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Abstract

Strong

experimental

evidence

implicates

enhanced

dispersion

of

repolarisation with arrhythmogenesis. The inability to assess directly
these

parameters

in

man,

coupled

with

the

more

complex

electrophysiological changes of diseased human hearts compared with
experimental

models,

has

hampered

the

search

for

underlying

mechanisms. However, there was great interest following the report that a
measure of dispersion of repolarisation could be gained from the twelve
lead electrocardiogram, by measuring QT dispersion. Much of the work in
this area has centred on the measurement of QT dispersion from resting
12 lead electrocardiograms and it has often proved a disappointing tool
for predicting those at increased risk of arrhythmic/sudden cardiac death.
Yet even patients at increased risk only develop arrhythmias periodically,
as a result of an alteration in the electrophysiological substrate, and thus
at times dispersion of repolarisation may be normal.

There has been almost an acceptance that QT dispersion is influenced by
heart rate and most investigators have employed some form of rate
correction despite a lack of evidence that this is appropriate. The effect on
QT dispersion of heart rate change was examined during both steady
state and single interval changes. A likely trigger for acute changes in
dispersion of repolarisation is acute mental stress in vulnerable
individuals. Psychological stress is recognised to be a factor in sudden

death. A series of patients, with and without coronary artery disease, are
presented in whom the influence of acute psychological stress, induced
by psychometric testing, was examined. Another group of individuals at
risk from arrhythmias are those with abnormal ventricular function. Strong
experimental evidence supports the influence of mechano-electric
feedback,

whereby

mechanical

perturbations

alter

the

electrophysiological substrate of the heart. The effect of an abrupt change
in ventricular load on QT dispersion, within the physiological range, in
patients with and without abnormal ventricular function forms the final
component of this thesis. In total one hundred patients were studied, all
prospectively.

Dedication

This thesis is dedicated to Casiano and to my Goddaughter Alessandra.

Acknowledgements

This thesis encapsulates the body of work undertaken at University
College London Hospitals, the Middlesex hospital, under the supervision
of Dr Suzanna Hardman and Dr Peter Taggart. It is to them that I extend
my thanks for their guidance and tutelage.

I should also like to thank Steve McNally and Professor Stan Newman
from the Health Psychology department. Department of Psychiatry and
Behavioural Sciences, University College London Medical School.

In addition I extend my gratitude to the staff of the cardiac catheter suite
at the Middlesex hospital, where most of the studies took place, and to
the patients who gave their consent to the various studies.

Ethical Considerations

The joint University College of London and University College of London
Hospitals committees on the ethics of human research gave approval for
all the protocols which form the body of this thesis (study number: 94/59).

All patients recruited for the studies gave their written, informed consent.

Related Publications

James PR, Taggart P, McNally ST, Newman SP, Sporton SC, Hardman
SMC. Acute psychological stress and the propensity to ventricular
arrhythmias. Evidence for a linking mechanism. Eur Heart J 2000; 21:
1023-1028

James PR,

Hardman SMC, Taggart P. Physiological changes in

ventricular filling alter cardiac electrophysiology in patients with abnormal
ventricular function. Heart 2002\ 88: 149-152

‘the readiness w ith which the ventricles are thrown into the
fib rilla r condition varies rem arkably in different conditions of the
cardiac tissues. In a norm ally contracting and vigorous heart it
usually requires a faradic current of considerable strength to
produce the result in question. B ut in certain changed conditions
of the organ it becomes extremely easy to throw the ventricles into
the fib rillar movement’

McWilliam 1887

Table of Contents
Abstract

2

Dedication

4

Acknowledgements

5

Ethical Considerations

6

Related Publications

7

Prologue

8

1.0

Introduction to the Studies

1.1

A Brief Historical Overview of the Circulatory System

18

1.2

An Introduction to QT Dispersion

20

1.3

Sudden Cardiac Death: The Size of the Problem

21

1.4

Basic Electrophysiology: The Action Potential

24

1.4.1 Adenosine Triphosphate-Sensitive Potassium Channel

27

1.4.2 Repolarisation Inhomogeneities

28

1.4.3 Absolute and Relative Refractory Periods

29

1.4.4 Cardiac Refractory Period and the Relationship Between
Electrical and Mechanical Events

29

1.4.5 Propagation

30

1.4.6 Factors Influencing Conduction Velocity

32

1.4.7 Changes in the Action Potential Secondary to Acute
Ischaemia

33

1.4.8 Unidirectional Block and Re-entry

35

1.5

39

Electrical Restitution and Steady State

1.5.1 Pacemaker and Conduction System

40

1.5.2 Regulation of Heart Rate

41

1.6

43

Dispersion of Repolarisation

1.6.1 Dispersion of Repolarisation and Rate

49

1.6.2 Measurement of Dispersion of Repolarisation

50

1.6.3 The QT Interval

53

1.7

54

QT Dispersion

1.7.1 Validation Studies

56

1.7.2 Population Studies of QT Dispersion: What is Normal?

58

1.7.3 Mechanistic Basis of QT Dispersion

59

1.7.4 Lead Selection and Measurement

63

1.7.5 Definition and Measurement of the T Wave

66

1.7.6 Influence of Paper Speed

68

1.7.7 The Role of Automated Measurement

68

1.7.8 Reproducibility of QT Dispersion

69

1.7.9 QT Dispersion in the Clinical Arena

69

1.8

70

The Electrocardiogram: Theoretical Considerations

1.8.1 Electrocardiographic Leads

72

1.8.1 a The Frontal Plane Leads

72

1.8.1b Horizontal Plane Leads

75

1.8.2 Genesis and Representations of Electrocardiographic

76

1.8.3 Solid Angle Theory

79

2.0

Overall Materials and Methods

2.1

Methodology Applicable to All Studies

2.1.1 Patient Selection

84
84

10

2.1.2 Patient Exclusion Criteria

84

2.1.3 Diagnostic Cardiac Catheterisation

85

2.1.4 Electrocardiogram Recording

86

2.1.5 Electrocardiogram Analysis

86

2.1.6 Measurement of QT Dispersion

88

2.1.7 Definition of Coronary Artery Disease

89

2.1.8 Statistical Analysis

89

2.1.9 Assessment of Interobserver Variability

90

2.2

Methodology for Chapter 3: The influence ofHeart Rate
on QT Dispersion

91

2.2.1 Exclusion Criteria

91

2.2.2 Pacing Protocols

91

2.2.3 Incremental Atrial Pacing

91

2.2.4 Electrical Restitution Curves

92

2.2.5 Programmable Stimulator (Bjom Box)

93

2.3

Methodology for Chapter 4: The Influence of Acute
Psychological Stress

93

2.3.1 Exclusion Criteria Applicable Solely to the Mental Stress

93

2.3.2 Psychometric Testing

94

2.3.3 Verbal Cognitive Tests

94

2.3.4 Assessment of Psychological Stress

95

2.4

Methodology for Chapter 5; The Influence ofPhysiological
Changes in Ventricular Filling on QT Dispersion

96

2.4.1 Pacing Protocol

96

2.4.2 Echocardiography

97

2.4.3 Calculation of Ejection Fraction

97

11

97

2.4.4 Specialised Programmable Stimulator

3.0

Chapter 3: The Influence of Heart Rate on QT Dispersion

3.1

Introduction

3.2

Aims and Objectives

101

3.3

Study Protocol

102

99

3.3.1 Incremental Atrial Steady State Pacing

103

3.3.2 Single Interval Change

103

3.4

104

Results

3.4.1 Sustained Atrial Pacing

105

3.4.2 Electrical Restitution Curve

107

3.4.3 Atrial

107

3.4.4 Ventricular

111

3.5

117

Discussion

3.5.1 Sustained Rate Change

118

3.5.2 Single Interval Change

120

3.5.3 Biphasic Response

121

3.5.4 Formulae to Correct for Heart Rate

122

3.5.5 QT Dispersion

124

3.6

Conclusion

126

4.0

Chapter 4: Influence of Acute Psychological Stress on QT

Dispersion
4.1

Introduction

127

4.2

Background to the Study

127
12

4.3

Aims and Objectives

130

4.4

Study Protocol

130

4.5

Results

133

4.6

Discussion

140

4.6.1 Mental Stress and Arrhythmia: Animal studies

141

4.6.2 Mental Stress and Arrhythmia: Humans

142

4.6.3 Mental Stress Testing: Background

143

4.6.4 Mental Stress Testing: The Testing

144

4.6.5 Mental Stress and Ischaemia

145

4.6.6 Mental Stress and Beta-Adrenergic Blockers

147

4.6.7 Ischaemia and the Action Potential

149

4.6.8 Adrenergic stimulation

150

4.7

Conclusion

154

5.0

Chapter 5: The Influence of Physiological Changes in

Ventricular Filling on QT Dispersion
5.1

Background to the Study

157

5.2

Aims and Objectives

159

5.3

Study Protocol

160

5.4

Results

161

5.5

Discussion

167

5.5.1 Mechano-Electric Feedback: Animal Work

168

5.5.2 Mechano-Electric Feedback: Human Work

170

5.5.3 Role of Calcium in Mechano-Electric Feedback

172

5.5.4 Influence of the Atrial Component to Ventricular Filling

173

13

5.5.5 ‘De-stretch’ Rather Than Stretch

174

5.5.6 Regional Ventricular Stress

175

5.5.7 Other Potential Influences

175

5.5.8 Implications for the Observed Increases in QT dispersion

177

6.0

Chapter 6: Concluding Thoughts

179

Appendix I References

183

Appendix II Statement of Originality

235

14

Table of Figures

1.1

Age Related Risk of Sudden Death in the General Population 23

1.2

Example of a Re-entrant Circuit

36

1.3

Example of an Electrical Restitution Curve

39

2.1

Graphic representation of an Electrocardiogram Complex

87

3.1

Schematic Representation of the Single Interval Change
Pacing Protocol

3.2

104

Atrial Incremental Pacing: Relationship Between Steady
State and QT Interval in two Patients

3.3

Effect of Incremental Atrial Pacing on QT Dispersion

3.4

Example of Single Interval Change During Atrial Pacing in
a Single Individual

3.5

Effect of Single Interval Change During Atrial Pacing On QT
110

Electrical Restitution Curves and QT Dispersion in a Single
Individual at Different Steady States

3.7

107

109

Dispersion in a Single Individual
3.6

106

111

Example of the Effect of Single Interval Change During
Ventricular Pacing in a Single Individual

3.8

Example of a Biphasic Response in a Patient

3.9

Example of the Effect of Single Interval Change During
Ventricular Pacing on QT Dispersion in a Single Individual

113
114

115

3.10 Combined Data for the 4 Patients in Whom Increased QT
Dispersion Occurred During Single Interval Change at Short
Intervals Only
4.1

116

Example of the Visual Analogue Scales Used to
Assess Mental Stress

132

15

4.2

Change in QT Dispersion in Response to Acute
Psychological Stress

4.3

137

Change in QRS and JT Dispersion in Response
to Acute Psychological Stress

4.4

138

Lack of Relationship Between Peak QT Dispersion and
Peak Heart Rate

4.5

139

Lack of Relationship Between Change in QT dispersion
and Change in Heart Rate

5.1

140

Pulsed Wave Doppler Sampling of the Left Ventricular
Inflow During Atrio-Ventricular Pacing

5.2

Pulsed Wave Doppler Sampling of the Left Ventricular
Inflow During Ventriculo-Atrial Pacing

5.3

166

M-Mode Sampling of the Left Ventricular Inflow During
Ventriculo-Atrial Pacing

5.5

165

M-Mode Sampling of the Left Ventricular Inflow
During Atrio-Ventricular Pacing

5.4

165

166

Change in QT Dispersion with Abrupt Alteration in
Ventricular Load

167

16

List of Tables

3.1

Incremental Atrial Pacing

105

3.2

Single Interval Change - Atrial Pacing

108

3.3

Single Interval Change - Ventricular Pacing

112

4.1

Individual Patient Details - Normal Group

133

4.2

Individual Patient Details - Abnormal Group

135

5.1

Individual Patient Details - Normal Group

162

5.2

Individual Patient Details - Abnormal Group

163

17

Chapter 1
Introduction to the Studies

A Brief Historical Overview of the Circulatory System

The Egyptians, Greeks and Romans all recognised the importance of the
beating heart. It was the site of spiritual forces and of emotion. They
believed that the soul resided in the reddish mass and that, once the
heart ceased to beat, life would stop and the soul would disappear. The
ancients did not connect the heart with blood and were ignorant of the
hearts contractile function.

Galen, a Greek physician in the second century AD, made a revolutionary
discovery. He recognised that the heart was a pump. He observed that
blood entered the right auricle through large veins and was conveyed into
the pulmonary artery, via the right ventricle, and so to the lungs. He also
observed that blood drained from the lungs to the left side of the heart
and that this was conveyed into the aorta via the left ventricle.
Furthermore, he discovered that, contrary to ancient Greek and Roman
belief, arteries carried blood rather than air.

The discovery of the general circulation of blood in man, in the first
decades of the seventeenth century, is attributed to William Harvey and is
enshrined in his book Exercitatio anatomies de motu cordis at sanguinis
in animalibus. Richard Lower, forty years later, recognised that venous
18

blood was aerated by the lungs and explained the colour change of blood
from dusky to scarlet, as it traversed the pulmonary circulation.

The mechanisms by which cardiac contractions occur, however, have
only been discovered recently. In the seventeenth century, Willis
hypothesised that nerves entering the heart, initiated the heart beat
analogous to skeletal muscle excitation (Hoff HE 1936). McWilliam,
Gaskell and Engelmann were the first to hypothesise that the impulse
originated in a specific region (McWilliam JA 1888, Gaskell WH 1884,
Engelmann TW 1894-1895), later identified by Keith and Flack as the
sinus node (Keith A & Flack M 1907). On a mechanistic level it was
Bozler, using a suction electrode to record the extracellular monophasic
action

potential,

who

discovered

the

continuous

slow

diastolic

depolarisation of the sinus node between each action potential (Bozler E
1943).

Subsequently, West used a microelectrode to record the

intracellular action potential directly from sinus node cells, showing the
classic pacemaker potential with diastolic depolarisation followed by an
action potential (West TC 1955). With the advent of cell isolation and
single-cell recording capabilities, much has been learnt about the ionic
currents, which underlie the pacemaker potential, and the propagation of
the impulse that results in co-ordinated cardiac contraction. The discovery
and development of the electrocardiogram has permitted recording of
changes in electrical potentials of the heart in graphic form allowing the
diagnosis of pathological changes such as electrolyte disturbance.

19

myocardial infarction or hypertrophy by inference from changes in the
surface electrocardiogram.

An Introduction to QT Dispersion

QT dispersion, the inter-lead difference in the QT interval of the surface
electrocardiogram, is thought to reflect dispersion in the recovery of
electrical excitability within the heart. As such it is a non-invasive measure
of dispersion of repolarisation and received much interest since strong
experimental evidence links increased dispersion of repolarisation with
enhanced arrhythmic potential. Unfortunately much of the work on QT
dispersion has focused on its use as a risk stratification tool for patient
groups known to be at increased risk of ventricular arrhythmia. The
literature has been inconsistent and enthusiasm for QT dispersion has
been somewhat tempered. However, there may be good scientific
reasons for the observed variations.

