurem ents

QT intervals were measured on steady state atrially-paced beats only. In cases where 

the steady state was interrupted by premature beats or the patient’s intrinsic heart rate 

increased such that the atrial pacing rate was exceeded no further analysis was 

performed.

5.3.4 Data analysis

For each lead, the absolute and percentage change in QT interval from the immediate 

preinflation value (‘baseline’) was calculated. For descriptive purposes, ECG leads 

were grouped as follows:

II, III, a VF Inferior
V I - V 4  Anterior
V5, V6,1, aVL Lateral

ST segment changes with respect to the TQ segment were measured 80ms after the J

point to the nearest 0.5mm. The correlation between ST segment changes and QT

interval changes was assessed using Pearson’s correlation coefficient. Group data are

presented as means together with 95% confidence intervals.

The distribution of QT intervals in the baseline ECG was calculated in the following 

way. For each subject the absolute deviation of each QT interval from the maximum 

QT interval in the baseline (immediate preinflation) ECG was calculated. The mean 

deviation of ECG lead from QTmax was then calculated for the group of all study 

subjects together with 95% confidence intervals for the mean.

5.4 Results 

a) Subjects studied

Details of the patients studied, their coronary anatomy, pacing parameters and the 

duration of balloon inflation are shown in table 5.4.1. The mean age of the patients
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studied was 57 years. Twenty-one balloon inflations were studied in twenty patients: 

twelve to the left anterior descending artery, four to the circumflex artery and five to 

the right coronary artery. In one patient (no. 8) both circumflex and right coronary 

angioplasty was studied. The mean resting heart rate was 63 beats per minute and the 

mean atrial pacing rate was 75 beats per minute. Steady state atrial pacing was 

established at an average of 16 minutes before the first balloon inflation (range 6 to 

33 minutes). Atrial pacing at the rates employed did not induce angina or ST segment 

changes prior to balloon inflation in any patient.

The effect of PTCA on individual lead QT intervals

a) Left anterior descending angioplasty

Figure 5.4.1 shows the changes in QT interval and ST segment firom their preinflation 

baseline values during the first balloon inflation. Marked interlead differences in the 

QT interval behaviour were observed. Thirty seconds into balloon inflation a trend 

was observed for an increase in QT interval in the inferior and lateral lead groups, 

although the 95% confidence intervals for these changes included zero. Thereafter 

progressive QT interval shortening was observed which was especially marked in the 

anterior leads VI-V4, where the mean QT interval change at two minutes inflation 

was -13±5ms. In contrast the QT interval change at two minutes in the inferior leads 

II, III and aVF was not statistically significant at -2±5ms, while there was a small but 

just significant change in the lateral leads of -6±3ms, due largely to pronounced QT 

interval shortening in lead aVL. Acute occlusion of the left anterior descending artery 

resulted in progressive ST segment elevation in the anterior leads VI-V4 and a lesser 

degree of ST segment elevation in the lateral leads V5, V6,1 and aVL. Progressive ST 

segment depression was observed in the inferior leads. The correlation between the
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changes in QT interval at 120 seconds balloon inflation and the corresponding 

changes in ST segment was -0.52 (p<0.001). In the upper part of figure 5.4.4 the 

change in QT interval in each lead is expressed as percentage change from the 

preinflation baseline value in that lead. In the anterior leads VI-V4, QT interval 

shortening approached 5% of the preinflation value.

b) Circumflex coronary angioplasty

Figure 5.4.2 shows the changes in QT interval and ST segment from their preinflation 

baseline values during the first balloon inflation. Again, marked interlead differences 

were observed in QT interval behaviour, although the pattern of changes differed 

from that seen during angioplasty to the left anterior descending artery. Progressive 

QT interval shortening was again observed in each ECG lead. However, the most 

pronounced changes were observed in the inferior (maximum change -18±7ms) and 

lateral (-18±8ms) leads, the leads in which progressive ST segment elevation was 

observed. The correlation coefficient between the changes in QT interval and the 

corresponding changes in ST segment was -0.31 (p<0.05). The middle part of figure 

5.4.4 shows the change in QT interval in each lead expressed as percentage change 

from the preinflation baseline value in that lead. In the inferior and lateral leads QT 

interval shortening of approximately 5% of the preinflation value occurred.

c) Right coronary angioplasty

Figure 5.4.3 shows the changes in QT interval and ST segment from their preinflation 

baseline values during the first balloon inflation. Once again interlead differences in 

QT interval behaviour were observed although these differences were less 

pronounced than those observed during angioplasty of the left anterior descending
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artery. The most pronounced QT interval shortening occurred in the inferior leads 

(maximum change -16±7ms) and also leads aVR and VI which are orientated to the 

right heart border. An interesting pattern of QT interval behaviour was seen in the 

lateral leads V6, I and aVL where lengthening occurred initially followed by 

progressive QT interval shortening (maximum change -9±7ms). The correlation 

coefficient between the changes in QT interval and the corresponding changes in ST 

segment was -0.45 (p<0.01). In the inferior leads QT interval shortening of 

approximately 5% of the preinflation value occurred.

QT dispersion during coronary angioplasty

There was no significant change in QT dispersion during PTCA of the left anterior 

descending coronary artery while a small increase in QT dispersion accompanied 

angioplasty of both the circumflex and right coronary arteries (table).

Baseline 
QT dispersion (ms)

Maximum 
QT dispersion (ms)

Change in 
QT dispersion (ms)

LAD 53 52 -1

Cx 38 53 15

RCA 41 55 14

The absence of change in QT dispersion accompanying LAD angioplasty may be 

explained by consideration of the contribution of individual ECG leads to QT 

dispersion. The upper part of figure 5.4.5 shows the distribution of individual ECG 

lead QT intervals in the baseline (preinflation) ECG. The longest QT intervals 

occurred most frequently in the anterior leads while the shortest QT intervals were
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more commonly found in the lateral or inferior leads. PTCA of the left anterior 

descending coronary artery resulted in greater relative shortening of the QT intervals 

of the anterior leads than those of the lateral or inferior leads and therefore tended not 

to change QT dispersion. PTCA of the circumflex and right coronary arteries 

produced greater relative shortening of the QT intervals in the lateral and inferior 

leads, which exaggerated the interlead variations in QT interval duration in the 

baseline ECG and therefore increased QT dispersion.

5.5 Discussion

The main finding of this study was that coronary angioplasty performed at constant 

cycle length, which resulted in acute regional ischaemia, was accompanied by marked 

interlead differences in QT interval behaviour. Progressive QT interval shortening 

was observed which was most pronounced in those ECG leads orientated to the 

acutely ischaemic territory. Angioplasty of the circumflex and right coronary arteries 

resulted in a small increase in QT dispersion while angioplasty of the left anterior 

descending artery caused no change in QT dispersion.