Even individuals at risk from an arrhythmia only develop arrhythmias
periodically, as a result of changes in their electrophysiological substrate.
At other times dispersion of repolarisation may be entirely normal. There
has been little work prospectively exploring the influence of recognised,
and clinically relevant, arrhythmic triggers on QT dispersion. Indeed much
work on QT dispersion has focused on electrocardiograms at rest.
Furthermore, there has been almost an acceptance that QT dispersion is

20

influenced by heart rate in a manner similar to the QT interval and rate
correction formulae have frequently been applied.

The studies, which form the basis of this thesis, were designed to explore
the influence of rate on QT dispersion (both steady state and single
interval changes) and the effect of two clinically pertinent stimuli: acute
psychological stress in patients with coronary artery disease and modest
load change in patients with abnormal ventricular function. All three
studies were prospective and examined the effect of dynamic changes on
QT dispersion. As such, they represent a departure from much of the
previous work on QT dispersion.

Sudden cardiac death: the size of the problem

Sudden death has been documented since ancient times and numerous
accounts have followed throughout history. However, it was not until the
late nineteenth and early twentieth centuries that the link between sudden
death and ventricular fibrillation was made (MacWilliam JA 1889, Lewis T
1915). Sudden cardiac death, defined as an unexpected natural death
due to a cardiac cause within one hour of symptoms (Myerburg RJ &
Castellanos A 1986), is not necessarily arrhythmic. However, a malignant
ventricular arrhythmia has been estimated to be causative in up to 80% of
all such deaths (Bayes de Luna A et al, 1989). Sudden cardiac death is a
major cause of mortality amongst developed nations (WHO Scientific
Group Report, 1985). In Western Europe, the average incidence is
21

approximately 130 sudden cardiac deaths per 100,000 population
(Holmberg S & Chamberlain DA 1996) and in the United States of
America approximately 300,000 people experience a sudden cardiac
death each year (Kannel WB & Thomas HE 1982).

The incidence of sudden cardiac death increases with increasing age.
Adolescents and young adults (aged up to thirty years) have a sudden
death rate of approximately of 0.001%. A diverse group of congenital and
acquired ionic or structural abnormalities are implicated in this age group
(see Figure 1.1). In comparison, between the ages of 40 and 65 years the
risk of sudden death is approximately 0.1-0.2% (Myerberg RJ et al, 2001 ),
and men outnumber women by approximately three to one (Kannel WB &
Thom TJ 1986). This is not surprising since these deaths are intrinsically
linked to underlying coronary artery disease. Eighty to 90% of sudden
cardiac deaths, in this age group, occur on the basis of underlying
ischaemic heart disease (Davies MJ 1981, Kannel WB & Thomas HE
1982), although, the final fatal mechanism is one of arrhythmia rather
than acute thrombosis (Davies MJ 1981, Myerburg RJ et al, 1982).
Indeed, 40% of all deaths from coronary artery disease are sudden
(Schatzkin A et al, 1984) and unfortunately in over half of sudden cardiac
deaths, the death itself is the first and final manifestation of coronary
artery disease (Doyle JT et al, 1976).

The majority of deaths occur in individuals not undertaking strenuous
activity but going about their normal daily routines (Thomas AC et al,
22

1988). Although, in recent years, preventative strategies have evolved for
individuals who are resuscitated and survive an episode of ventricular
fibrillation (most notably the internal cardiac defibrillator), this represents a
very small minority and the challenge remains one of predicting those at
increased risk.

Figure 1.1
Age related risk of sudden cardiac death in the general population

Increasing risk

10%

Coronary artery disease

per year
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20
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Age in years

Reproduced with permission from; Myerberg et al. Cardiovasc Res 2001:
50; 178

There are a number of recognised factors that increase the risk of a
sudden cardiac death and the concept of substrate and trigger has arisen
23

(Coumel P 1987). A malignant arrhythmia results from the combination of
a suitable substrate to support it (e.g. an area of fibrosis, myocardial
inflammation) and a suitable process capable of triggering the event.
Triggers not only include acute ischaemia, drugs and electrolyte
imbalances, but also acute psychological stress, which is a powerful, yet
undervalued trigger of the condition.

The work embodied in this thesis has prospectively examined the effect of
three potential influences on QT dispersion which are all clinically
relevant,

namely interval change,

acute psychological stress and

physiological load change.

Basic Electrophvsioloav: The Action Potential

The upstroke of the action potential, which triggers depolarisation, is an
abrupt reversal of membrane potential to a positive value. It provides the
stimulatory current for adjacent cells to be excited,

propagating

depending on local currents. Current circuits consist of intracellular and
extracellular components. The intracellular elements (cytoplasm, gap
junctions) provide low resistance pathways for current flow from cell to
cell. The extracellular component is essentially fluid. In the polarised
state, the resting cardiac trans-membrane potential is around "80 to "90
milli volts. The concentration of sodium ions external to the cell exceeds
that of the intracellular milieu, in comparison to the intracellular potassium
concentration which exceeds the external concentration. When the cell
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becomes excited there is an abrupt increase in the cellular permeability to
sodium ions, with a resultant inflow of sodium into the cell depolarising
the membrane, with a rapid reversal of membrane potential from negative
to positive (Burn JH 1960). Prior to a further depolarisation, the
transmembrane potential difference must be regained and the cell must
repolarise. This occurs through the flow of potassium ions out of the cell.
The voltage changes during the action potential are usually described in
five phases. The following brief account is focused on the ventricular
action potential.
Phase 0: rapid depolarisation
If a sufficiently large area of membrane depolarises by an externally
applied stimulus or local membrane current prior to the advancement of a
propagating action potential, highly selective voltage-gated, sodium
channels are transiently opened. These channels then undergo dynamic
conformational changes, which result in a rush of sodium into the cell
where the concentration of this ion is kept low by the NaVK" pump. Hence
flow of sodium is along its electrochemical gradient. This sodium current
(iNa) is regenerative i.e. a small inward flow depolarises the cell still further
with a resultant further increase in sodium conductance, driving the
potential towards the sodium equilibrium potential (Enb, +41 mV). This
transient increase in sodium conductance will last 1-2 milliseconds and
the trans-membrane potential becomes positive. However, an outward
potassium current limits the positive potential to between *20 to *30
millivolts. This "overshoot” is brief since the sodium channels are self-
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inactivating and closure results in an abrupt cessation of sodium
movement into the cell.
Phase 1: early rapid repolarisation
The upstroke of the action potential, phase 0, is followed by a partial
repolarisation of the membrane to around 0 millivolts. This results from an
outward potassium flux through rapidly activating and inactivating
potassium channels. This early repolarisation, resulting from the transient
outward current

(Ito ),

is responsible for the ‘notch’ of the action potential in

epicardial ventricular cells and indirectly it controls the action potential
duration through an influence on the time course of other ion channels.
Phase 2: action potential plateau
The plateau phase of the ventricular action potential depends upon a fine
balance between inward depolarising and outward repolarising currents,
which help to ensure the membrane is maintained at around 0 millivolts
for over 100 milliseconds. During this time the cell is refractory. The main
depolarising force is an inward calcium current

(Ic a -i)

assisted by a non

inactivating sodium current. During the plateau phase there is a
sequential activation of channels over time. The L-type calcium channels
inactivate as several voltage-gated potassium channels open and the cell
repolarises to resting potential.
Phase 3: rapid repolarisation
The repolarisation characterised by this phase results from the timedependant inactivation of the calcium current Ica-i and more importantly
the activation of an outward potassium current, the delayed rectifier

26

(Ik).

As repolarisation proceeds, the conductance of potassium increases in a
self-perpetuating fashion.
Phase 4: resting membrane potential
The resting potential during diastole is mainly determined by the
potassium rectifier at "80 to "90 millivolts and is termed phase 4. During
diastole cells are permeable to potassium and relatively impermeable to
sodium and an Adenosine Triphosphate (ATP) -dependant pump
operates, pumping sodium out of the cell and potassium in, against their
electrochemical gradients.

Adenosine Triphosphate-Sensitive Potassium Channel

The Adenosine Triphosphate-sensitive potassium channel (IC-ATP), first
described in 1983 (Noma A 1983), is a member of a "super" family of
inward rectifier potassium channels. The channel has an imperceptible
role in normal cardiac physiology but it plays an important role in
pathophysiological conditions, mediating electrophysiological changes to
myocardial ischaemia, hypoxia and metabolic stress (Terzic A et al,
1995). Furthermore, the ATP-sensitive potassium channel has been
implicated as the effector of ischaemic preconditioning and influences
basal tone in the coronary vascular bed (Samaha FF et al, 1992). The
channels close in response to intracellular adenosine triphosphate but
open when the intracellular surface of the channel is exposed to low
levels of adenosine triphosphate (Noma A 1983). Activation of the ATPsensitive potassium channels during myocardial ischaemia results in
27

action potential shortening, reducing myocardial work and eventually
resulting in inexcitability. As such the channel operates as a metabolic
‘sensor* and its role in this context is viewed as cardioprotective.

Repolarisation Inhomoqeneities

The heterogenicity of ionic properties of cells isolated from different areas
of the heart is well documented (Antzelevitch C et al, 1991). It was
assumed, however, for many years, that cells within a particular muscle
layer would generate an identical action potential. However, cells isolated
from different muscle layers of the same heart chamber (e.g. epicardial
versus mid-myocardial cells) have different repolarisation characteristics.
For example, in epicardial cells there is a relatively strong expression of
the transient outward current, in contrast to endocardial cells (Litovsky SH
et al, 1988). This feature is responsible for the ‘spike and dome’
morphology of epicardial cells and the strong transient outward content of
the cells also results in shorter action potential durations at normal heart
rates, compared to the endocardium. However, whether differences in
action potential duration between endocardial, mid-myocardial (M cells)
and epicardial cells seen in vitro are present in vivo, when cells are
electrically and mechanically well coupled, has been the source of an
ongoing debate (Nauber M 1998, Anyukhovsky EP et al,

1999,

Antzelevitch C et al, 1999). Under these in vivo conditions, local
electrotonic current flow might be expected to drastically reduce local
repolarisation gradients. Recent studies in humans support such a
28

contention (Taggart P et al, 2001). Several workers have reported
epicardial repolarisation gradients in vivo over wider distances i.e. base
versus apex, although, the direction of these gradients has been
inconsistent.

Absolute and Relative Refractory Periods

The time-course during which a cardiac cell is completely inexcitable or
refractory is termed the absolute refractory period and a second action
potential cannot be generated. The phase lasts for approximately 200
milliseconds and is followed by a period in which there is a gradual
recovery of excitability. This is the relative refractory period. During this
time a strong stimulus may elicit a second action potential. The strength
of stimulus required to do so declines as the period progresses. An action
potential generated during the relative refractory period has a slower rate
of depolarisation, a lower amplitude and will be shorter in duration.

Cardiac Refractory Period and the Relationship Between Electrical and
Mechanical Events

Electrical excitation and propagation of the cardiac impulse is responsible
for co-ordinated contraction. There is a latency of approximately 10
milliseconds in cardiac muscle (compared to 2 milliseconds in skeletal
muscle) from the onset of the action potential prior to muscle contraction.
The peak of the muscle tension occurs just prior to the end of the
29

absolute refractory period and the muscle will be half relaxed by the end
of the relative refractory period. The total duration of the mechanical
event is approximately 300 milliseconds. Thus, the electrical and
mechanical events in cardiac muscle overlap. This is in contrast to
skeletal muscle, where the short action potential is almost complete
before contraction commences. The prolonged cardiac refractory period
protects the ventricles from too rapid re-excitation of the ventricles, which
would reduce filling secondary to impaired relaxation. In addition, it
restricts the mechanical response of the heart to a single ‘twitch’, rather
than a fused series of ‘twitches’, characteristic of a sustained contraction
in skeletal muscle. This would be fatal in the heart.

The prolonged plateau phase has another function. The plateau phase
directly influences the strength of contraction. The calcium influx during
the plateau phase influences intracellular calcium concentration. Large
plateau

currents,

such as those augmented

by adrenaline

and

noradrenaline, are associated will contractions of increased force.

Propagation

The classical model of cardiac impulse propagation along a continuous,
‘cable-like’ structure is a simplification. Experimental work has, however,
validated this continuous model of propagation in cardiac tissue which is
well defined and where large amounts of connective tissue are absent
(e.g. the papillary muscle). The application of the continuous cable theory
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is limited when examining the effects of electrical uncoupling. For
example, in the setting of acute ischaemia, where cell to cell discontinuity
occurs (Kleber et al, 1987) and in diseased states such as chronic
infarction and left ventricular hypertrophy where there are discontinuities
both at the cellular and more macroscopic level. In the simple model of
continuous conduction, cardiac impulse propagation following activation is
mediated by local electrical currents ahead of the action potential. At the
front of the propagating electrical wave, a flow of local circuit current
results from the difference in electrical potential between the already
excited and the non excited region. This process represents the so called
‘driving force' for electrical propagation. As the local circuit current flows
across the membrane at the front of the excitation wave, the membrane
potential shifts to the threshold of ion channels that carry sodium and
calcium current. These activated ion channels provide new circuit current
and ensure propagation.

Discontinuities are present in the excitable cellular network in most areas
of the heart. Structural and functional discontinuities occur at several
different levels, from ion channel expression in an individual cell to
connective tissue septa, which divide ventricular muscle layers. Such
connective tissue is increased in pathological conditions such as
hypertrophy and infarction, conditions that also modify lateral connections
between individual cells. Since most connective tissue lies in parallel to
the cardiac fibres, the effect of such discontinuities is most marked during
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propagation in a direction transverse to the long axis of the fibres than
during longitudinal propagation (Spach MS & Josephson ME 1994).

Factors Influencing Conduction Velocity

The speed of propagation is influenced by a number of factors; the
characteristics of the action potential upstroke, the various resistances in
the local current circuits and by the difference between resting membrane
potential and threshold potential. The gap junctions appear to be the
elements in the current circuits most sensitive to conductance change in
pathological conditions. The distribution of gap junctions even in normal
myocardium results in differences in conduction velocity related to the
direction of wavefront propagation and muscle fibre orientation. The
coupling resistance is much higher in the transverse than in the
longitudinal direction (Clerc L 1976). This anisotropic structure (from the
Greek anisos meaning unequal) of the myocardium results in anisotropic
conduction with longitudinal conduction (conduction in parallel to fibre
orientation) being approximately two to three times faster than transverse
conduction (conduction perpendicular to fibre array)(Clerc L 1976, Spach
MS et al, 1982). Other sources of local anisotropy, other than directional
differences in gap junction distribution, include the presence of non
myocytes such as fibroblasts, propagation boundaries and wavefront
collisions. This anisotropy has implications not only for conduction
velocity but also for the appearance of conduction block and re-entry, in
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conditions such as ischaemia and infarction where coupling resistance is
increased (Kleber AG et al, 1987, Spear JF et al, 1990).