The decade since the proposal of QT dispersion as a non invasive measure of the 

dispersion of ventricular repolarisation has seen a proliferation of studies examining 

the association between increased QT dispersion and life threatening arrhythmias or 

sudden death in a variety of disease states. There are limited data concerning the 

relationship between individual lead QT intervals and repolarisation times in the 

underlying myocardium. Zabel et al. (1995) observed a significant correlation 

between electrocardiographic indices of repolarisation dispersion and directly 

measured dispersion of ventricular repolarisation in an isolated rabbit heart study 

(r=0.58-0.64, p<0.001). More recently the same group has reported a correlation of
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0.67 (p<0.01) between QT dispersion and dispersion of repolarisation times assessed 

by sequential monophasic action potential recordings in a mixed group of patients 

with left ventricular hypertrophy or coronary artery disease (but not in the presence of 

acute ischaemia; Zabel et al. 1998). Only one preliminary study has sought to 

correlate individual praecordial QT intervals with simultaneously recorded local 

endocardial monophasic action potential duration (Hardman et al. 1995). A strong 

correlation was observed (r^=0.93, p<0.0001). There are no published data to support 

a relationship between dispersion of ventricular repolarisation times and QT 

dispersion during acute ischaemia.

The repolarisation time of an area of myocardium is the sum of the activation time 

(the time taken for an activation wavefront to propagate to that area) and action 

potential duration within that area. During sinus rhythm with normal conduction, 

regional variations in activation time are small and repolarisation time is largely 

governed by action potential duration. PTCA results in acute ischaemia in the area of 

myocardium subtended by the acutely occluded vessel. Within seconds of the onset of 

experimental acute ischaemia action potential duration shortening is observed 

(Downar et al. 1977). In patients shortening of endocardial monophasic action 

potential duration has been observed in the acutely ischaemic myocardium during 

PTCA (Taggart et al. 1989). From the foregoing observations it would be expected 

that repolarisation times would shorten in the acutely ischaemic territory with the 

onset of acute ischaemia during PTCA. If individual QT intervals are sensitive to 

local repolarisation times as might be predicted on theoretical grounds (Holland and 

Amsdorf 1977) then it follows that QT interval shortening should occur and that this 

should be most pronounced in those ECG leads orientated to the acutely ischaemic 

territory. Such a pattern of QT interval shortening was indeed observed in this study
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which provides support for the hypothesis that individual QT intervals are sensitive to 

local repolarisation times during acute ischaemia. Furthermore the maximum change 

in QT interval accompanying PTCA was approximately 5% which is remarkably 

similar to the percent change in monophasic action potential duration observed in the 

territory served by the acutely occluded vessel during PTCA (Taggart et al. 1989).

In this study a modest correlation was observed between the changes in QT interval 

during PTCA and the changes in ST segment in the corresponding ECG leads. ECG 

deflections occur as a result of current flow between areas of the heart with different 

electrical potential (Holland and Amsdorf 1977). In the normal heart there is little or 

no current flow during phase 4 (diastole) or phase 2 (the plateau phase of the cardiac 

action potential) as different regions of the heart are at similar resting potential and 

similar plateau potentials respectively. ST segment changes during acute ischaemia 

result from the altered resting and plateau potentials in the ischaemic territory with 

respect to the neighbouring nonischaemic myocardium (figure 5.4.6). 

The QT interval is thought largely to reflect endocardial to epicardial potential 

differences and will therefore reflect action potential durations within the ischaemic 

zone. If coronary angioplasty causes a sizeable area of transmural ischaemia then the 

boundary between this area and the nonischaemic myocardium may be at some 

distance from the ECG electrodes overlying the ischaemic territory and the correlation 

between QT interval and ST segment changes will be low. These observations may 

help to explain the well-known difficulties with the prediction of the location of 

coronary artery stenoses at angiography from the ST changes during exercise 

electrocardiography.

The results of this study provide an insight into the mechanisms contributing to QT 

dispersion in the resting ECG and during the development of acute ischaemia. QT
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dispersion  in the baseline E C G s arose as a result o f  a reasonably con sisten t  

distribution o f  Q T interval durations betw een  individual E C G  leads (sh ow n  by the 

narrow con fid en ce  intervals o f  figure 5 .4 .6 ). The lon gest Q T intervals w ere seen  in 

the anterior leads. The observation  that Q T interval shortening during L A D  

angiop lasty  w as m ost pronounced in the anterior leads m ay account for the lack o f  

change in Q T d ispersion  during angiop lasty  o f  this v esse l. B y  contrast, angiop lasty  o f  

the circu m flex  and right coronary arteries, w h ich  caused Q T interval shortening that 

w as m ost pronounced in the inferior and lateral leads, tended to exaggerate the pattern 

o f  QT d isp ersion  seen  on the baseline EC G  resulting in an increase in Q T d ispersion. 

The changes in Q T dispersion  during b alloon  inflation w ere relatively  m odest, but 

con sisten t w ith  the changes observed  by other w orkers w h o  have studied QT  

dispersion  during PT C A  (O k ish ige et al. 1996, Jepson et al. 1996 , M ich elu ci et al. 

1996, Tarabey et al. 1998). T hose stud ies do not report Q T interval changes or QT  

dispersion  as a function  o f  the v esse l undergoing PT C A . It is co n ce iv a b le  that the lack  

o f  change o f  Q T d ispersion  during L A D  angiop lasty  in the present study w as in part 

due to the higher b aselin e QT d ispersion  in the L A D  group, w h ich  has been  seen  by  

other w orkers (Y unus et al. 1997). H ow ever, there w as no clin ica l or 

electrocardiographic ev id en ce  o f  acute isch aem ia  in any patient at b aselin e, and other 

w orkers reporting an acute increase in Q T d ispersion  during PT C A  have observed  

com parable b aselin e  va lu es (Jepson et al. 1996 , M ich elu cc i et al. 1996).

The results o f  th is study support the hyp oth esis that ind ividual lead Q T intervals are 

sen sitive  to loca l repolarisation tim es during acute ischaem ia. T hese observations  

provide insight into the m ech an ism s contributing to Q T d isp ersion  in the n on 

isch aem ic state and w ith  the develop m en t o f  acute ischaem ia. It has been  sh ow n  that 

w h ile  acute ischaem ia  causes changes in Q T interval duration in th ose EC G  leads

111



orientated to the acutely ischaemic territory, the conventional measurement of QT 

dispersion may or may not be altered. Important information concerning regional 

variations in repolarisation time may be obtained by consideration of individual lead 

QT intervals and would be overlooked by the use of a single global measure of QT 

dispersion.
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Table 5.4.1 Individual patient details of coronary anatomy, pacing and angioplasty

P a tie n t
No.

P T C A LAD Cx R C A C o lla te ra ls
(grade)®

D u ra tio n  o f 
1st in fla tion  (sec)

1 LAD Proximal 80% n n 0 120

2 LAD Proximal 90% n n 0 120

3 LAD Proximal 90% n 60% proximal 0 60

4 LAD Proximal 80% n n 120

5 LAD Proximal 70% n n 0 120

6 Cx n Mid AV 90% n 0 120

7 RCA n n Mid 80-90% 1 120

8 RCA & Cx Good LIMA Proximal 95% Proximal 70% 0 120&I20

9 LAD Mid 90% n n 1 (R to L) 120

10 LAD Mid 70% N N 0 120

11 LAD Ostial D l 90%'’ n Mid 60% 0 120

12 RCA Proximal 50% OMI 50% Proximal 90% 120

13 LAD Mid 80% n n 0 120

14 LAD Proximal 90% n n 0 90

15 LAD Proximal 90% n n 2 120

16 Cx n Proximal 50% n 0 120

17 Cx n 80% OMI 50% PDA 0 120

18 LAD 80% mid n n 0 120

19 RCA n 70% AV 70% PDA 0 90

20 RCA Good LIMA n 80% proximal 0 120

* Collaterals graded according to the classification o f Rentrop et al. (1985).

 ̂Balloon inflation resulted in occlusion of the left anterior descending artery.

LAD - Left anterior descending artery; Cx - Circumflex artery; RCA -  Right coronary artery;
D l - First diagonal branch of LAD; OM - Obtuse marginal branch of circumflex; LIMA - Left internal 
mammary artery; PDA - Posterior descending artery.

113



Inferior Anterior Lateral

10

I
H -100  

00

1  -20
u

r i

n  111 aVF aVR VI V2 V3 V4 V5 V6 1 aVL

: -15 
0 0

I -20

□ 30s
□ 60s
■ 90s
■ 120s

111 a VF aVR VI V2 V3 V4 V5 V6 1 aVL

4.0

2.0 □  30s
□  60s
□  90s 
■  120s

00

0.0

00

I - 2.0
U

Figure 5.4.1 The electrocardiographic changes during angioplasty of the left anterior descending 
coronary artery at constant cycle length. Top: the change in QT interval from the preinflation 
baseline with the ECG leads grouped as defined in section 5.3.4 (mean±95% confidence interval); 
middle: the change in QT interval in each lead from the preinflation baseline; bottom: the change in 
ST segment in each lead from the preinflation baseline.
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Figure 5.4.2 The electrocardiographic changes during angioplasty of the circumflex coronary artery 
at constant cycle length. Top; the change in QT interval from the preinflation baseline with the 
ECG leads grouped as defined in section 5.3.4 (mean+95% confidence interval); middle: the change 
in QT interval in each lead from the preinflation baseline; bottom: the change in ST segment in 
each lead from the preinflation baseline.
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Figure 5.4.3 The electrocardiographic changes during angioplasty of the right coronary artery at 
constant cycle length. Top: the change in QT interval from the preinflation baseline with the ECG 
leads grouped as defined in section 5.3.4 (mean±95% confidence interval); middle: the change in 
QT interval in each lead from the preinflation baseline; bottom: the change in ST segment in each 
lead from the preinflation baseline.
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Figure 5.4.4 The change in QT interval in each ECG lead during angioplasty to the 
left anterior descending (LAD), circumflex and right (RCA) coronary arteries at 
constant cycle length. The change is expressed as the percentage change from the 
preinflation baseline value in each lead
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Figure 5.4.5 The relationship between the baseline QT interval in individual ECG leads (top figure; 
mean+95%confidence interval as defined in section 5.3.4) and the maximum change in QT interval 
in each lead during PTCA of the left anterior descending, circumflex and right coronary arteries.
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Figure 5.4.6 The ST segment shift recorded by an ECG electrode at point P is 
determined by the altered resting and plateau potentials in the ischaemic 
segment with respect to the nonischaemic myocardium (Vi -  V2), subtended by 
the solid angles 0i and 02. The QT interval in that electrode is a function of 
action potential duration in the underlying ischaemic myocardium (APDi & 
APD2).
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Chapter 6 

Study 4. Premature beats and QT dispersion: the contribution of 

prematurity and altered activation sequence  and the influence of acute 

ischaemia, left ventricular hypertrophy and healed myocardial infarction

6.1 Abstract

The objectives of this study were i) to examine the effect of premature beats on QT 

dispersion in patients with coronary heart disease, both in the nonischaemic and 

ischaemic situation; ii) to gain insight into the effects of two components of the 

ventricular premature beat (VPB) - altered ventricular activation sequence and 

prematurity - on QT dispersion. Atrial and ventricular premature beats were 

introduced at selected coupling intervals during steady state atrial pacing in 44 

subjects and QT dispersion measured. Incremental atrial pacing was used to induce 

acute ischaemia in ten patients with coronary artery disease, during which VPBs 

(coupling interval 350ms) were introduced. In the absence of clinical evidence of 

ischaemia, atrial premature beats did not change QT dispersion (p=0.6). VPBs caused 

a marked increase in QT dispersion of 38±4ms (p<0.0001). There was no statistical 

difference in the QT dispersion between VPBs introduced at the shortest possible 

coupling interval 308±9ms, or at coupling intervals of 350ms, 550ms, and 761±48ms 

(equal to the basic cycle length). The QT dispersion of premature beats did not differ 

between patients with normal left ventricles, concentric left ventricular hypertrophy or 

regional wall motion abnormalities. Acute myocardial ischaemia was accompanied by 

a progressive increase in the QT dispersion of basic atrial beats from 51 ±8 ms to 

80±10ms (p<0.0001). An additive effect of acute ischaemia and VPBs on QT 

dispersion was observed resulting in QT dispersion of 102+15ms (p=0.006). This
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study has shown that i) a profound increase in QT dispersion was demonstrated in 

premature beats with altered ventricular activation sequence; ii) the timing of a 

premature beat had little or no effect on QT dispersion; iii) when VPBs were 

introduced during acute ischaemia, which had already increased the dispersion of 

atrial beats, a further rise in QT dispersion occurred. These observations may help to 

explain why VPBs in diseased hearts may initiate lethal arrhythmias whereas in 

normal hearts they may be innocuous.