Changes in the Action Potential Secondary to Acute Ischaemia

Although action potentials may be affected by electrolyte disturbances,
most notably potassium, acute ischaemia is probably the most important
pathophysiological condition which influences the action potential in vivo.
Acute ischaemia alters regional electrophysiology in a number of ways.
An accumulation in extracellular potassium depolarises the resting
membrane potential, reduces membrane excitability, shortens action
potential duration, slows conduction velocity and prolongs recovery of
excitability after an action potential (Shaw RM & Rudy Y 1997). This
increase in potassium occurs in addition to other metabolic consequences
of ischaemia such as the accumulation of lysophosphoglycerides and
acidosis (Janse MJ & Wit AL 1989). As the resting membrane depolarises
to "50 millivolts, the cells become inexcitable but this depolarised
ischaemic zone is not inert,

it is able to act as an electrotonic current

source, assisting regenerative currents to accelerate conduction velocity
around the ischaemic/normal myocardial interface (Xie F et al, 2001 ). In
this way acute ischaemia (which is associated with slow conduction and
even postrepolarisation refractoriness where the effective refractory
period exceeds the action potential duration) (Janse MJ & Kleber AG
1981), can increase conduction velocity (Xie F et al, 2001).
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After twenty minutes of ischaemia, however, there is some recovery of
the resting membrane potential. This phenomenon is not fully elucidated
but the diffusion of potassium out of the ischaemic zone and endogenous
catecholamine release have been implicated. Conduction delay is most
marked in the epicardium, where activation is delayed relative to the
endocardium (Ruffy R et al, 1979, Williams DO et al, 1974, Cox JL et al,
1973). This phenomenon has been attributed to an increased epicardial
sensitivity to ischaemia (Lucas A et al, 1993) and to the relative
preservation of the endocardium because of oxygenation from the
ventricular cavity or electrotonic coupling to Purkinje fibres which exhibit
an increased resistance to ischaemia (Taggart P et al, 2000).

In the normal heart steep repolarisation gradients do not exist, reflecting
electrical and mechanical coupling. Local electrotonic current flow exerts
an averaging effect, which tends to lengthen the shorter action potentials
and shorten the longer action potentials (Hoffman BF et al, 1982, Moe GK
1984). Although myocardial cells remain well coupled early in ischaemia,
marked variations in action potential durations develop. As such, the
effects of ischaemia surpass those of any electrotonic averaging.
Differences develop between action potential durations in patchy
ischaemic areas and at the interface between normal myocardium and
the ischaemic zones, where an area of inhomogeneous potassium
concentration exists. Such inhomogeneity in the electrophysiology of the
ischaemic area will render the heart at risk from re-entry; any beat
occurring early in diastole (either a ventricular premature beat or a
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normally propagated beat during sinus tachycardia) may find itself slowly
conducted in some areas but blocked in others. When myocardium distal
to the block is activated with enough delay the area of earlier block, which
has now regained its excitability, can be retrogradely re-excited. A re
entrant circuit is set up and an arrhythmia generated.

Unidirectional Block and Re-Entry

Slowing of conduction is important in the setting of re-entrant arrhythmias
but fundamental to this process, is the development of a unidirectional
conduction block, in 1913 and 1914, Mines established the criteria which
need to be met in order to ascribe an arrhythmia to re-entry (Mines GR
1913, Mines GR 1914): a) an area of unidirectional block (transient or
permanent), b) the ability of the wavefront to propagate along alternative
pathways around the area of block to activate tissue distal to the
unidirectional block and to re-excite tissue proximal to the block, and c)
interruption of the re-entrant circuit should abolish the arrhythmia.

Under normal physiological conditions, after activation of the atria and
ventricles by a wave of activation originating from the sinus node, the
wave front finally dies out since it is surrounded by refractory tissue. The
heart must wait for a new impulse to arrive from the sinus node. Under
abnormal conditions, however, this regular sequence may be disrupted. If
the propagating impulse fails to die out but persists, remaining within the
heart until some of the myocardial fibres regain their excitability and are
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no longer refractory, they can be re-activated by re-entry into that area
(Wit et a! 1974, Wellens HJJ & Durrer DR 1976).

Figure 1.2
Example of a Re-Entrant Circuit
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and an unequal distribution of excitatory current ahead of a propagating
wavefront. When refractory period duration differences exist in adjacent
areas of the myocardium, conduction of a premature impulse may be
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blocked in the region where the refractory period is longest, whilst
continuing its propagation through areas where the refractory period is
short.

Another form of re-entry is known as circus movement (Allessie MA et al,
1973, Allessie MA et al, 1985). For circus movement re-entry the
activation wavefront must encounter a unidirectional block to conduction
whether functional, anatomical, or both. Having encountered a block, the
advancing wavefront can propagate in a circuitous pathway and has the
ability of re-exciting the myocardium proximal to the block. In this tissue,
the refractory period will have expired and hence a circuit can be
produced. A combination of anatomical and functional blocks is
sometimes required in order to precipitate a circus movement re-entrant
arrhythmia. A type of re-entry, which has been demonstrated in
experimental preparations (but not as yet in vivo), is known as reflection
(Antzelevitch C et al, 1980). Reflection involves the propagation of an
impulse to and fro over the same functionally inexcitable pathway. This
leads to recurrent activation of the tissue at the proximal site (El-Sherif N,
1991). The re-entrant pathway in the anatomical model of re-entry is
fixed, having been anatomically determined, such as a post infarction
scar (deBakker JM et al, 1988). It will potentially support re-entry, but in
order to bring about the requisite condition of a unidirectional block,
functional changes are required. A ‘critical functional perturbation' of part
of the pathway must occur to result in unidirectional block, permitting
conduction in one direction but not in another. One example is
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electrophysiological inhomogeneities in one area of myocardium, which
will produce an area of block, whereas the non affected areas will permit
conduction. A circus movement is established if the returning wavefront
encounters the site of unidirectional block that has recovered excitability,
thus permitting conduction. Functional re-entry relies on the development
of a functional conduction block. Such blocks may have a number of
different

aetiologies.

In

the

context

of increased

dispersion

of

repolarisation, it is the lack of homogeneity in recovery, which can
produce such an area of block. When a premature ventricular beat
encounters an arc of functional conduction block, the activation cleaves
into two wavefronts and conduction occurs around the block. These
wavefronts then coalesce distal to the block and when conduction time is
sufficiently prolonged, the wavefront can re-enter the area proximal to the
block and re-excite it. Hence a re-entrant phenomenon is produced
(Gough WB et al, 1985). If the arc of functional block is too short or
conduction too fast, re-entry cannot occur since propagation of the
wavefronts around the block is fast and the distal area is activated before
the area proximal to the block regains excitability (El-Sherif N et al, 1984).
Functional conduction blocks which result in circus movement re-entry
may be caused by: abrupt changes in cardiac geometry, décrémentai
conduction causing propagation failure, regional differences in refractory
periods or differences in conduction properties relative to fibre orientation
(El-Sherif N, 1995). The latter two mechanisms have received most
interest.
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Electrical Restitution and S teady State

When an impulse is delivered to the myocardium immediately after an
action potential, no response is obtained since the membrane is
refractory. When such an impulse is delivered a little later, action
potentials are obtained which are shorter than those of the preceding
steady state and the action potential duration lengthens as the interval
between beats increases. Thus there is modulation of action potential
duration by a change in cycle length. This interval dependence of the
action potential duration is termed electrical restitution (Boyett MR &
Jewell BR 1978) and the phenomenon can be explored experimentally by
steady state pacing and then delivering test pulse intervals of
progressively increasing intervals.

Figure 1.3
Example of an Electrical Restitution Curve
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The electrical restitution curve governs only the action potential duration
(and QT interval) of the first excitation following the initial short R-R
interval. If short R-R intervals are maintained, for example by continuing
pacing, there is a further shortening of the action potential duration (and
QT interval) which occurs in stages over several minutes. Thus a
sustained increase in rate results in a slow, progressive shortening of the
action potential and steady state conditions are not reached for up to
three minutes (Seed WA et al, 1987).

Pacemaker and Conduction Svstem

The sino-atrial node in man is an area of specialised myocardium 20mm x
4mm located in the posterior wall of the right atrium, close to the superior
vena cava. It is the normal pacemaker of the heart and these cells have a
resting membrane potential of only "60 millivolts. The myocytes exhibit a
rapid phase 4 pacemaker depolarisation and fire off an action potential
approximately every second. This results in excitation of the adjacent
atrial cells and a wave of depolarisation spreads across the atria, initiating
atrial systole. This spread of excitation through the atria and subsequently
into the ventricles is achieved through local electrical currents ahead of
the action potential.

The activation wave passes along the inter-atrial septum and reaches the
atrioventricular node, a small area of specialised cells which represents
the beginning of the sole electrical connection between atria and
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ventricles. Conduction through the A-V node is slow and conduction is
delayed in the node for around 0.1 second (at a resting heart rate),
allowing the atria sufficient time to contract prior to ventricular activation.

The electrical impulse is then conveyed through the fibrous annulus
between atria and ventricles by a specialised bundle of fast conducting
muscle fibres: the bundle of His. In the upper interventricular septum this
bundle divides giving rise to the left bundle branch which supplies the left
ventricle and continuing as the right bundle branch, supplying the right
ventricle. The fibres in these bundles are fast conducting and they
terminate in a complex network of large fibres in the subendocardium
called Purkinje fibres. This Purkinje system rapidly conveys the electrical
impulse to the ventricular endocardial cells.

Regulation of Heart Rate

The intrinsic discharge rate of the mammalian sino-atrial node is
approximately 100 beats per minute. However, this intrinsic rate is altered
by the brain via the parasympathetic and sympathetic nervous systems
and by hormonal influences. At rest,

both the sympathetic and

parasympathetic fibres are active but the parasympathetic prevails,
dropping the resting heart rate to around 70 beats per minute. This is
termed ‘vagal tone' since the parasympathetic nerve fibres project to the
heart in the vagus cranial nerve. Excitement or fear will result in
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enhanced sympathetic activity and a tachycardia. This alteration in heart
rate is termed chronotropy.

Adrenaline, secreted by the adrenal medulla in response to sympathetic
activity, and Noradrenaline, the transmitter released from post ganglionic
sympathetic nerve fibres, both bind to beta 1-adrenoceptors on cell
membranes in the sino-atrial node. This increases the rate at which the
conductance to potassium declines (and that to calcium increases) in
between individual action potentials,

thus increasing the rate of

depolarisation of the pacemaker potential. The pacemaker potential is
reached earlier and thereby more action potentials may occur per unit
time. Acetylcholine, the transmitter released by parasympathetic fibres,
acts on muscarinic receptors in the sino-atrial node resulting in a
decrease in the rate at which conductance to potassium declines. Thus
the pacemaker potential is prolonged.

Other areas of the heart, in addition to the sino-atrial node, receive
autonomic fibres. Sympathetic stimulation reduces the delay at the atrio
ventricular node through the effects on potassium conductance and an
increase in the slope of phase 0 of the action potential. Parasympathetic
activity prolongs the delay. Both the ventricular muscle and Purkinje
receive mainly sympathetic fibres, and activation shortens the action
potential duration. Such shortening and lengthening of the action potential
are unique to cardiac muscle.
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Dispersion of Repolarisation

Human ventricular cardiac cells have long action potentials and thus long
refractory periods. These can be considered to be a safety mechanism,
protecting the heart against high heart rates. Indeed uniform prolongation
of action potential duration is recognised to be anti-arrhythmic. But the
repolarisation process is not uniform and increased heterogenicity of
repolarisation, or dispersion of refractoriness, is arrhythmogenic. Central
to arrhythmias, which result from conditions of increased dispersion of
repolarisation, is the process of re-entry. The model, used by Moe et al,
demonstrated that a haphazard distribution of refractory periods, with a
sufficiently large dispersion of refractoriness, could provide a substrate for
re-entrant arrhythmias (Moe GK et al, 1964), and that the extent of
dispersion of refractoriness, could provide an indicator of re-entrant risk
(Han J & Moe GK 1964, Sasyniuk 81 & Mendez 0 1971). An increase in
dispersion of repolarisation is dependent on two factors; the intrinsic
variation of action potential characteristics of myocardial cells and the
extent of intercellular electrical coupling between adjacent cells (Lesh MD
et al, 1989). These principles apply to the atrium and ventricle.

Ventricular fibrillation, first described in the nineteenth century, results in
the asynchronous, inco-ordinate contraction of the ventricles which
arrests cardiac output. A lack of uniformity in the refractory period and in
the conduction velocity of the myocardium has long been recognised as a
cause of fibrillation (Wiggers CJ 1940, Bum JH 1960).
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Due to the

observation that vagal stimulation induces and perpetuates atrial
fibrillation, in part by a non uniform effect on the atrial refractory period,
(Moe GK et al, 1958) there was increased interest in the prospect that a
lack of uniformity in recovery from excitation could favour re-entry and
hence arrhythmia formation.

Within the ventricles activation and repolarisation proceed in opposite
directions i.e. those areas activated first, repolarise last (Spach M & Barr
RC 1975, Cowan JO et al, 1988) as a function of longer action potential
durations. Similarly those areas which depolarise last have shorter action
potential durations. Therefore, along the normal excitation pathway of the
action potential, there is a gradation of action potential duration from cell
to cell. In addition, there is an action potential gradient between
endocardium and epicardium. Therefore, even in the normal heart,
repolarisation is not uniform and there is a modest inhomogeneity or
dispersion of repolarisation of approximately 30 milliseconds. This
intrinsic electrical inhomogeneity contributes to the inscription of the
electrocardiogram (similar QRS and T wave axes) and a distortion of this
process produces arrhythmic potential. An inhomogeneous response to a
pathophysiological state or to a pharmacological agent, may result in an
increase in these intrinsic electrical inhomogeneities and provide a
substrate for the development of re-entrant arrhythmias.

Han and Moe recognised over thirty five years ago that an increase in the
non uniformity of recovery following excitation could enhance the
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‘fractionation of impulses’ which arose during the relative refractory
period. Using an in vivo canine model they examined the effects on
ventricular recovery of stimuli known to increase the risk of fibrillation
namely: acute ischaemia, sympathetic stimulation, administration of
cardiac glycosides and Quinidine, and hypothermia. Refractory periods,
at several left ventricular sites in the canine model, were measured under
these various arrhythmogenic conditions. They determined that, although,
the refractory period shortened following the conduction of a premature
beat, the time course of recovery when examined throughout the various
recording points increased in its non uniformity i.e. there was an increase
in the dispersion of recovery or an increased dispersion of repolarisation.
Similarly, sympathetically mediated shortening of the refractory period
also resulted in an increase in the dispersion of repolarisation as did
acute ischaemia. Hypothermia resulted in a lengthening of the refractory
period and again, an increase in the dispersion of repolarisation. The
series of experiments revealed that whether the refractory period was
increased or reduced, under the disparate pro-arrhythmic conditions
investigated, there was an increase in the inhomogeneity of recovery, an
increase in the dispersion of repolarisation. Han and Moe expressed the
notion that a series of premature beats could be arrhythmogenic since it
would increase the temporal dispersion in refractoriness: ‘ It is likely that
the degree of non-uniformity of recovery of excitability should become
greater and greater after each successive train of repetitive premature
beats.

Because

of

the

danger

of

ventricular

fibrillation,

direct

demonstration of this was not attempted”, i.e. regardless of an overall
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shortening or lengthening of refractory periods, it was the heterogenicity
in recovery of excitability which was crucial for arrhythmogenesis (Han J
& Moe GK 1964). At the time of the Han and Moe work, it was thought
that the refractory period was determined only by the length of the
immediately preceding cycle (Mendez C et al, 1956). It subsequently
became evident that the heart has a long 'memory' and that changes in
the refractory period brought about by changes in rate or rhythm persist
for many beats (Janse MJ et al, 1969, Han J & Moe GK 1969).

Increased dispersion of repolarisation may result from an inhomogeneity
in conduction (action potentials appearing late due to slow conduction),
an inhomogeneity of refractoriness (differing action potential durations) or
both. While disturbances of conduction play a dominant role in ventricular
arrhythmias

associated with

structural

heart

disease

(myocardial

infarction, cardiomyopathy), inhomogenious repolarisation appears to be
more important in patients with malignant arrhythmias in the absence of
structural disease (e.g. long QT syndrome). Premature beats appear to
play a fundamental role in ventricular arrhythmogenesis. The duration of
an action potential of a premature beat is dependent on the proximity to
the preceding action potential. This is the so-called ‘proximity effect’
(Endresen K 1989) has been observed at different heart rates in humans.
Furthermore, shorter action potentials decrease less than longer ones at
close proximity (Bjomstad H et al, 1993). Also, conduction of the impulse
is dependent on the proximity to the steady state action potential. Closer
than 40 milliseconds to the refractory period, the conduction velocity of
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the premature beat is reduced. However, from 40 to 150 milliseconds, a
more rapid conduction is observed i.e. there is supernormal' conduction.
Thus changes in conduction velocity affect dispersion of repolarisation of
premature beats.

Changes in conduction time, refractory period and recovery time under
the influence of both local and systemic changes were examined In
another in vivo canine model, this time employing regional ischaemia.
Merx et al examined the change in conduction time, refractory period and
recovery time in both ventricles during local and systemic infusions of
potassium and adrenaline and correlated these to a change in the
ventricular fibrillation threshold.

Local

infusions of

potassium

or

adrenaline, resulting in local differences in distribution and effects, were
found to be superior to systemic infusions in lowering the ventricular
fibrillation threshold. They also confirmed that a lack of homogeneity in
conduction time, refractory period and particularly in recovery time, all
contributed to an increased vulnerability of the ventricle to fibrillation. At
the interface between areas of perfused and ischaemic myocardium, this
increased dispersion in recovery times was most prevalent and mirrored
the enhanced vulnerability to ventricular fibrillation. The work highlighted
the potent pro-arrhythmic effects of regional differences in influencing an
increased dispersion of repolarisation (Merx W et al, 1977).

Kuo et al examined the role of an increased dispersion of repolarisation in
arrhythmogenesis using a model in which the dominant component of the
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increased dispersion would result from differences in action potential
duration, without any appreciable conduction disturbances or structural
lesions in the myocardium. An in vivo, open chest, canine model with
generalised hypothermia (29-30°C) due to left atrial cooling was produced
(Kuo CS et al, 1983a & 1983b). In addition, regional warming using warm
blood perfusion of the left anterior descending coronary artery combined
with generalised hypothermia (a ‘modified thermal lesion') was employed.
Simultaneous monophasic action potential recordings from both ventricles
(predominantly the left) were made in conjunction with electrocardiogram
recordings. By operating within a limited temperature range any increase
in the dispersion of repolarisation resulted mainly from an increase in the
inhomogeneity of action potential duration, with little change in activation
times and QRS duration.

By manipulating the experimental conditions, they were able to produce
gradations in the increase in the dispersion of repolarisation. Generalised
hypothermia did not increase dispersion of repolarisation significantly
during sinus rhythm (Amlie JP et al, 1985), but conduction velocity was
depressed in the specialised conducting system during ventricular pacing.
However, a large dispersion was created by the warm blood perfusion of
the left anterior descending artery and premature beats in the area where
action potential durations were shortest resulted in ventricular fibrillation
(Kuo CS et al, 1983a). Furthermore, premature beats in the area where
action potential durations were longest did not result in ventricular
fibrillation. This demonstrated that the increase in dispersion of
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repolarisation had to reach a critical point, beyond which sustained
ventricular arrhythmias were precipitated by premature ventricular
complexes. In this experiment this ranged from 95 to 145 milliseconds
between six monophasic action potentials obtained from the epicardial
surface (Kuo CS et al, 1983b). Since arrhythmia formation occurred distal
to the site of stimulation, and only in warm regions with the shortest
monophasic action potential durations (with a resultant conduction delay
in the premature ventricular complex either in the border zone between
warm and cold or in the cold area), re-entry was implicated as the final
mechanism (Kuo CS et al, 1983a).

Dispersion of Repolarisation and Rate

Han et al indirectly assessed the rate dependence of dispersion of
repolarisation in a canine model by examining the determinants of
refractoriness. They found there was an increase in dispersion of
repolarisation at longer cycle lengths, but the number of experiments
were small and measurements were made sequentially rather than
simultaneously (Han J et al, 1966). The area was specifically examined
by Zabel and co-workers who used an isolated rabbit heart model and
pacing to examine this area (Zabel et al, 1997). Following A-V nodal
destruction, to slow the intrinsic heart rates and thus allow the utilisation
of slower rates, pacing was undertaken using the pacing electrode of a
monophasic action potential combination catheter (Franz et al, 1990)
sited in the right ventricle at or near to the interventricular septum. Both
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endocardial and epicardiai monophasic action potentials were recorded:
six epicardiai catheters were distributed over both right and left ventricles
and an endocardial monophasic action potential was also recorded from
the right ventricle using the combination catheter. Pacing occurred over a
range of cycle lengths, starting at the basic cycle length of 1,200
milliseconds and reducing in steps of 100-300 miliseconds. Action
potential duration at 90% repolarisation

(A R D g o ),

activation time and

recovery time were all determined for each catheter recording, with a
minimum of five out of six possible recordings at each cycle length being
required. As the pacing cycle length shortened from 1200 to 300
milliseconds, the action potential at 90% repolarisation and recovery time
shortened and when grouped into short, medium and long cycle length
ranges (300-500 milliseconds, 600-900 milliseconds and 1,000-1,200
milliseconds respectively), the changes in A R D g o and recovery time were
significant between the groups. Indeed, the changes in

ARDgo

and

recovery time were typical of predicted rate dependent changes (Attwell

D

et al, 1981, Arnold L et al, 1982). By contrast, there were only minor
changes in the dispersion of A R D g o and dispersion of recovery time which
were not significant although there was a tendency for the dispersion of
ARDgo

to reduce for the shortest cycle lengths (300-500 milliseconds).

Measurement of Dispersion of Repolarisation

A number of measurement techniques have been employed to assess
dispersion of repolarisation. True dispersion of repolarisation can only be
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measured invasively and directly from the myocardium. Intracellular
microelectrode recordings of local electrical activity were difficult to make
in the beating heart and are not practical for simultaneous measurements
from multiple sites. Suction electrodes result in a monophasic signal,
accurately reflecting the onset of depolarisation and all

of the

repolarisation phase of transmembrane action potentials (Hoffman BF et
al, 1959). However, these can be technically difficult to use, requiring
sterile filling of the catheter with saline and manipulation with a suction
pump. In addition, focal haemorrhage with sub-endocardial damage and
ST segment elevation can result, limiting the duration of recording
(Shabeti R et al, 1968) and yielding unreliable recordings secondary to
tissue damage (Avitall B et al, 1988). The use of voltage-sensitive dyes in
optical mapping allows the measure of repolarisation simultaneously from
a large number of sites (Efimov IR et al, 1994) but movement artefact and
toxicity limit the application of this technique in humans. Contact
electrodes were developed following the observation that simply bringing
an electrode into contact with the myocardium could result in monophasic
action potentials and long-term, stable recordings could be made (Yuan S
et al, 1994, Franz MR 1983, Franz et al 1991).

However, the use of

endocardial or epicardiai catheters in man for the assessment of
dispersion of repolarisation have limited application.

Over twenty years ago, it was hypothesised that a measure of the
arrhythmogenic potential of dispersion of repolarisation could be gained
non-invasively from body surface mapping (Abildskov JA 1977, Abildskov
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JA et al, 1976a, Abildskov JA et al, 1976b). This technique utilises
unipolar precordial electrocardiograms from between 1-200 sites and
several groups have reported that regional differences in repolarisation
are reflected on the body surface (Abildskov JA et al, 1976b, Leclercq
1986, Taccardi 1998). Furthermore, abnormal body surface mapping
measurements have been related to malignant arrhythmias in both canine
models (Urie 1978) and humans (Gardner 1986, Hubley-Kozey 1995).
Inter-lead difference in the QT interval duration was first proposed as a
measure of inhomogenious repolarisation in multi-lead body surface
maps. Sylven et al, in 1984, recorded 120-lead body surface maps in
patients with QT prolongation and reported a significantly increased inter
lead QT difference in these patients compared to a normal group (Sylven
JC et al, 1984). Similar observations were made by Mirvis in patients with
acute myocardial infarction (Mirvis DM, 1985) and in those with congenital
long QT syndrome (De Ambroggi L et al, 1991). One of the difficulties
with body surface mapping, although it provides a detailed insight into
repolarisation pattern,

is the need to record numerous unipolar

electrocardiograms. It is not practical in the clinical arena and it remains
largely a research tool. One potential to widen the usefulness of this non
invasive technique was to reduce the number of recordings necessary,
whilst maintaining the prognostic value.

In 1989, Merri et al proposed an automatic algorithm to quantify
repolarisation abnormalities and measure dispersion of repolarisation
(Merri M et al, 1989). They used a novel quantitative approach to improve
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the

description

of

ventricular

repolarisation

from

digitised

electrocardiograms, taken from over 400 normal individuals. A computer
programme was devised to automatically interpret the repolarisation
segment of the electrocardiogram and measure a number of variables
such as the time interval between S wave offset and T wave maximum
and between T wave maximum and T wave offset. This was a
multidimensional approach in order to attempt to convey a new, and more
complete, description of the repolarisation process.

A further step was taken in 1990 when Campbell and co-workers
proposed that a measure of dispersion of repolarisation could be gained
from

the

inter-lead

difference

in

QT

interval

of

the

12

lead

electrocardiogram and that this may be useful in assessing arrhythmic
risk in patients with long QT syndrome. This inter-lead difference was
termed QT dispersion (Day CP et al, 1990). As such, QT dispersion is a
representation of the spatial

variability of the

QT

interval from

simultaneously acquired electrocardiogram leads and this has been
proposed as a measure of spatial

inhomogeneity of ventricular

repolarisation (Day CP et al, 1990, Zabel M et al, 1995).

The QT Interval

It has long been recognised that there is no single value for the QT
interval in any individual electrocardiogram (Lepeschkin E & Surawicz B
1952) and there is good evidence to suggest that the QT interval of the
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resting electrocardiogram is closely related to the ventricular action
potential and that it is a non-invasive measure of the repolarisation
segment (Franz MR et al, 1988, Zabel M et al, 1995). Mirvis was the first
to demonstrate that the QT interval varied in 150 unipolar precordial
electrodes (Mirvis DM 1985). A higher range in QT intervals was found
among post infarct patients compared to an average range of 59
milliseconds amongst normal individuals. Cowan et al reported an
average QT interval range of 48 milliseconds in normal patients
compared to 70 milliseconds in post infarct patients when the number of
exploring electrodes were reduced to the 12 leads of the surface
electrocardiogram (Cowan JC et al, 1988). The similarity of the values
obtained by Cowan et al and by Mirvis suggested that little information
was lost by reducing the number of recording electrodes.

QT Dispersion

Campbell and co-workers demonstrated that across an electrocardiogram
there are small but reproducible differences in QT interval i.e. that there is
an inter-lead variation in the QT interval (Campbell RWF et al, 1985).
Since each lead derives information from a different area of myocardium,
and the longest QT interval represents the area of the heart which is the
last to repolarise, and the shortest QT interval represents the area earliest
to repolarise, it was proposed that a measure of the heterogeneity in
repolarisation throughout the heart could be gained from the extent of QT
inter-lead variability. This measure was termed QT dispersion (Day CP et
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al, 1990) and the work of Campbell and co-workers suggested an
additional application of the standard 12 lead electrocardiogram over and
above the usual use to demonstrate ischaemia and arrhythmias. It could
provide information about dispersion of repolarisation.

The concept

of QT dispersion, as

a measure of dispersion

of

repolarisation, was very attractive since it was non-invasive, widely
available, inexpensive and simple to derive. Much work was published,
following the initial description of QT dispersion, but frequently these
publications preceded methodological considerations and criticisms which
came later (Zabel M et al 1995, Kautzner J & Malik M 1997, Surawicz B
1996). An important consideration, which remains incompletely explored
and without consensus, is the question of whether QT dispersion requires
correction for heart rate.

The concept

of QT dispersion,

as

a measure of dispersion

of

repolarisation, was supported by earlier studies in patients with the long
QT syndrome. These reported large spatial differences in myocardial
recovery time, as demonstrated by the

duration of monophasic action

potentials recorded from different parts of

the ventricle (Gavrilescu S etal,

1978) and the QT interval from body surface maps (Abildskov JA 1977).
After the initial description of QT dispersion, experimental work followed
to validate QT dispersion as a measure of repolarisation heterogenicity
and to establish a close correlation between dispersion at the myocardial
level and the inter-lead difference in QT interval. This work, however, did
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stand in conflict with the vector loop explanation of the electrocardiogram
which had been taught for many decades (Hirst JW 1997, Hirst JW 1997,
Hirst JW 1998)

Validation Studies

Franz et al had conducted a monophasic action potential study in the
1980’s evaluating depolarisation and repolarisation in the human heart,
and had found monophasic action potential duration differences of around
60 milliseconds. The observed monophasic action potential differences
allowed explanation of upright or negative T waves in the surface
electrocardiogram (Franz MR et al, 1987). This study pre-dated the
description of QT dispersion but 60 milliseconds was comparable to
subsequent QT dispersion calculation in normal hearts (Cowan JC et al,
1988b).

QT dispersion has shown good correlation with dispersion of recovery
time (activation time + repolarisation time) measured from simultaneous
action potential recordings.

In a small study of ten patients undergoing

coronary artery bypass grafting, several epicardiai monophasic action
potential recordings were used to determine the dispersion in recovery
times. These were compared to QT dispersion measured from a standard
surface electrocardiogram. There was a significant correlation between
the two variables both at baseline and following ventricular pacing, which
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was used to increase dispersion in ventricular recovery times (Higham PD
et al, 1992).

This study showed correlation overall for dispersion in recovery time and
QT dispersion, but a subsequent study confirmed a good correlation
between local changes in QT interval and local changes in the action
potential. Using a roving surface electrode Hardman et al correlated
endocardial ly recorded action potential durations, at various sites within
the ventricle, in patients with coronary artery disease with QT intervals
measured in the lead corresponding to each catheter site. There was
good correlation between individual action potential durations and the
corresponding QT interval (Hardman SMC et al, 1995).