6.2 Introduction

Life threatening ventricular arrhythmias are often precipitated by a ventricular 

premature beat (VPB). In the absence of coexistent heart disease, even frequent VPBs 

carry little prognostic significance (Campbell 1993). In contrast, in the presence of 

heart disease such as acute myocardial ischaemia or scarring due to previous 

myocardial infarction, a single VPB may provoke a serious arrhythmia. Experimental 

evidence indicates that the prevailing dispersion of ventricular repolarisation may be 

the critical determinant of the outcome of a VPB. In study using the open chested 

canine ventricle, Kuo et al. (1983a) varied the dispersion of ventricular repolarisation 

during atrial pacing in a graded fashion by a combination of generalised hypothermia 

and regional warm blood perfusion. Above a certain critical threshold dispersion, a 

single VPB was reliably able to provoke a sustained ventricular arrhythmia. 

Furthermore when the dispersion was reduced again in the same animals, VPBs no 

longer caused arrhythmias.

Atrial premature beats (APBs) involve premature activation of the ventricles but 

usually no change in activation sequence, and are not generally thought to provoke 

ventricular arrhythmias. In contrast VPBs cause a profound change in ventricular
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activation sequence with varying degrees of prematurity. Experimental studies have 

shown that altered ventricular activation sequence alone, with no change in timing, 

results in a marked increase in dispersion of ventricular repolarisation (Kuo et al. 

1983b). With increasing prematurity of the ventricular beat, dispersion of 

repolarisation increases further which is consistent with the clinical observation that 

the earliest VPBs are especially dangerous.

The aims of this study were i) to examine the influence of premature beats on QT 

dispersion in both normal and diseased hearts, and ii) to explore the relative 

importance of altered ventricular activation sequence and prematurity in determining 

QT dispersion.

6.3 Method

6.3.1 Study protocol

A baseline electrocardiogram was recorded whilst the patient was being prepared for 

diagnostic cardiac catheterisation. Following the diagnostic study temporary pacing 

electrodes were positioned in the right atrium and right ventricular apex. Pacing was 

established at twice diastolic threshold and the stimulus strength was not subsequently 

altered. Following a run in period of two minutes steady-state atrial pacing at a rate 

five to ten beats per minute above the patients’ resting heart rate, premature beats 

were introduced after every eighth basic atrial beat in the following sequence: i) atrial 

premature beats (APBs) with a stimulus coupling interval of 550ms, ii) APBs with a 

stimulus coupling interval of 350ms, iii) VPBs with a coupling interval equal to the 

basic atrial cycle length, iv) VPBs with a coupling interval of 550ms, v) VPBs with a 

coupling interval of 350 ms, vi) VPBs with a coupling interval equal to the effective 

refractory period. The latter was determined by reducing the coupling interval of the
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ventricular pacing stimulus in 10ms decrements until capture was lost. The coupling 

interval of the VPBs was then set at 10ms above this value.

In ten patients with proven coronary artery disease an incremental atrial pacing 

protocol was performed to induce acute myocardial ischaemia: the atrial pacing rate 

was increased in increments of ten beats per minute at intervals of two minutes until 

either the onset of angina or the attainment of a heart rate of 120 beats per minute. At 

the end of each two-minute period, ventricular premature beats vvdth a coupling 

interval of 350ms were introduced after every eighth atrial beat and twelve lead 

electrocardiograms recorded. Acute myocardial ischaemia was defined as the 

development of the patients’ typical angina and/or horizontal ST segment depression 

of 1mm or more.

6.3.2 Statistical analysis

Group data are presented as means together with 95% confidence intervals. The 

change in QT dispersion from the preceding atrial beat to the premature beat was 

assessed using Student’s paired t-test. Comparisons between subject groups were 

made using one-way analysis of variance (ANOVA). The relationship between the 

coupling interval of premature beats and the observed change in QT dispersion was 

assessed using Spearman’s rank correlation.

6.4 Results

a) Clinical characteristics of the study subjects

Forty-four patients were studied whose clinical characteristic are shown in table 6.4.1 

and summarised in table 6.4.2. Thirty-seven patients had coronary artery disease with 

or without regional wall motion abnormalities. Seven patients had normal coronary 

arteries of which six had left ventricular hypertrophy. Only one subject with a history
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o f  m yocardial infarction w as found to have a norm al left ventricle (subject 20 ) and 

one subject w as found to h a \e  anterior w all h yp ok in esia  w ith  no c lin ica l or 

electrocardiographic ev id en ce  o f  p rev iou s m yocardial infarction, but w ith  severe  

proxim al d isease  o f  the left anterior d escen d in g  coronary artery (subject 29). N o  

patients w ith  g lob a lly  im paired left ventricular systo lic  function  and norm al coronary  

arteries m et the in clu sion  criteria during the course o f  these studies, in every case due  

to the presence o f  a bundle branch b lock .

b) Baseline QT dispersion

A  b aselin e  electrocardiogram  w as recorded from  forty patients. There w as no  

statistica lly  sign ifican t d ifference in Q T  d ispersion  b etw een  the groups w ith  normal 

left ventricular structure and function  (4 9 ± 6 m s), concentric left ventricular  

hypertrophy (5 0 ± 8 m s) and regional w all m otion  abnorm alities ( 5 6 ± l lm s ) .  T hese  

results are sh ow n  in figure 6 .4 .1 .

c) Atrial and ventricular premature beats during clinically nonischaemic 

conditions

Atrial pacing in these studies v\as at an average cy c le  length o f  8 4 4 m s (range 6 0 0 -  

1000m s) and is referred to as the basic cy c le  length (B C L ). In no patient w as angina  

or ST  segm en t depression  o f  > 1 m m  present during this part o f  the study protocol. 

Atrial prem ature beats w ere not associa ted  w ith  any sign ifican t change in Q T  

dispersion  from  the preced ing basic atrial beat. In contrast the Q T dispersion  o f  

ventricular prem ature beats w as sign ifican tly  higher than that o f  the preceding atrial 

beat (figure 6 .4 .2 , table 6 .4 .3 ). A n inverse relationship  w as observed  betw een  the 

cou p lin g  interval o f  ventricular prem ature beats and the increase in Q T dispersion  

from  the preced ing atrial beat. The statistical s ign ifican ce  o f  th is relationship w as
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explored  using  Spearm an’s rank correlation w h ich  gave a correlation co effic ien t o f  

0.31 (Q.l>p>G.G5).