Further corroborative evidence came from Zabel et al who employed an
isolated rabbit heart Langendorff preparation. Using electrodes on the
walls of the tissue bath, around the isolated heart, a simulated 12 lead
electrocardiogram could be recorded in conjunction with monophasic
action potentials using contact electrodes on the epicardium and
additional endocardial recordings. A close correlation between QT
dispersion and dispersion of repolarisation (measured by the dispersion
of 90% action potential duration)(r=0.61, p<0.001) and dispersion of
recovery time (r=0.59, p<0.001) was found. The group also confirmed a
good correlation with the above and JT dispersion (maximal inter-lead
variability of the JT segment reflecting dispersion of action potential
duration) (r=0.64, p<0.001 and r=0.58, p<0.001 respectively) (Zabel M et
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al, 1995). In addition, a small number of 12 lead electrocardiograms,
taken within twenty four hours of an earlier mapping protocol, were
analysed retrospectively and QT dispersion exhibited a reasonable
correlation with dispersion of repolarisation time (r=0.67, p < 0.01) (Zabel
Metal, 1998).

Population Studies of QT Dispersion: What is Normal?

The level of QT dispersion which constitutes normality is still being
debated. In thirteen studies the average QT dispersion value among a
normal population was <_40 milliseconds and ^ 4 0 milliseconds in eight
studies (Surawicz B 1996). Another large, population-based study,
suggested that QT dispersion <_50 milliseconds indicated normality, with
age nor gender having any impact (MacFarlane PW et al, 1998) and
another study reported a normal value of up to 71 +_7 milliseconds
(Davey PP et al, 1994).

It is noteworthy, that in the studies examining the effects of mental stress
on QT dispersion, the baseline values of QT dispersion were elevated
above these suggested normal values for both groups, but there was no
significant difference between the groups at rest (27-57 milliseconds in
the coronary artery disease group compared to 17-53 milliseconds in the
normal group, p > 0.5). The baseline QT dispersion value was not
discriminatory at rest and thus there was no predictive power in the
electrocardiogram. A similar finding was observed in the study by Sporton
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et al, examining the effects of acute ischaemia, where a similar range of
QT dispersion values at rest was also found again without significant
difference between the two groups (Sporton SC et al, 1997). This broad
range of values for QT dispersion presents difficulties for the use of the
parameter in risk stratification and for comparison across different patient
populations.

Mechanistic Basis of QT Dispersion

Differences in action potential morphology and duration throughout the
myocardium are amalgamated to produce spatial inhomogeneities of
repolarisation. There are differences in action potential morphology
between the left and right ventricles (Antzelevitch C et al, 1998), and
between left ventricular inferior, anterior and posterior walls (Kuo OS et al,
1976).

Furthermore,

in

addition

to

the

regional

differences

in

repolarisation, there are transmural differences between the action
potentials of the epicardiai, mid-myocardial (M-cells) and the endocardial
layers (Lucas A et al, 1996, Shimizu W et al, 1998). As such, there are
both regional and transmural components of repolarisation which can
thus be considered as a two-dimensional process. But the repolarisation
process is yet more complex. Repolarisation of a single cell, a group of
cells or indeed of the entire heart is influenced by the preceding beat,
whereby heart rate (cycle length) and repolarisation duration of the
preceding beat will both affect the morphology and repolarisation of the
following beat (Marchlinski FE et al, 1987, Franz MR et al, 1988).
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Therefore, the regional and transmural components of the repolarisation
process are also influenced by a third, temporal component reflecting
changes in repolarisation over time. Thus repolarisation is a complex,
three-dimensional electrophysiological phenomenon. An attempt to gain a
non-invasive measure of the spatial (regional and transmural) and
temporal inhomogeneities of repolarisation was a major challenge. QT
dispersion provided a significant leap forward.

Despite the data from

body surface mapping (Cowan JC et al, 1988b, Mirvis DM 1985) and
validation studies, which determined a close correlation between
dispersion at a myocardial level and QT dispersion assessed from the 12
lead electrocardiogram (Higham PD et al, 1992, Zabel M et al, 1995,
Zabel M et al, 1998), a causal relationship between the two cannot be
proved (Zabel M et al, 2000). These close correlations, however, do
suggest that local variations in action potential durations are mirrored in
QT interval variations of the surface electrocardiogram. This forms the
basis of the ‘local’ hypothesis and it contrasts to a subsequent
supposition whereby differences in the QT interval, and thus in QT
dispersion, are due to different projections of a common T wave vector
(Kors JA et al, 1999).

This school of thought considers it erroneous to think of the end of the T
wave, in any lead, as being directly related to action potential duration in
a particular region of the heart (Kors JA et al, 1999), and although
changes in the course and duration of action potentials will result in
changes on the surface electrocardiogram, this does not translate into
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areas with longer or shorter action potentials being mapped on to discrete
areas on the body surface. When the last myocardial cells finish
repolarising, at the end of the cardiac cycle, the electric field generated by
these final active sources will permeate throughout the trunk and will be
detected by all electrodes. Repolarisation potentials must therefore
principally have the same duration in all electrodes (Barr RC 1989). The
hypothesis of a common T wave vector, however,

may be an

oversimplification of the electric forces during ventricular repolarisation.
The vectorcardiographic derivation of the common T wave vector from a
sample number of surface electrocardiogram leads probably averages out
existing non-dipolar contents within the repolarisation process i.e. local
differences in repolarisation forces will be averaged out. Under situations
of increased arrhythmic potential, it may be just this local deviation from
dipolarity which may reveal the arrhythmogenic substrate (De Ambroggi L
et al, 1986, Mitchel LB et al, 1992). Furthermore, viewing repolarisation
as a global electric dipole also negates the contribution of any transmural
dispersion which has been demonstrated to be relevant to QT dispersion
and late T wave changes (Antzelevitch C et a l , 1998).

Such T wave vector loop parameters include the width and amplitude of
the T wave and terminal T wave axis. The measurement of T wave vector
loops is not available from the surface electrocardiogram and it requires
automation.

According

to

vectorcardiographic

concepts

of

electrocardiography, the shape of the T wave loop reflects the sequence
and speed of repolarisation. Badilini et al have used the roundness and
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planarity of the T loop (Badilini F et al, 1997), whereas the T wave axis
and T wave amplitude and width (measured by T peak to T end) have
been used in other studies (Kors JA et al, 1998, Kors JA et al, 1999). The
direct relationship between T wave vector loop analysis and dispersion of
repolarisation has not yet been established and results are conflicting.
Kors et al examined over a thousand digital electrocardiograms from a
mixed population, of both normal individuals and those with cardiac
disease, and determined that QT dispersion could be explained by
knowledge of the T wave vector loop. This supported a global, rather than
local, hypothesis for QT dispersion (Kors JA et al, 1999). However,
another study found no relationship between QT dispersion and various T
wave loop variables in a patient population who had sustained a recent
myocardial infarction (Zabel M et al, 2000).

There is a diversity of opinion at present as to the best available non
invasive method of measuring dispersion of repolarisation, in view of the
limitations of the QT dispersion parameter (Malik M 2000). Recent work
has focused on identifying new measurements such as the total cosine of
the angle between QRS and T wave vectors (Smetana P et al, 2002). The
real truth behind what constitutes QT dispersion remains unknown and it
may lie somewhere between the local hypothesis and that of the vector
concept. Further studies are required to clarify the contribution of local
and global repolarisation forces to recordings on the body surface.
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Lead Selection and Measurement

For QT dispersion to be used, it must be re-producible. A criticism of the
technique has been a lack of measurement standardisation (Kautzner J et
al, 1994, Higham PD et al, 1994, Zabel M et al, 1995, Day CP et al 1990).
There have been controversies in regard to the number of leads required,
lead selection

(1 2

leads versus solely the 6 precordial leads), the need for

adjustment for missing leads and T wave end definition.

All 12 leads of an electrocardiogram should be simultaneously acquired
and noise, which may hamper T wave end definition, should be
minimised. In any electrocardiogram, however, all 12 leads may not be
suitable for QT interval measurement. Leads may be excluded where the
T wave is flat or where ventricular ectopics interfere. Some groups have
recommended correction formulae to adjust for missing leads. Hnalkova
et al assessed the application of lead adjustment formulae on
electrocardiograms from normal individuals. They reported a poor
performance for QT dispersion if one or more lead was missing and
corrected for this with a factor of l V n, where n equals the number of
measured leads (Hnatkova K et al, 1994). However, when such a leadadjustment formula was used to correct for missing leads in patients who
had sustained a myocardial infarction, a different pattern emerged.
Glancy and co-workers reported a significant increase in QT dispersion,
corrected for heart rate, when using a formula to correct for a reduction in
measurable leads from 12 to 8 (Glancy JM et al, 1995). The use of heart
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rate correction has methodological problems and yet the increase in QT
dispersion incurred was significant (28.9 +/-10.3 versus 38.7 +/-16.1, p<
0.001). Furthermore, another group found an increase in QT dispersion,
again corrected for heart rate, in post-myocardial infarction patients
treated with Sotalol in proportion to the square root of the number of leads
(Gang Y et al, 1998). Although, it has been argued that the use of such
correction formulae removes systematic bias, introduced by the absent
leads, and reduces the mean relative error resulting from omission, the
fact that adjustment formulae have produced differing trends in different
patient populations suggests that they are inappropriate or that they are
influenced by factors such as the patient population or drugs. It therefore
appears that lead correction formulae should not be applied.

Further to this, some investigators examined the use of the

6

precordial

leads alone to assess QT dispersion (Hii JTY et al, 1992, Priori SG et al,
1994). Van de Loo and co-workers reported a poor correlation between
QT dispersion assessed from the precordial leads and that assessed from
the 12 lead electrocardiogram in a normal population (van de Loo A et al,
1994). In patients with an anterior wall myocardial infarction, however,
there was a good correlation between QT dispersion assessed from the
precordial leads alone and from a

12

lead electrocardiogram, but the

correlation was not as good for inferior wall myocardial infarctions (van de
Loo A et al, 1994). To add to these discrepancies. Priori et al found a
close correlation between QT dispersion calculated from just the
precordial leads and that assessed from the
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12

lead electrocardiogram in

patients with the long QT syndrome (Priori SG et al, 1994). It therefore
seems apparent that restriction to

6

precordial leads may be a suitable

assessment in some patient populations, but not in others. In regard to
reproducibility,

calculation

of

QT

dispersion

from

the

12

electrocardiogram appears to be superior. Recently the use of

8

lead
leads

(the 6 precordial leads and any 2 limb leads) has been proposed, since all
6

limb leads can be derived using Einthoven’s law (MacFarlane PW et al,

1998). The rationale being that if the T wave has terminated in any 2 limb
leads then the QT interval in the other 4 leads cannot be greater, apart
from a projection effect. However, this concept has not been extensively
investigated in the clinical arena and has not been widely adopted.

When using the 12 lead electrocardiogram it has become common
practice to include only those electrocardiograms in which 7 or more
leads are suitable for further analysis (Higham PD et al, 1995, Sporton
SC et al, 1997, James PR et al, 2000). The minimum number of leads, in
reality, is still unknown. One study of normal individuals reported that the
mean number of leads suitable for inclusion ranged from

10.1

to

1 0 .2

(Gang Y et al, 1998). In abnormal populations, however, the number of
leads suitable to measure is often less due to abnormalities of the ST
segment or T wave e.g. bifid or inverted T waves and the presence of
ventricular ectopic beats. It may be supposed that the greater the number
of leads used in the calculation of QT dispersion, the more accurately this
value may reflect the true dispersion of repolarisation. Data to support this
are absent. It is of interest, however, that in a myocardial infarction
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population, when the number of interprétable leads fell from

12

to 8 , there

was a small, non significant increase in rate-corrected QT dispersion
value (Glancy JM 1995).

It is not only the number of missing leads which needs to be considered.
Loss of a specific lead may also influence the result. In normal individuals
the shortest QT interval has been found to be mostly in lead Vi and aVL,
compared to the longest interval in leads V 2 and

V 3

(Hnatkova K et al,

1994). In patients who had sustained a myocardial infarction, however,
the QT interval in lead Vi was found to be the shortest with V 4 the being
the longest (Glancy JM et al, 1995).

Definition and Measurement of the T Wave

One of the most difficult aspects of QT dispersion assessment is in the
measurement of the QT interval itself, in particular the identification of the
T wave end or offset. Interestingly similar vicissitudes have characterised
monophasic action potential measurements namely defining the end of
the action potential duration. The T wave is usually the most variable area
of the electrocardiogram and there is a necessary compromise between
optimising the number of leads and accurately defining the T wave end.
There is no consensus in regard to the exact definition of T wave end.
Most studies have used the return to isoelectric line. A few studies have
favoured the definition by Lepeschkin and Surawicz namely intersection
between the isoelectric line and a tangent to the descending limb of the T
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wave (Lepeschkin E et al, 1952), a principle which has previously been
adopted for defining the end of the action potential. However, the greatest
proportion of ventricular repolarisation gradients are manifested in the
bulk of the T wave and only a small portion of repolarisation differences in
the voltage or time domain occur in the final portion of the T wave (or
even after the T wave offset when small groups of cells may still be
repolarising and minute gradients exist but are undetected in the
electrocardiogram) (Franz MR et al, 2000). A number of situations pose
difficulties in T wave measurement. In leads where the T wave amplitude
is low, reliable definition of the terminal portion of the T wave from the
baseline may be impossible particularly if it is fluctuating. It has been
suggested that leads where the T wave amplitude is below 100 microvolts
should be discarded (Murray A et al, 1997). Even if the amplitude is good,
reliable determination of the T wave offset may be hampered if there is
noise.

In the presence of a U wave, it has become common practice to define
the end of the T wave as the nadir between T and U waves (Higham PD
et al, 1994).

The Influence of Paper Speed

The accuracy of QT interval measurement is influenced by the
electrocardiogram paper speed. It is more reproducible with a faster
paper speed (van de Loo A et al, 1994) but a slower paper speed tends to
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produce longer QT measurements and will also influence the T wave
amplitude (Murray A et al, 1994).

The Role of Automated Measurement

The

individual

measurement

of electrocardiogram

leads

is time

consuming and a number of groups have worked on automatic analysis
systems. Computer programmes, with customised algorithms, have been
devised to detect the important features of the electrocardiogram
waveforms such as Q wave onset, T wave peak and end and onset of the
J wave. These can be automatically displayed as vertical spikes
superimposed on the signal, to be manually corrected or confirmed
subsequently.

However, automated systems can prove particularly

unreliable in the presence of low T wave amplitudes (McLaughlin NB et
al, 1995) and where the T wave merges with U and / or P waves. A lack
of agreement between manual and automated measures of QT
dispersion has been reported (Savelieva I et al, 1998). In the light of
these findings, it has been recommended that visual reviewing of
automated measurements takes place and available automatic methods
for QT dispersion assessment have not proved superior to manual
measurements.
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Reproducibility of QT Dispersion

For QT dispersion to be a useful tool, it must be reproducible. There have
been few studies which have specifically examined this area. One which
focused on the inter-observer reproducibility of both QT interval and QT
dispersion, in a normal population, reported a small inter-observer
difference for QT interval measurements but a significant inter-observer
difference with respect to QT dispersion (relative error 28-33%, p<0.01 )
(Kautzner J et al, 1994). The comparison of QT dispersion values
between different patient populations or different observers requires
caution and its use in risk stratification remains contentious.

QT Dispersion in the Clinical Arena

Following the first publication of QT dispersion in 1990, there was great
interest in examining the parameter under conditions known to be of
increased arrhythmic risk such as the long QT syndrome (Day CP et al,
1990) and hypertrophic obstructive cardiomyopathy (Buja G et al, 1993).
The examination of QT dispersion in those patients with underlying
coronary artery disease,

a condition

particularly associated with

ventricular arrhythmia formation, was initially disappointing. Some studies
confirmed an increased QT dispersion in those sustaining ventricular
arrhythmia (Higham PD et al, 1995, Perkiomaki JS et al, 1995) and others
failed to find an association (Glancy JM et al, 1995). These studies were
in resting electrocardiograms. When QT dispersion was assessed
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prospectively in response to during acute ischaemia, it was found to
dramatically increase (Sporton SC et al, 1997). At baseline, QT
dispersion could not discriminate between the normal control population
and those individuals with underlying coronary artery disease. It was only
the induction of ischaemia, which resulted in this dichotomy. This study
gave weight to the concept that the dynamic component of QT dispersion
was fundamental. This finding is intuitive, since it is unlikely that an
individual at rest would have an increased QT dispersion, reflecting an
increased dispersion of repolarisation, but that some trigger is required to
induce an increase and thus pose an arrhythmic risk.

The work embodied in this thesis has attempted to move away from the
use of QT dispersion as a stratification tool of resting electrocardiograms
of an at risk group. The three studies, which form the thesis, have
explored the effect on QT dispersion of dynamic change. The effect of
heart rate change and the effect of two influences thought to be
associated with enhanced ventricular arrhythmia risk, namely acute
psychological stress in patients with coronary artery disease and
alteration in ventricular load in patients with abnormal ventricular function.

The Electrocardiogram: Theoretical Considerations

Each heart beat is accompanied by the movement of ions across
myocardial cell membranes with the resulting formation of small current
flows. The extracellular fluid behaves as a conduction medium, allowing
70

the subsequent movement of this current throughout the body. Indeed,
the extracellular fluid is essentially a continuing conduction medium
between heart and skin (Geselowitz DB 1964). Hence small potential
differences are present at the body's surface and the recording of these
potential differences (approximately

1

millivolt) forms the basis of the

electrocardiogram - it is essentially an galvanometer. Thus, all the
deflections

of

an

individual

electrocardiogram

represent

the

transmembrane ionic activity of individual excitable myocardial cells, the
temporal and spatial activity of groups of these cells i.e. patterns of
activation and recovery and the ionic flow through the body. Thus the
electrocardiogram does not directly record the electrical activity of the
heart but rather changes in the electrical potential of an electrical field
originating in the heart. In contrast, recording of electrical activity can only
take place when an electrode is in direct contact with the myocardium
generating the current. An electrode, connected to a wire, is attached to
the positive pole and separately to the negative pole of the galvanometer.
This

pair

of

electrodes

on

the

body

surface

constitutes

an

electrocardiographic lead. Each lead can record the extent of electrical
changes, which occur during repeated cardiac contraction and relaxation.
There are a series of anatomically defined electrode positions used in the
recording of a standard electrocardiogram.
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Electrocardiographic Leads

The conventional 12 lead electrocardiogram consists of frontal plane and
horizontal plane leads which are bipolar limb leads (I, II, III), ‘unipolar* limb
leads (aVR, aVL, aVF) and ‘unipolar* precordial leads (V1-VG). The
‘unipolar* leads are in reality bipolar since they measure voltage
differences between two points (one of the two points is the Wilson central
terminal which only influences the baseline level of the other point, referred
to as the exploring electrode).

The Frontal Plane Leads

These leads record electrical activity in the frontal or coronal plane.
Recording is obtained through electrodes sited on all four limbs and
therefore, these are referred to as the limb leads. The actual site of the
electrode on the limb is unimportant since linear conduction to the
electrode occurs through the low resistance tissue of the arm or leg. The
electrode can be sited anywhere from the periphery to the limb
attachment to the torso.

Bipolar Frontal Leads

Four electrocardiogram electrodes are placed on each limb. A recording
is made measuring the potential differences between a pair of electrodes
(i.e. a bipolar recording).
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•

standard lead I is derived from the placement of the negative

electrode on the right arm and the positive electrode on the left arm
•

Standard lead II is derived from placement of the negative electrode

on the right arm and the positive electrode on the left foot
•

Standard lead III is derived from placement of the negative electrode

on the left arm and the positive electrode on the left foot

This can be mathematically represented as:

I=
II =

E l- E r
E f-E r

III = Ef-El

where

El Er Ef

represent the potential at the left and right arms and left

leg respectively. Combining the equations, the following relationship
exists, which is Einthoven’s law: I + III = II

Each lead has a notational direction towards the positive pole of that lead.
If the net movement of excitation is parallel to the lead direction then a
positive deflection will be recorded in that lead. The lead axes of the three
limb leads form a triangle and, as the electrodes are equidistant from the
heart, the lead axes can be similarly considered to be equidistant from the
heart. Thus, the lead axes form an equilateral triangle with the heart at
the centre - this is Einthoven’s triangle.
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Unipolar Frontal Leads

There are three unipolar frontal leads; aVL, aVR, aVF. These leads utilise
a positive ‘exploring’ electrode placed over a limb, termed the voltage or
‘V’ lead. The negative electrode is derived from the sum of the
electromagnetic potentials in a simultaneous recording from the right arm,
left arm and left leg, combined to form the Wilson central terminal. The
potential of the Wilson central terminal

(E w c t)

can be calculated as:

E w c t = 1 / 3 ( E r + E l + E f)

The vector sum of this electrode combination is considered to have a zero
potential and the Wilson central terminal becomes a negative lead.
Therefore, any activity recorded is considered to solely reflect change in
potential from the single limb lead exploring' electrode. It is thus
considered to be a unipolar lead.

The Wilson central terminal was modified in 1942 in order to increase, or
augment, the voltages measured by the unipolar limb leads (Goldberger
E 1942). By omitting the connection of the neutral terminal to the limb
which is being tested and allowing it to hang free, Goldberger was able to
augment the hitherto low voltage obtained by the exploring electrode:

• Lead aVR is the augmented unipolar right arm lead. It is considered
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to be orientated towards and looking at electrical changes in the heart
from the position of the right arm.
•

Lead aVL is the augmented unipolar left arm lead and can be

considered to be orientated towards the antero-lateral or superior surface
of the left ventricle.
•

Lead aVF is the augmented unipolar left leg lead. It is considered to

be orientated to the inferior surface of the heart.

The Horizontal Plane Leads

The precordial or chest leads are positioned in the horizontal plane, on
the chest wall close to the heart. Unipolar recordings are obtained from
each of the six leads, designated as V1 to V 6 . The exploring electrode is
placed at an anatomically defined site;

•

Vi is placed over the fourth intercostal space to the right of the

sternum
•

V 2 is placed over the fourth intercostal space to the left of the sternum

•

V 4 is placed over the fifth intercostal space in the midclavicular line

•

V 3 is placed on the chest midway between V 2 and V4

•

V 5

isplaced at the same horizontal level as

V 4

but on the anterior

axillary line
•

V e

is placed at the same horizontal level as

midaxillary line
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V 4

and

V 5

but on the

The Wilson central terminal acts as the neutral lead.

Genesis and Representations of Electrocardiographic Deflections

The first human electrocardiogram was recorded by Augustus Waller in
1887 with a Lippmann’s capillary electrometer (Waller AD 1887) and
initially only two deflections were obtained, both representing ventricular
activity, and were labelled V I and V2. Willem Einthoven also recorded
these two deflections with the use of a Lippmann’s capillary electrometer,
but termed these A and B When Einthoven subsequently recorded atrial
activity. Waller termed this A for atrial but Einthoven who had already
used A to denote a ventricular deflection, used P. From this use of P
eventually the designation of waves in the electrocardiogram became
PQRST. The choice of P is believed to reflect Einthoven’s knowledge of
the 17th century French physicist and geometrist Descartes who used P
to designate a point on a curve (Henson JR 1971).

The size of the potential difference measured depends on the size of
extracellular current and hence the cardiac mass. Therefore the first
depolarisation to occur, that of the SA node, is not registered on a surface
electrocardiogram because the nodal mass is too small. However,
depolarisation of the atrial mass is registered and produces the P wave,
its onset coinciding with the upstroke of the atrial action potentials. The
first half of the P wave is largely produced by depolarisation of the right
atrium, the second half largely results from left atrial depolarisation. The
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PR interval mainly represents the delay at the atrioventricular node since
the conducting system velocity is rapid (approximately 3m/second) and is
too fast to register on the electrocardiogram.

The QRS complex is formed mainly by propagation of the wave of
depolarisation through the ventricles, predominately spreading from
endocardium to epicardium, and it largely reflects the plateau phase. The
initial 0.01 second of the QRS complex results from the depolarisation of
the middle of the left side of the interventricular septum with the following
few milliseconds resulting from the depolarisation of the ventricular
endocardium. The next few milliseconds of the QRS complex are formed
by a decreasing amount of the right ventricle and increasing amount of
the left ventricle, with the last few milliseconds being formed by the
depolarisation of the basal portion of the left ventricle (Durrer D 1968).

The T and U waves constitute ventricular repolarisation, reflecting the
repolarisation from epicardium to endocardium. For many years, the T
wave has long been recognised as the most variable component of the
electrocardiogram (Lewis T 1920) and in contrast to the QRS complex its
morphology and polarity are largely determined by repolarising currents
and thus influenced by regional inhomogeneities (Franz MR et al, 1991).
The T wave reflects temporal and spatial voltage gradients within the
ventricular myocardium which are present during cellular repolarisation
(Wilson FN et al, 1934, Macleod AG et al, 1938). Although instantaneous,
these voltage gradients are complex representations of the dispersion of
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cellular repolarisation in time

and space.

The

T wave of the

electrocardiogram is the most direct expression of dispersion of
repolarisation and the largest proportion of ventricular repolarisation
gradients are manifested in the form of the T wave. The T wave remains
an area of controversy. The peak of the T wave is thought to designate
full repolarisation of the epicardium and the end of the T wave is thought
to signify full repolarisation of the M cells. Thus the interval between the
peak and the end of the T wave may provide an index of transmural
dispersion of repolarisation. Only a small portion of the repolarisation
differences in the voltage or time domain may occur in the terminal part of
the T wave or may be unrecorded by the electrocardiogram, if few cells
are still repolarising and the minute gradients escape detection.

There has been much debate and many theories relating to the
mechanism

responsible for generation

of the

U wave.

Current

understanding implicates M cell repolarisation but it remains highly
debatable. These cells lie in the lateral ventricular wall, extending from
deep in the subendocardium to mid myocardium, and in the wall of the
outflow tracts. The action potentials of these cells are longer than that of
other myocytes (Antzelevitch 0 1997). It is thought that normal U waves
are produced by repolarisation of the His-Purkinje system, and that
abnormal (large or inverted) U waves are not distinct U waves at all, but
are interrupted T waves resulting from voltage gradients flowing on the
other side of the M cells (Hurst J W 1998).
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Solid Angle Theory

When there is juxtaposition on either side of a membrane of two equal
and opposite charges, a dipole is composed. At any instance the heart
can be viewed as a dipole existing of positive and negative charge,
separated by a short distance. When the dipole is immersed in a volume
conductor an electrical field is generated. If this volume conductor is
homogeneous the field generated is symmetrical. When the cells are
activated or injured, ionic shifts occur with a movement of positive charge
into the cell and migration of negative charge to the outer surface of the
cell. The polarity of the cell is now reversed and is depolarised. As the
activation- excitation wave of depolarisation passes through the polarised,
resting cells, those cells activated will be negatively charged at the
surface in contrast to those not yet activated which will have positive
surface charges. An electrical potential is therefore in existence.

This can be considered in a theoretical model. If a strip of left ventricular
myocardium extending from the endocardial to the epicardial surface is
immersed in a homogeneous volume conductor, a unipolar electrode
facing the epicardial surface will register an isoelectric line when the cells
are polarised or resting, since there is no potential difference and hence
no electrical field generated. Following activation of the endocardium and
subsequent increase in membrane permeability and influx of sodium ions,
the muscle strip becomes depolarised and the electrical field external to
the strip becomes relatively negatively charged compared to that of the
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polarised cells. Thus a potential exists across the boundary between
depolarised and polarised cells. This boundary is moving as the wave of
depolarisation progresses from endocardium towards the epicardium,
positive charge (the source) will move in front of negative charge (the
sink) with the resulting registration of positivity or an upright deflection by
a unipolar electrode facing the epicardial surface. The sequence of
repolarisation occurs in reverse i.e. from epicardium to endocardium and
negative charge travels in front, leaving a wave of positivity in its wake.
Thus the unipolar electrode will face positive charge once again and will
register a positive deflection (the T wave).

The magnitude of the potential generated in this volume conductor at any
point can be assessed using the concept of the solid angle theory. The
theory relates a potential at a point to a dipole axis and it was first
formulated by Sir Issac Newton in his studies of gravity in the 1680’s. In
this century has been used in such diverse fields as magnetics, optics
and radiation physics. However, it was Wilson et al. who first recognised
the applicability of the solid angle theory to electrocardiography (Wilson et
al, 1933).

The solid angle is the area of a spherical surface, which is intersected by
a cone formed by the projection of a series of lines or tangents from a
point P to every point of a site of interest. The points at which these lines
radiating from the point P intersect with the spherical surface of interest is
termed the boundary zone. The current flow at this boundary is a function
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of the transmembrane voltages in the area. As such, the magnitude of the
solid angle is independent of the surfaces contour which it encloses but it
is dependent on the position of P and on the geometry of the boundary
(Holland RP et al, 1977).

The potential recorded by an electrode at point P (e) is dependent on the
solid angle and the transmembrane potential difference, indeed, the
electrocardiographically recorded potential is proportional to the solid
angle and to the transmembrane potential differences:

s

= K AVmQ

4n

where
Q

is the solid angle constructed at point P

AVm is the transmembrane difference between the two regions

K

is a correction for differences in intracellular and extracellular
conductivity
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Thus the solid angle, being dependent on the position of the recording
electrode at point P and on the geometry of the boundary, gives
information about spatial influences on the magnitude of the recorded
potential e. However, the transmembrane difference between the two
regions AVm, being independent of the geometry of the two regions, gives
information regarding non spatial influences on the magnitude of the
recorded potential e.

The voltage at point P is related to the distance that point P is from the
source, the strength of the source and to the cosine of the angle formed
by a line drawn from P to the mid point of the dipole axis and the dipole
axis.