In figure 6 .4 .3  the study patients are grouped according to left ventricular structure 

and function. N o  con sisten t inicrgroup d ifferen ces w ere observed  in the effect o f  

either atrial or ventricular prem ature beats on Q T d ispersion . Individual patient data 

for the e ffect o f  atrial and ventricular prem ature beats on Q T d ispersion  in c lin ica lly  

n on isch aem ic con d ition s are sh ow n  in appendix 2.

d) Ventricular premature beats during acute myocardial ischaemia

Increm ental atrial pacing produced clin ica l ev id en ce  o f  acute m yocardial ischaem ia in 

ten patients (T able 6 .4 .4 ) , accom p an ied  by an increase in the Q T d ispersion  o f  atrial 

beats from  51 ±8  to S G llG m s (p -O.GGGl). A t each heart rate V P B s w ith  a coup ling  

interval o f  35Gms w ere associated  w ith  an increase in Q T d ispersion  from  the 

preceding atrial beat (figure 6 .4 .4 ). T here w as substantial interpatient variation in the 

heart rate at w h ich  increm ental pacing w as d iscontinued  due to the d evelop m en t o f  

angina. F igure 6 .4 .5  therefore com pares the e ffect o f  V P B s on Q T dispersion  on the 

baseline ( ‘n o n isch a em ic’) ECO and on the final EC G  recorded before cessation  o f  

pacing due to angina. The QT dispersion  o f  V P B s increased from  9 2 ± 1 6 m s on the 

baseline E C G  to lG 2± 15m s on the final EC G  (p=G.GG6).

6.5 Discussion

The m ain fin d in gs o f  th is stud' w ere that in the absence o f  c lin ica l ev id en ce  o f  

isch aem ia  atrial prem ature beats did not alter Q T d ispersion. In contrast, ventricular 

prem ature beats over a w id e  range o f  cou p lin g  intervals caused  a m arked increase in 

Q T dispersion . T his e ffect w as independent o f  the cou p lin g  interval o f  the ventricular 

premature beats over the range studied . Left ventricukir structure and function  did not
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influence the observed changes in QT dispersion. Incremental atrial pacing, which 

produced clinical evidence of acute ischaemia, was accompanied by an increase in the 

QT dispersion of atrially paced beats. When ventricular premature beats were 

introduced in this setting a small additional increment in QT dispersion was observed. 

During sinus rhythm (or atrial pacing) activation of the ventricles occurs by rapid 

propagation of the activation wavefront along the bundle of His, the bundle branches 

and the subendocardial network of Purkinje fibres. Activation of the relatively short 

distance from endocardium to epicardium occurs by slower, transmyocardial 

conduction. The repolarisation time of an area of the ventricle is determined by both 

the time taken for the activation wavefront to reach that area (activation time) and 

action potential duration in that area. Under steady state conditions in normal hearts, 

rapid ventricular activation together with the inverse relationship between activation 

time and action potential duration minimises the dispersion of ventricular 

repolarisation. Any pathological process or event which alters either activation time 

or action potential duration in a non-uniform manner may increase dispersion of 

ventricular repolarisation and hence QT dispersion.

Amongst many influences on action potential duration, temporal factors are of great 

importance. The action potential duration of a particular beat is influenced by i) the 

steady state cycle length, ii) the action potential duration of the preceding beat and iii) 

the diastolic interval preceding the beat itself. When a premature beat is interposed 

during steady state pacing the action potential duration of the premature beat is 

shorter than that of the preceding steady state beats. The relationship between the 

coupling interval of a premature beat and action potential duration is known as the 

electrical restitution curve (figure 1.6.1). Those areas of the myocardium nearest to 

the origin of the premature beat will have the shortest diastolic intervals preceding
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activation and hence the shortest action potential durations. As the premature 

activation wavefront propagates, activation times and diastolic intervals increase 

resulting in progressively longer action potential durations. In the case of an atrial 

premature beat, activation of the ventricles occurs in the normal fashion and therefore 

regional differences in activation time are similar to those during the steady state. 

Increased dispersion of repolarisation due to atrial premature beats would therefore 

only be expected to occur as a result of regional variations in electrical restitution 

characteristics. In contrast, ventricular premature beats cause a profound change in the 

ventricular activation sequence. The activation wavefront arises in the ventricular 

myocardium or conducting tissue and propagates slowly through the myocardium. As 

a result regional dispersion of activation times is far greater than during normally 

conducted beats. Based upon the electrical restitution curve this would be expected to 

lead to a greater regional dispersion of action potential durations and hence greater 

dispersion of repolarisation.

The earliest ventricular premature beats are recognised clinically as the most likely to 

induce an arrhythmia. Again this may be explained by reference to the electrical 

restitution curve which is non-linear (figure 1.6.1). At shorter diastolic intervals there 

is a greater change in action potential duration for a given change in diastolic interval. 

As a result, the earliest ventricular premature beats would be expected to cause the 

greatest dispersion of action potential durations and hence the greatest dispersion of 

repolarisation. Animal studies have shown this to be the case (Kuo et al. 1983b).

Atrial premature beats at the coupling intervals studied were not associated with a 

change in QT dispersion. From the foregoing discussion such a result would be 

predicted, at least in the normal heart, assuming that there are no significant regional 

variations in electrical restitution characteristics. In certain pathological states,
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however, the relationship between the diastolic interval preceding a premature beat 

and the action potential duration of the beat is altered. In a clinical study Morgan et al. 

(1992) measured the dispersion of adjacent right ventricular endocardial monophasic 

action potential durations during the construction of an electrical restitution curve. At 

diastolic intervals approaching the effective refractory period they observed 

significantly greater dispersion in patients with right ventricular dysplasia 

complicated by ventricular tachycardia than in those with normal ventricles. In the 

latter group the dispersion of adjacent monophasic action potential durations 

remained virtually constant right down to the effective refractory period. Taggart et al. 

(1996) showed that the slope of the electrical restitution curve is altered by acute 

myocardial ischaemia. If a pathological process causes regional changes in electrical 

restitution then it might be expected that atrial premature beats would result in 

increased dispersion of repolarisation and hence increased QT dispersion. In this 

study APBs did not change QT dispersion in the patient groups with concentric left 

ventricular hypertrophy due to hypertension or with regional wall motion 

abnormalities due to coronary artery disease. In the study of Morgan et al. increased 

dispersion of repolarisation was observed only as the effective refractory period was 

approached (they utilised ventricular pacing). The degree of prematurity with which 

APBs could be introduced in the present study was limited by the refractory period of 

the atrioventricular node such that the QRS complex of even the earliest APBs began 

well after the end of the preceding T wave (figure 2.10.1a), well outside the likely 

refractory period. It is also possible that APBs at the coupling intervals used in this 

study do result in increased dispersion of repolarisation but that this occurs between 

individual cells or small groups of cells and is therefore beyond the resolution of QT
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dispersion measured from the surface electrocardiogram. This may be especially 

relevant in a diffuse pathological process such as ventricular hypertrophy.