Ep = m cos 0

where

Ep

is the voltage at P

m

is the strength of the source

r

is the distance of P from the source

CO S

mid

9

is the cosine of the angle formed by a line drawn from P to the
point of the dipole axis and the dipole axis
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Using this formula, when the angle is 90 degrees, the line drawn from
point P is at 90 degrees to the dipole axis and the voltage is therefore
zero.

In a normal, standard electrocardiogram the PQ, ST and TP segments
are all isoelectric. If an area of the heart is injured, this may no longer be
true. During ischaemia the cells depolarise, with a resulting reduction in
the transmembrane potential compared to surrounding non ischaemic
cells. A potential exists, resulting in the flow of currents from ischaemic to
non ischaemic areas.
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Chapter 2

Overall Materials and Methods

Methodology Applicable To All Studies

Patient Selection

Patients were

recruited from those

undergoing

routine

coronary

angiography for suspected or proven coronary artery disease, or as part
of the investigation for an unexplained cardiomyopathy. All patients gave
written consent for the studies, which had been approved by the local
ethics committee. All three studies were carried out following diagnostic
left heart catheterisation and on different patient populations. The studies
utilising pacing were carried out immediately, in the catheter laboratory,
after diagnostic angiography. The study, which examined the influence of
psychological stress, was carried out at least four hours after diagnostic
angiography.

Patient Exclusion Criteria

Patients were excluded in the presence of the following:
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•

Atrial fibrillation (in view of the absence of experimental data that QT

dispersion is applicable to this arrhythmia)
•

Significant valvular disease (pacing studies would have been

contraindicated in the presence of severe stenotic lesions and all
significant valvular lesions would have potentially altered ventricular
loading conditions)
•

Right or left bundle branch block, since the presence of these affects

baseline QT dispersion
•

Severe coronary artery disease such as left main stem disease where

it was deemed unsafe for pacing or potentially for the psychometric
testing
•

Concomitant medication with a class III drug because of the effect on

the QT interval

Diagnostic Cardiac Catheterisation

All diagnostic cardiac catheterisations were carried out using the right
femoral approach. Some patients, pre cardiac catheterisation, were given
intravenous benzodiazepine if they specifically requested an anxiolytic.
The inguinal region was cleaned with iodine and the patient covered with
sterile drapes, leaving the inguinal region exposed. Between 5 and 20
millilitres of 1% Lignocaine was infiltrated into the skin overlying the
femoral artery and vein just below the inguinal ligament. Sheaths were
inserted into either the artery (usually 5 French) alone for the mental
stress protocol or into both the artery and vein
85

(6

French) for the other

pacing protocols. The diagnostic study was then carried out in the
conventional manner, using the Seldinger technique.

Electrocardiogram Recording

The electrocardiograms recorded for this body of work were all 12 lead.
They were recorded using a system, which allowed the simultaneous
acquisition

of

individual

leads

(Marquette

MAC

VU).

All

electrocardiograms were recorded at 50 mm per second, both to paper
and to disc, to allow the generation of repeat copies. Good skin
preparation was important to optimise recordings. In men, any chest hair
overlying the proposed electrode site was shaved and removed. Light
skin abrasion was carried out and electrodes were sited in standard
positions. Commercial radiolucent ‘Blue Sensor’ QR-50-A electrodes
were used for all recordings made in the catheter laboratory, with ‘Blue
Sensor’ 3500 electrodes used for recordings outside of the laboratory.

Electrocardiogram Analvsis

All electrocardiogram analysis was performed manually by a single
individual (PR James). A sample of the electrocardiograms for each study
was re-measured by a second blinded investigator to assess the inter
observer difference.
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Figure 2.1
Graphie Representation of an Electrocardiogram Complex

R

The following definitions were employed:

The QRS complex - the distance between the onset of the 0 wave to the
end of the 8 wave.

J point - the junction of the 8 wave and ST segment.

The JT interval - the distance from the onset of the J point deflection to
the end of the T wave.

The QT interval - the distance between the onset of the QRS complex,
irrespective of whether this begins with a Q or R wave, to the end of the T
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wave where its descending limb intersects the isoelectric line or TP line
(Cowan et al, 1988). Where a diphasic T wave was present, the point at
which the T wave returned to the TP line was used (Cowan JC et al). In
the presence of a U wave, the end of the T wave was measured to the
nadir of the curve between the T wave and U waves.

Electrocardiogram leads in which the end of the T wave could not be
accurately defined, were rejected and excluded from any further analysis.
Any electrocardiogram in which there were less than seven leads suitable
for analysis were discarded and not further analysed (Higham PD et al,
1995). No attempt was made to correct for missing leads (Hnatkova K et
al, 1994).

QRS, JT and QT intervals were measured in three consecutive beats and
the average assessed.

Measurement of QT dispersion

All measurement of QT dispersion in this thesis was performed manually.
In the catheter laboratory some electrocardiograms were complicated by
50 Hz interference. Generating a copy from the disc, in a site distant from
the catheter laboratory, usually resulted in a clear copy.

QT dispersion was calculated as the maximum inter-lead QT variation i.e.
maximum QT interval measurement minus the minimum QT interval value
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for that electrocardiogram (Higham PD & Campbell RWF 1994). In none
of the studies was QT dispersion corrected for heart rate.

For the study of acute psychological stress, QT dispersion measurement
was supplemented with a measure of QRS and JT dispersion. The QRS
segment provides an approximation of conduction time and hence QRS
dispersion gives a measure of the dispersion of inter-ventricular
conduction time. In contrast, the JT interval approximates to the
repolarisation time and hence JT dispersion gives a measure of the
dispersion in action potential duration.

Definition of Coronarv Artery Disease

Patients were defined as having significant coronary artery disease when
at least one coronary artery stenosis of >70% was present at
angiography. Normal patients had no evidence of obstructive coronary
artery disease and normal ventricular function.

Statistical Analvsis

A p value of <0.05 was considered to be statistically significant,

i) The Influence Of Heart Rate On QT Dispersion
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Data from this study were assessed using linear regression and
Spearman’s rank correction coefficient.

ii) The Effect of Acute Psychological Stress on QT Dispersion

QRS and JT dispersion were analysed by means of two way repeated
measures analysis of variance (ANOVA).

iii) The influence Of Physiological Changes In Ventricular Filling On QT
Dispersion

Statistical analysis was performed using the parametric two-sample t-test
and the non parametric Mann-Whitney test. Since the result were similar
for both analyses, results for the parametric method are presented.

Assessment of Inter-observer Variability

In each of the studies a measure of inter-observer variation in QT
dispersion was made. A second individual (SC Sporton), who was blinded
to the patient populations and study protocols, measured a selection of
electrocardiograms.

These

were

all

copies

of

the

original

electrocardiograms and had been generated from disc. It was important
that the methodology used in measuring QT dispersion was robust,
particularly for the study of heart rate change on QT dispersion where a
negative correlation was anticipated.
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Methodology For Chapter 3: The Influence Of Heart Rate On QT
Dispersion

Exclusion Criteria

Incremental Atrial Pacing

Patients with any coronary artery disease, however mild, were excluded
from the study.

Pacing Protocols

A standard a bipolar temporary pacing wire was introduced into the
femoral vein via the pre-placed sheath and advanced to the right heart
under X-ray guidance. A stable position was found in either the right
atrium or right ventricle depending on the protocol (see below). The
threshold was determined by connecting the pacing wire to a temporary
pacing (Devices) box. If the threshold was low, (typically less than 1 volt)
the site was accepted and the position used to undertake one of several
pacing protocols using a pacing voltage of twice the threshold.

1.

Incremental Atrial Pacing

In patients with normal coronaries, a pacing wire was positioned in the
right atrium. Atrial pacing was commenced at five to ten beats above the
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individual’s resting heart rate for at least two minutes, to achieve a steady
state. A twelve lead electrocardiogram was recorded. The pacing rate
was then increased by ten beats and the patient paced for two minutes at
the new interval. The protocol was repeated to a maximum heart rate of
120 beats per minute with an electrocardiogram recording at the end of
each increment in pacing.

2. Electrical Restitution Curves

A temporary pacing wire was positioned in either the right atrium or right
ventricle and the threshold assessed. The temporary pacing wire was
then disconnected and attached to a programmable stimulator (Bjorn).
Fixed rate atrial or ventricular pacing was commenced at five to ten beats
above the patient’s resting heart rate for at least two minutes to achieve a
steady state. A 12 lead electrocardiogram was recorded. Test stimuli
were then introduced every sixth beat at decrementing cycle lengths
starting with an interval predicted to lie on the plateau of the restitution
curve. Each test stimulus was repeated to obtain three electrocardiogram
recordings at that interval which would allow an average of QT dispersion
to be subsequently calculated.

The stimuli intervals were shortened until either atrioventricular block
developed, in the case of atrial pacing, or failure of capture or irritability of
the ventricle in the case of ventricular pacing. Frequent ventricular
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ectopics, runs of triplets or short salvos of ventricular tachycardia were
agreed criteria for terminating the protocol.

Programmable Stimulator (Biom Box)

This specialised programmable stimulator enables a steady state to be
maintained for as long as required, and the interpolation of up to 3 interval
changes in sequence anywhere in a sequence of 60 beats. The protocol
used in Chapter 3, required pacing at 5 to 10 beats above the patient's
resting heart rate for 3 minutes, to achieve a steady state, and then the
introduction of single intervals at every sixth beat.

Methodoloov For Chapter 4: The Influence of Acute Psvcholooical Stress
on QT Dispersion

Exclusion Criteria Applicable Solelv to the Mental Stress Studv

For the psychological stress study, a poor command of the English
language where the patient was unable to reason verbally, was an
exclusion criterion. Similarly, patients who required a benzodiazepine
anxiolytic (Diazemuls) prior to or during diagnostic angiography, were
excluded.
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Psychometric Testing

The psychometric testing was carried out at least four hours after the
diagnostic left heart catheter, once the patient was recovered on the
ward. He or she undertook a series of five different cognitive tests which
were directed by a member of the Health Psychology team, with whom
the patient had had no prior contact. Each task had a duration of two
minutes. To increase the stressful nature of the testing four individuals
were also present to create an audience effect. These individuals were
unknown to the patient and had been primed to maintain a stern
countenance. The patient was continually reminded of the need to answer
the questions correctly, not to hesitate, and was informed of any incorrect
responses made.

Verbal Cognitive Tests

The following verbal cognitive tests were employed:

•

serial sevens: deducting sevens from a stated number and changing

to serial threes in individuals where seven proved too difficult e.g. 643
636

•

word reversal: reversing the order of letters of a stated word e.g.

knight

thgink
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•

word finding; on provision of a letter and category, delivering a word

which fulfils both criteria e.g. a country beginning with k

Kuwait, a

vegetable beginning with o -> okra

•

number reversal: repeating a given number in reverse e.g. 5893

3985

•

speaking: each individual was requested to immediately speak aloud

about a self-chosen topic without hesitation or repetition.

Assessment of Psvcholooical Stress

In order to quantify the degree of mental stress invoked by the
psychometric testing, four paired visual analogue scales were employed.
The first set of these visual analogue scales were completed by each
patient, who underwent the psychometric testing. The second set of
scales were then completed at a later date when the individual was at
home in his or her usual environment. The scales were returned by post.
An individual was considered to have reported subjective stress where
there was a reported increase in stress during the psychometric testing,
compared to baseline levels.
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Methodology For Chapter 5: The Influence Of Physiological Changes In
Ventricular Filling On QT Dispersion

Pacing Protocols

Two bipolar temporary pacing wires were positioned in the right heart,
one in the atrium and the other at the yentricular apex, yia two 6 French
sheaths in the right femoral yein. Stable positions were found for both
wires and the threshold for each established.

Two pacing modes were employed:

Mode

1 (atrio-yentricular

pacing):

atrial actiyation

occurred

120

milliseconds before yentricular actiyation, such that atrial contraction
occurred normally in diastole

Mode

2

(yentriculo-atrial

pacing):

atrial actiyation

occurred

50

milliseconds after yentricular actiyation such that atrial actiyation occurred
following closure of the atrio-yentricular yalyes

The pacing protocol commenced with atrio-yentricular pacing (mode 1) at
fiye to ten beats aboye the patient’sresting heart rate for at least two
minutes in order to establish a steady state. An electrocardiogram was
recorded at steady state pacing. Following this, the pacing direction was
abruptly reyersed to yentriculo-atrial pacing for three beats and another
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electrocardiogram was recorded. The protocol was then reversed to atrio
ventricular and the test was completed.

Echocardiooraphv

The anticipated loss of the atrial component to filling, with the switch from
atrio-ventricular

to

ventriculo-atrial

pacing,

was

confirmed

using

transthoracic echocardiography. Both M-mode and pulsed wave Doppler
modalities were used to demonstrate these changes.

Calculation of Eiection Fraction

The ejection fraction was calculated, using Simpson's rule, from the left
ventriculogram in the right anterior oblique projection at the time of
diagnostic angiography.

Specialised Programmable Stimulator

The Medical Physics department at the Middlesex hospital (University
College Hospitals NHS Trust) was approached to develop a novel
programmable stimulator and pacing box in which the atrial and
ventricular components could both sense and pace each other and be
modified independently of one another. This allowed the selection of the
atrio-ventricular delay such that atrial transport could be maintained or to
change to ventriculo-atrial pacing, within a single beat, and remove the
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atrial component, by ensuring the atrial pacing occurred after closure of
the atrio-ventricular valves. In the protocol employed, the atrio-ventricular
pacing interval was 120 milliseconds and the ventriculo-atrial interval was
50 milliseconds.
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Chapter 3

The influence Of Heart Rate On QT dispersion

Introduction

Despite a lack of evidence that dispersion of repolarisation is heart rate
dependent, the practice of correcting QT dispersion for heart rate is
widespread. Indeed, studies exist where the only QT dispersion data
presented are rate corrected (Wang-Chia-Liang et al, 2002, Kosar F et al,
2001, Suzuki et al, 1998, Ashikaga et al, 1998, Perkiomaki et al, 1998, de
Bruyne MO et al, 1998).

When an electrical impulse is delivered to the heart, immediately following
an action potential, no response is obtained since the heart is refractory.
If the stimulus is delivered later, action potentials are obtained but these
are shorter than those of the steady state and they lengthen as the
interval between beats increases i.e. there is modulation of the action
potential duration by a change in cycle length. When this phenomenon is
explored experimentally by steady state pacing and then delivering test
pulse intervals, at progressively increasing intervals, a relationship can be
demonstrated between the action potential duration and the test pulse
interval (R-R interval). This interval dependence of the action potential
duration is termed electrical restitution (Bass BG 1975, Boyett MR &
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Jewell BR 1978). There is considerable evidence to suggest that the QT
interval is closely related to the ventricular action potential and,
furthermore, that the QT interval is a good non-invasive measure of the
repolarisation segment (Franz MR et al, 1988, Zabel et al, 1995). One
would expect the behaviour of the QT interval, to a single interval change
in cycle length, to mirror that of the action potential duration and be
governed by the same process of restitution. However, electrical
restitution cannot explain all the changes in action potential duration (and
QT interval) that occur when the heart rate is increased. The electrical
restitution curve determines action potential duration (and QT interval) for
only the first excitation following the initial short R-R interval. A sustained
rate increase in heart rate results in a slow, progressive shortening of the
action potential duration and QT interval over a period of several minutes.
Steady state conditions are essentially attained three minutes following
the sustained rate change although a trend for further action potential
shortening with time is recognised (Seed WA et al, 1987).