Ventricular premature beats were associated with a marked increase in QT dispersion. 

This observation is consistent with the findings of Day et al. (1992) using VPBs in 

subjects with normal ventricles. In their study Day et al. (1992) found no relationship 

between the coupling interval of VPBs and the observed increase in QT dispersion 

over a somewhat narrower range of coupling intervals than used here. In the present 

study VPBs were introduced over a wide range of coupling intervals, from an interval 

equivalent to the basic atrial cycle length, right down to the effective refractory 

period. Although not statistically significant, there was a clear trend for a greater 

increase in QT dispersion at shorter coupling intervals. Such a relationship would be 

predicted from the non-linear nature of the electrical restitution curve and has been 

observed in the canine ventricle (Kuo et al. 1983b). This observation may help to 

explain why the earliest ventricular premature beats are especially potent triggers of 

ventricular tachyarrhythmias.

As with atrial premature beats, the change in QT dispersion due to ventricular 

premature beats was similar in patients with normal left ventricles, concentric left 

ventricular hypertrophy and regional wall motion abnormalities. Greater dispersion of 

repolarisation due to VPBs might occur in pathological states either due to abnormal 

regional variations in electrical restitution characteristics or to abnormalities of 

conduction, which would increase the dispersion of activation times and hence the 

dispersion of repolarisation. Delayed conduction has been demonstrated in both 

hypertrophied ventricles (Pye and Cobbe 1992) and in ventricles with regional wall 

motion abnormalities due to coronary heart disease (Klein et al 1982). The present 

observations suggest that any such conduction delay was insufficient to result in
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increased dispersion of repolarisation following ventricular premature activation. It 

may be relevant however, that patients with more advanced conduction abnormalities 

as evidenced by a bundle branch block were excluded from this study.

Acute myocardial ischaemia induced by incremental atrial pacing was accompanied 

by an increase in QT dispersion of basic atrial beats as reported in chapter 3. An 

important finding of the present study was the development of an additional 

increment in QT dispersion of VPBs with the onset of angina resulting in values in 

excess of 100ms, double the value of basic atrial beats in the clinically nonischaemic 

state. The electrophysiological changes accompanying the development of acute 

ischaemia include a shortening of action potential duration and changes in the speed 

of propagation. Regional shortening of action potential duration will result in 

increased dispersion of repolarisation. The change in ventricular activation sequence 

due to a ventricular premature beat will also increase dispersion of repolarisation due 

to an increase in the dispersion of activation times. With the onset of acute ischaemia, 

the refractory period lengthens and may extend beyond the point of complete 

repolarisation, a phenomenon referred to as post repolarisation refractoriness (Janse 

and Wit 1989, Sutton et al. 1997). The effect of post repolarisation refractoriness may 

be to slow conduction, particularly of the earliest VPBs, further increasing the 

regional dispersion of activation times and hence the dispersion of repolarisation. In 

this study VPBs with a coupling interval of 350ms were used and shorter coupling 

intervals avoided to minimise the risk of provoking sustained arrhythmias (no such 

arrhythmias occurred). If VPBs with shorter coupling intervals had been used, it may 

be predicted that even greater increments in QT dispersion would have been observed. 

Ventricular premature beats are regarded as relatively benign in the absence of other 

detectable cardiac pathology (Campbell 1993) whereas in diseased hearts VPBs may
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trigger serious arrhythmias more readily. Experimental studies have shown that 

increased dispersion of repolarisation is critical to the development of reentrant 

arrhythmias and that the outcome of a VPB depends on the prevailing dispersion of 

ventricular repolarisation (Kuo et al. 1983a). Once this background dispersion reaches 

a critical level a VPB, which had hitherto been harmless, may trigger a lethal 

arrhythmia. This study has shown a marked increase in QT dispersion due to VPBs in 

the clinically nonischaemic state. An additional increment in QT dispersion occurred 

when VPBs were introduced into a setting of acute ischaemia. These observations 

may help to explain why in some patients even frequent VPBs may be harmless, 

while in others they may provoke life-threatening arrhythmias.
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Table 6.4.1. Clinical characteristics of the study patients

No Age Sex Previous MI tBP CAD Left Ventricle Drugs

1 40 m no + 0 Concentric LVH
2 64 m no + 3 Concentric LVH BB, SU
3 45 m inferior 2 Inferior infarct BB
4 55 m no + 0 Normal CCB, SU
5 54 m no 2 Normal BB, CCB
6 57 m no + 3 Normal BB, CCB
7 65 m no + 0 Concentric LVH BB, CCB
8 59 f no 3 Normal BB
9 57 m no + 1 Normal CCB, SU
10 37 m no 1 Normal BB
11 49 m no 1 Normal BB, CCB
12 51 m anterior 1 Anterior infarct BB
13 67 m anterior + 3 Anterior infarct BB, CCB
14 70 f no + 0 Concentric LVH BB, CCB, KCO
15 58 m inferior + 3 Inferior infarct BB
16 54 m no + 1 Normal BB, SU
17 75 f anterior 2 Anterior infarct BB
18 58 m no 3 Normal CCB
19 58 m no 3 Concentric LVH BB, CCB, KCO
20 52 m anterior 1 Normal BB, CCB
21 49 f anterior 1 Anterior infarct BB
22 55 m no + 2 Normal BB
23 61 m no 3 Normal BB, CCB
24 38 m inferior 1 Inferior infarct BB
25 69 m no + 3 Normal BB, CCB, KCO
26 64 m anterior 2 Anterior infarct
27 62 m no 3 Normal BB
28 59 m no 3 Normal BB, CCB, KCO
29 58 m no + 3 Ant. hypokinesia BB, CCB
30 67 m no + 3 Concentric LVH BB, CCB
31 65 m no + 0 Concentric LVH BB, CCB
32 66 m no 3 Normal BB
33 60 m anterior 2 Anterior infarct BB, SU
34 66 m no 3 Normal BB, CCB
35 56 m no + 0 Concentric LVH BB
36 71 m no 1 Normal BB
37 52 m no 1 Normal CCB, KCO
38 60 f no + 2 Concentric LVH BB
39 34 m no 1 Normal
40 68 f no + 0 Concentric LVH BB, CCB
41 66 m inferior 3 Inferior infarct CCB
42 51 f no 1 Normal BB, CCB
43 48 m anterior 1 Ant. hypokinesia BB
44 52 m no 1 Normal BB

Abbreviations: ÎBP - hypertension; Concentric LVH - concentric left ventricular 
hypertrophy; CAD - number o f  diseased coronary arteries; BB - beta-blocker; CCB - 
Calcium channel blocker; KCO - potassium channel opener; SU  - sulphonylurea.

132



Table 6.4.2 Clinical characteristics of the study patients (summary)

Total number of subjects 44

Median age (years) 58

Age range 34-75

Sex distribution (M/F) 3777

Previous myocardial infarction 12

Number of diseased coronary arteries

0 7

1 14

2 7

3 16

Left ventricular structure and function

Normal 22

Concentric left ventricular hypertrophy 10

Regional wall motion abnormality 12

Drugs

Beta blockers 36

Calcium channel blockers 22

Potassium channel openers 5

Sulphonylureas 5
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Figure 6.4.1 Baseline QT dispersion in the subgroups with normal left 
ventricular structure and function, concentric left ventricular hypertrophy and 
regional wall motion abnormalities. Individual data are shown together with 
group means and 95% confidence intervals.
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Table 6.4.3 QT dispersion of atrial and ventricular premature beats during non ischaemic conditions.

Preceding 
atrial beat

Premature
beat

Post 
premature beat

Change from 
preceding 

beat to 
premature 
beat (ms)

p value for 
change

Cycle length 
(ms)

QT dispersion 
(ms)

Coupling QT dispersion 
interval (ms) (ms)

Cycle length QT dispersion 
(ms) (ms)

Atrial 863+43 45+3 567+10 44+3 863+43 51+4 -1+3 (122
premature
beats

812+47 44+3 448+16 45+4 812+47 46+4 0+4 (186

Ventricular 786+48 44+3 761+48 78+5 786+48 46+3 34+6 <0.0001
premature
beats

860+35 44+3 550 79+4 860+35 47+3 35+4 <0.0001

855+35 47+3 350 85+4 855+35 48+3 38+4 <0.0001

796+51 46+6 308+9 91+8 796+51 44+6 45+8 <0.0001
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Figure 6.4.2 The effect of APBs and VPBs on QT dispersion in the clinically nonischaemic state (mean ± 95 % confidence intervals). Each 
series of three data points shows the QT dispersion of the premature beat (closed circles) together with that of the preceding and 
following basic atrial beats (open circles).
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Figure 6.4.3 The influence of left ventricular structure and function on the 
change in QT dispersion due to premature beats. In each case the QT dispersion 
of the premature beat is shown together with the QT dispersion of the preceding 
atrial beat and the post premature beat (always atrial). The number of patients 
in each subgroup is shown below each data set.
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Table 6.4.4 Details of the patients in whom incremental atrial pacing induced 
typical angina and/or ST segment depression.

Subject Coronary artery disease Initial pacing 
rate

Angina
(rate)

ECG changes

20 80% A V  Cx, Severe OM 1 70 80 -

22 Severe proximal LAD and 
native RCA stenoses

70 110 2mm anterior S T i

23 Proximal 3 vessel disease 70 110 < lm m  anterior ST>1

25 Severe 3 vessel disease. 
Only RCA graft patent

60 90 -

27 Proximal 3 vessel disease 70 90 2.5mm anterior STi

29 LMS equivalent 70 110 2.5mm anterior ST>1

30 Proximal 3 vessel disease 60 110 3 mm anterior ST>1

32 3 vessel disease 70 90 1mm anterior ST>1

34 3 vessel disease 60 100 1mm anterior S T i

44 Severe proximal LAD and 
1st diagonal disease

62 80 1.5mm anterior STi

Abbreviations: LMS - Left main coronary artery; LAD - Left anterior descending artery; 
Cx - Circumflex artery; RCA - Right coronary artery; OM - Obtuse marginal arteries.
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Figure 6.4.4. The effect of ventricular premature beats on QT dispersion during 
incremental atrial pacing to angina threshold. Group data are shown for the ten 
patients. At each heart rate the QT dispersion of the ventricular premature beat 
is shown (black bars) together with that of the preceding and following basic 
atrial beats (open bars).
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Chapter 7 

Summary and general d iscussion

Two themes have been explored in this thesis: firstly consideration of the extent to 

which repolarisation abnormalities in disease states are reflected by local QT interval 

changes and secondly, an investigation of the mechanisms contributing to increased 

QT dispersion in individuals with heart disease.

A large body of experimental work has demonstrated the critical importance of 

abnormally elevated dispersion of repolarisation in the genesis of reentrant 

arrhythmias. A clinical measure of this dispersion would be expected to provide a 

both a powerful tool with which to explore arrhythmia mechanisms in the human 

heart and a means of risk stratification for the development of reentrant arrhythmias. 

QT interval dispersion has been proposed as just such a measure and has the attraction 

of being non-invasive, simple, cheap and widely available. A fundamental 

requirement is that a substantial proportion of QT dispersion should be due to 

regional variations in the time course of ventricular repolarisation. To date there has 

been comparatively little evidence to confirm this relationship in disease states. In 

chapter 3 concerning the influence of acute ischaemia on QT dispersion, no clear 

relationship was observed between the observed patterns of change in QT interval and 

either the coronary anatomy or the location of ST segment changes. These were 

predominantly patients with severe multivessel disease, however, making 

determination of the likely site or sites of acute ischaemia difficult if not impossible, 

while ST segment depression is a notoriously poor guide to the location of ischaemic 

myocardium (Li et al. 1998). The subsequent study examined regional changes in QT 

interval during selective intracoronary injections of a contrast medium known to
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increase cardiac action potential duration. Complex patterns of QT interval behaviour 

were observed which differed between different ECG leads and between lead groups 

orientated to different surfaces of the heart. The study of local QT interval changes 

during coronary angioplasty was therefore conceived as a means of exploring QT 

interval behaviour in a model with previously established regional repolarisation 

changes ie shortening of cardiac action potential duration in the acutely ischaemic 

territory (Taggart et al. 1989). The finding of progressive QT interval shortening at 

constant cycle length in those electrocardiographic leads orientated to the acutely 

ischaemic myocardium is the first demonstration of the sensitivity of individual lead 

QT intervals to acute changes in action potential duration in the underlying 

myocardium. Alternative explanations for the occurrence of QT interval dispersion 

have been proposed, including interlead variations in QT interval as a result of 

different orientation to a single repolarisation vector and differential attenuation of the 

ionic currents surrounding the heart by the various structures of the thorax. These 

explanations alone would not explain the acute changes in individual lead QT 

intervals and QT interval dispersion observed in the present studies. On the contrary 

the result of the present studies would suggest that individual lead QT intervals are 

influenced by repolarisation times in the underlying myocardium and that a 

substantial proportion of QT dispersion must arise as a result of dispersion of 

ventricular repolarisation.

Many important questions remain concerning the relationship between 

electrocardiographic QT interval and myocardial repolarisation times in health and 

disease. Future studies should be directed at correlating direct measurements of action 

potential duration and repolarisation time with simultaneously recorded QT intervals.
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In the clinical setting this may be achieved by sequential endocardial monophasic 

action potential recordings. The in vitro animal heart model described by Zabel et al. 

(1995) would permit multiple simultaneous recordings of endocardial and epicardial 

action potential duration and repolarisation time, as well as volume conducted ECG 

recordings. This model could be adapted to study the changes occurring in response to 

interventions such as acute coronary occlusion and the introduction of premature 

beats. Such a model may also highlight the importance of other dimensions of 

repolarisation dispersion, not necessarily detectable by interlead variations in QT 

interval duration but which may nevertheless form important arrhythmogenic 

substrates, for example endocardial to epicardial dispersion.

In the normal heart the rapid activation sequence and the inverse relationship between 

activation time and action potential duration serve to minimise regional variations in 

recovery time. In the presence of pathology such as acute ischaemia the activation- 

recovery sequence may be altered from beat to beat, creating the conditions in which 

reentrant arrhythmias may develop. The studies presented in this thesis have 

highlighted the dynamic nature of QT dispersion in the individual with heart disease. 

The results of these studies are consistent with the hypothesis that QT dispersion may 

be used as a means of studying dispersion of ventricular repolarisation in patients. 

Indeed, no other clinical tool exists with similar capability in dynamic situations, 

notably acute ischaemia and premature beats. While monophasic action potential 

measurements provide an accurate measure of local repolarisation times, they are 

unsuited to the measurement of dispersion of repolarisation on a beat to beat basis, 

where simultaneous measurements are necessary. QT dispersion provides such a 

measure.
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The demonstration of the dynamic nature of QT dispersion in the presence of acute 

ischaemia would suggest that a single measurement of QT dispersion from a resting 

ECG in patients with ischaemic heart disease might not accurately reflect an 

individual’s risk of arrhythmia development. Just as exercise electrocardiography is 

vastly superior to a resting electrocardiogram in the detection and risk stratification of 

ischaemic heart disease, ‘inducible’ QT dispersion may prove a more sensitive 

measure of arrhythmia risk than resting QT dispersion. In the present study resting QT 

dispersion failed to distinguish between groups of patients with or without coronary 

artery disease. These observations may help to explain why QT dispersion recorded 

from resting electrocardiograms has not so far been shown to be of great value as a 

means of risk stratification for life threatening arrhythmias in populations with 

ischaemic heart disease.

Our ability to identify individuals at particularly high risk of arrhythmic cardiac death 

is notoriously poor. Numerous techniques such as heart rate variability and barorefiex 

sensitivity have been explored for their ability to identify high-risk individuals. While 

sensitive, the positive predictive accuracy of these techniques is low and none has 

become widely accepted in clinical medicine. Will QT dispersion fare any better? As 

a measurement of the electrophysiological substrate directly predisposing to the 

development of life threatening arrhythmias QT dispersion is certainly attractive. 

Further advantages are noninvasiveness, sensitivity to beat to beat changes and 

comparative ease of measurement. Naturally there are disadvantages to the use of QT 

dispersion. Body surface measurements are, by definition, made at a distance from the 

electrical events occurring in the heart. The resolution of such measurements, i.e. the 

ability to distinguish local from more remote events is inevitably limited. Accurate
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identification of the end of the T wave may be difficult. Further work is necessary to 

correlate QT interval measurements with direct measurements of local repolarisation 

times, especially in disease states. At present manual or semi-automated 

measurements are generally seen as the ‘gold standard’ for QT interval measurement. 

Automated systems exist but have yet to gain widespread acceptance. Such systems 

will need rigorous validation against manual measurements both in health and 

disease.

The results of the present studies would suggest that QT dispersion should be 

regarded as a dynamic measurement, which may change over short time periods and 

even from beat to beat. Single QT dispersion measurements from resting 

electrocardiograms are unlikely to reveal the potential of an individual with coronary 

artery disease to develop the substrate in which reentrant arrhythmias may develop. If 

QT dispersion applied in this way demonstrates its worth as a predictor of life 

threatening arrhythmias then a logical extension is that QT dispersion may be used in 

individuals to assess the efficacy of interventions intended to reduce the likelihood of 

such arrhythmias for example revascularisation or antiarrythmic drugs.
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Appendix

Appendix 1. The changes in QT interval in each ECG lead during incremental 
atrial pacing in patients with coronary artery disease and with normal coronary 
arteries. The horizontal line superimposed on each graph shows the predicted 
change in QT interval over the range of cycle lengths used in that particular 
individual as calculated using Bazett’s formula.
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Appendix 2 (following pages). Individual subject data showing the influence of 
atrial and ventricular premature beats on QT dispersion. In each case the three 
linked data points show the QT dispersion of the preceding atrial beat, the 
premature beat and the post premature atrial beat. The basic atrial cycle length 
(BCL) is shown next to the Y axis and the coupling interval of the premature 
beats on the X axis. For the atrial premature beats where the actual coupling 
interval was longer than the stimulus coupling interval, the actual coupling 
interval is shown above the relevant data point. For the ventricular premature 
beats at the effective refractory period, the coupling interval is shown above the 
relevant data point.
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Appendix 3 (following pages). Reproductions of original electrocardiograms 
from patients undergoing angioplasty of the left anterior descending, circumflex 
and right coronary arteries at constant cycle length (study 3). In each case the 
baseline ECG immediately before balloon inflation is shown above and the ECG 
recorded at two minutes, immediately before balloon deflation, below. The mean 
QT interval in each ECG lead is shown.
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Baseline Patient 6 (study 3) - Circumflex angioplasty M ean  Q T
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Baseline Patient 20 (study 3) - RCA angioplasty Mean Q
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Appendix 4 (following pages). Electrocardiograms from two patients in whom 
VPBs were interposed in the absence (upper figure) and presence (lower figure) 
of clinical evidence of acute ischaemia induced by incremental atrial pacing 
(study 4). The QT dispersion of atrial beats and ventricular premature beats 
(VPBs) is shown below each electrocardiogram.
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Patient 27 (study 4)
Atrial pacing 70/min. No angina. VPB coupling interval 350ms
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Patient 34 (study 4)
Atrial pacing 60/min, No angina. VPB coupling interval 350ms

QT dispersion 50ms 100ms

Atrial pacing 100/min. Angina present. VPB coupling interval 350ms
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