However, unlike the QT interval, QT dispersion is a measure of dispersion
of repolarisation and there is some experimental evidence to suggest that
dispersion of repolarisation is rate independent (Zabel M et al, 1995).
Furthermore, on theoretical grounds, an increase in dispersion of
repolarisation with higher heart rates would be unlikely since simple
exercise, even in healthy individuals, would result in an increase in
dispersion of repolarisation and hence heightened arrhythmic potential.
Thus QT dispersion would not be expected to be influenced by electrical
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restitution in the same way as the QT interval, if QT dispersion is not
influenced by heart rate changes, this would have great implication not
only with regard to the practice of correcting for heart rate but also,
perhaps, in the application of QT dispersion to atrial fibrillation which
hitherto has largely been excluded from investigation. Furthermore, if rate
correction of QT dispersion is inappropriate the practice may distort
potentially useful data.

Since both single interval and sustained change influence action potential
duration (and so QT interval), this has implication in the application of
rate-correction formulae, such a that of Bazett, which assume a linear
relation at all times between heart rate and QT interval. Such rate
correction formulae can only be applicable to steady state conditions.

Aims and Objectives

The following prospective study was designed to examine systematically
the influence interval change on both the QT interval and on QT
dispersion. The protocol had the intention of confirming the following
hypotheses:

1.

that the behaviour of the QT interval, in response to steady state

change, is similar to that of previously described action potential
behaviour
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2.

that the behaviour of the QT interval, in response to a change in cycle

length (a single interval change), is similar to that of previously described
action potential behaviour

3.

that QT dispersion remains constant over a range of changes,

irrespective of the pattern of interval change including sustained and
single interval

Study Protocol

Patients were recruited from those undergoing elective day case coronary
angiography.

All

protocols

took

place

following

the

diagnostic

angiography. Some patients were only recruited for a single protocol
whereas other individuals completed two or more protocols. The
incremental atrial pacing protocol was only applicable to those individuals
who were found to have normal coronary arteries at angiography
(because of the potential for ischaemia to increase QT dispersion during
sustained pacing) (see Table 3.1). The other two pacing protocols,
involving beat to beat influences, were not restricted to those with normal
coronaries but were undertaken in patients with a range of pathologies
(mostly coronary artery disease) since a single interval was unlikely to
induce ischaemia (see Tables 3.2 and 3.3).
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Incremental Atrial Steady State Pacing

Atrial pacing was established just above the patient’s resting heart rate
using a bipolar temporary pacing wire in the right atrium. Pacing was
continued for three minutes to ensure a steady state had been reached
and then increased by increments of 10 beats to a maximum of 120 beats
per minute. A 12 lead electrocardiogram was recorded during each
steady state.

Single Interval Change

A bipolar temporary pacing wire was positioned either in the right atrium
or, to circumvent atrio-ventricular conduction delay and to allow
examination of the time course of early electrical restitution, at the apex of
the right ventricle. Pacing was then commenced at a constant basic cycle
length, using a programmable stimulator (Bjorn box), at 5 to 10 beats
above the patients resting rate for 3 minutes to attain a steady state. A 12
lead electrocardiogram was recorded. Stimuli were then introduced every
6 beats, of varying preceding intervals, starting with an interval predicted
to lie on the plateau of the restitution curve. Each stimulus was repeated
at the same test pulse interval, to allow the recording of 3 beats. The
stimuli intervals were shortened until atrio-ventricular block dictated the
lower limit conducted (frequently around 400 milliseconds) in the case of
atrial pacing or irritability of the ventricle in the case of ventricular pacing.

103

In a minority of patients, who had normal coronary arteries, the atrial
pacing protocol was repeated at different steady states.

Figure 3.1
Schematic Representation of the Single Interval Change Pacing
Protocol

Test Pulses

Results

A total of 55 patients were studied using one or more of the 3 pacing
protocols.
Twenty one patients were female and 34 were male. The age range was
46 to 75 years. The majority of patients had coronary artery disease. The
10 patients in whom incremental atrial pacing was carried out all had
normal coronary arteries and normal ventricular function.
In a minority of patients, competition between the fixed interval pacing
and the patient’s own intrinsic rate caused the study to be abandoned. In
no patient undergoing the ventricular pacing protocol was a sustained
ventricular arrhythmia generated.
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Sustained Atrial Pacing

Ten patients were studied. Five patients were female and 5 were male,
age range 46-68 years. Electrocardiograms were suitable for analysis in 9
nine patients (Table 1). The patient in whom the electrocardiograms were
not analysable had very poor T wave definition and the data were
discarded from any further analysis, since less than 7 leads were
analysable.

Table 3.1
Incremental Atrial Pacing
Sex

Age

C AD

EF

ssQ TD

av change Q T D

F

46

N

64%

40

38

F

57

N

85%

50

42

F

58

N

78%

50

41

M

49

N

80%

43

31

F

56

N

73%

33

30

M

56

N

87%

47

29

M

65

N

83%

37

23

M

68

N

60%

35

43

M

65

N

86%

50

40

The expected relationship was seen between QT interval and increasing
rate (Figure 3.2). QT dispersion at baseline atrial pacing ranged from 3350 milliseconds (average 44.8) and peak QT dispersion ranged from 23105

43 milliseconds (average 35.2). There is non significant relationship
between heart rate and QT dispersion (p = NS). There was a non
significant fall in QT dispersion, similar to that described by Sporton et al
(Sporton SC et al, 1997), as heart rate increased (Figure 3.3).

Figure 3.2
Atrial incremental Pacing: Relationship Between Steady State and
QT Interval in Two Patients
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Figure 3.3
Effect of Incremental Atrial Pacing on QT Dispersion
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Twenty three patients were recruited for this protocol. In 2 patients, a
stable pacing site could not be found and the study was abandoned. In
one patient the T waves of the electrocardiogram were poor and less than
7 analysable leads were present. This patient was withdrawn. Thus data
are available for 20 patients (see Table 3.2)
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Table 3.2
Single Interval Change - Atrial Pacing

Sex

Age

CAD

EF

ssQT

av change QT

D

D

F

67

Y

90%

37

34

M

56

Y

64%

57

51

M

64

Y

73%

50

52

M

74

Y

80%

50

55

M

73

Y

80%

40

33

F

65

Y

68%

30

26

F

52

Y

81%

23

27

F

63

Y

91%

20

25

F

58

Y

63%

47

33

M

66

Y

75%

40

36

M

72

Y

85%

30

30

M

75

Y

75%

50

37

F

46

N

76%

33

32

M

68

Y

86%

30

27

M

61

Y

66%

25

29

M

71

Y

27%

37

38

M

59

Y

46%

50

50

F

46

N

64%

50

44

M

57

Y

38%

40

39

F

57

N

85%

27

24

The effect of single cycle length perturbations on the QT interval during
steady state atrial pacing mirrored that of previously described action
potential duration behaviour and was governed by the relevant section of
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the electrical restitution curve (see Figure 3.4). Due to the effects of atrio
ventricular block in the atrial pacing group, no test pulse interval below
400 milliseconds was conducted. In contrast QT dispersion over the
range of test pulse intervals remained essentially unchanged (see Figure
3.5) (p=NS). The average QT dispersion in the atrial pacing group, during
steady state pacing, ranged from 25-50. QT dispersion over the 400 to
1,100 millisecond range of extra-stimuli conducted, ranged from 24-55.

Figure 3.4
Example Single interval Change during Atrial Pacing in a Single
Individual
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Figure 3.5
Effect of Single Interval Change during Atrial Pacing on QT
Dispersion
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Three patients underwent atrial pacing at different steady states. One
patient was paced at 2 different steady states (900 and 700 milliseconds),
and two patients were paced at 3 different steady states (1,000, 750 and
550 milliseconds and 800, 700 and 600 milliseconds). With an increase in
the basic pacing rate, the electrical restitution curve was displaced
downwards and to the left (see Figure 3.6). This behaviour of the
electrical restitution curve is well described (Seed WA et al, 1987).
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Figure 3.6

Electrical Restitution Curves and QT Dispersion in a Single
Patient at Different Steady States
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Ventricular

Twenty three patients underwent the ventricular pacing protocol. Seven of
the patients who underwent the ventricular protocol had also undergone
the atrial protocol. In 2 patients, there was a competing pacemaker within
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the ventricle and stable fixed rate pacing could not be achieved. Data are
therefore available for 21 individuals (see Table 3.3).

Table 3.3
Single Interval Change - Ventricular Pacing

Sex

Age

CAD

EF

SS

av change QTD

F
F
M
M
M
M
M
F
M
M
F
M
M
M
M
F
M
M
M
M
M

67
46
68
61
71
59
59
43
63
56
55
58
60
64
58
46
68
72
65
62
58

Y
N
Y
Y
Y
Y
Y
N
Y
Y
N
Y
Y
Y
Y
N
Y
N
Y
Y
Y

90%
76%
86%
66%
27%
46%
77%
51%
68%
51%
73%
63%
76%
61%
67%
64%
80%
38%
62%
72%
72%

QTD
60
60
50
60
63
80
70
53
53
50
50
40
47
83
77
50
50
50
63
57
60

55
53
47
58
58
86
66
46
50
41
48
42
48
67
72
46
50
46
65
53
51
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Figure 3.7
Example of the Effect of Single Interval Change During Ventricular
Pacing in a Single Individual
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The lowest test pulse intervals conducted in each individual ranged from
280 to 400 milliseconds. In three patients there was a 'diphasic' response
of the QT interval with an transient lengthening of the QT interval at
shorter test pulse intervals which then shortened again (Figure 3.8).
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Figure 3.8
Example of a Biphasic Response in a Patient

E,

460,

CO
>

450-

S

440-

c

430-

c

410-

200

400

600

800

1000

Test Pulse Intervals ms

The average QT dispersion in the ventricular pacing group, at steady
state pacing, was higher than that encountered during atrial pacing and
ranged from 40-83 milliseconds reflecting the sequence of excitation. QT
dispersion remained essentially unchanged over the test pulse interval
range of 280 to 1,400 milliseconds, averaging between 41 to 86
milliseconds in the majority of patients and there was no relationship
between QT interval and QT dispersion (Figure 3.9) (p = NS). In four
individuals, however, there was a tendency for QT dispersion to increase
at very short intervals (Figure 3.10).

114

Figure 3.9
Example of the Effect of Single Interval Change During Ventricular
Pacing on QT Dispersion in a Single Individual
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In two patients, this increase in QT dispersion occurred at intervals below
340 milliseconds and was accompanied by a broadening of the T wave.
This increase in QT dispersion also occurred in 2 of the patients who
exhibited a biphasic response at lower intervals. In the 4 patients, QT
dispersion during steady state pacing averaged at 57.8 milliseconds
(range 48-67) and over the range of test pulse intervals above 340
milliseconds the average QT dispersion was 54.6 (range 46.4-64.2).
However for test pulse intervals below 340 milliseconds, the average QT
dispersion increased to 84.5 milliseconds (range 80-93.3)(see Table 3.3).
One patient, who did not have a biphasic response, developed couplets
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and triplets with test pulse intervals of 325 milliseconds and the test was
discontinued. This patient had significant underlying coronary artery
disease (2 vessel disease) with good left ventricular function. The other
patient who did not exhibit a biphasic response but an increase in QT
dispersion, did not sustain any extra beats and a lower limit of 290
milliseconds was achieved. This patient had normal coronary arteries and
normal systolic left ventricular function. The 2 patients who exhibited a
biphasic response both had underlying coronary artery disease with good
left ventricular function. In 1 patient spontaneous ventricular ectopy
occurred following test pulse intervals of 290 milliseconds and the
protocol was discontinued. In the other patient, test pulse intervals of 280
milliseconds were conducted without a problem.

Figure 3.10
Combined Data for the 4 Patients in whom increased QT Dispersion
Occurred during Single Interval Change at Short Intervals Only
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Discussion

There are two components to rate-related action potential shortening.
One is the slow adaptation of action potential duration (and QT interval) in
response to an abrupt but sustained change in the basic cycle length. The
second is the control of the action potential duration (and QT interval) as
a function of the preceding diastolic interval. Such interval dependence of
the action potential duration is termed electrical restitution. The
mechanisms underlying both components of rate-related action potential
change are not fully understood. The accumulation of a metabolite or ion,
or alteration in the activity of the sodium/potassium pump are thought to
be involved in the slow time course of action potential duration change
following a sustained alteration in basic cycle length (Boyett MR & Fedida
D 1984). The restitution curve depends on changes in factors affecting
cell membrane recovery post depolarisation, in part due to slow inward
calcium channels (Boyett MR & Fedida D 1984).

This series of experiments has prospectively examined the influence of
heart rate on the QT interval and on QT dispersion in a large number of
patients, under steady state and single interval change. The studies
confirm that, over the range of heart rates assessed, QT dispersion is
independent of heart rate whereas the QT interval responds to rate
change in a manner predicted by known action potential behaviour.
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Sustained Rate Change

Only patients with normal coronary arteries, at angiography, were
recruited for the sustained increment in heart rate protocol. This was
important to prevent the influence of rate-related angina which would
have increased QT dispersion (Sporton SC et al, 1997). With incremental
sustained increases in heart rate there was a progressive shortening in
the QT interval. This was associated with no significant change in QT
dispersion. Indeed there was a non significant reduction in QT dispersion,
with increasing rate, as has previously been noted in normal patients
(Sporton SC et al, 1997). (Figure 1). In the three patients who underwent
the atrial electrical restitution curve protocol at differing steady states, the
electrical restitution curves were displaced downwards with an increase in
the steady state rate and to the left. This behaviour of the QT interval,
mirrored that expected by action potential duration.

With a sustained increase in heart rate there is a progressive shortening
in action potential duration, and QT interval, over two to three minutes
until a steady state is achieved (Franz MR et al, 1980, Atwell D et al,
1981). The electrical restitution curve only determines the action potential
duration (and QT interval) for the first excitation after the initial short R-R
interval. Action potential shortening is most marked for the first beat at the
shorter cycle length i.e. the action potential duration for the first beat after
an abrupt increase in basic rate, is almost always shorter than the
preceding steady state action potential duration (Franz MR et al, 1988).
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Subsequent action potential duration change occurs either in a
continuous, décrémentai way or in an irregular fashion whereby
shortening over several beats is interrupted by longer or constant action
potential durations (action potential duration alternans) and will be
completed only over hundreds of beats (Franz MR et al, 1988). The
action potential duration (and QT interval) continue to shorten until a
steady state is attained, (Attwell D et al, 1981) approximately three
minutes after the initial change in rate. At the new steady state there is a
re-definition of the electrical restitution curve, with shorter action potential
duration at all R-R intervals and a downward shift in the electrical
restitution curve and to the left (Seed WA et al, 1987).

This slow adaptation of the action potential duration (and QT interval)
following an abrupt change in heart rate, or basic cycle length, is
sometimes referred to as memory (Rosen MR et al, 1998). It is likely that
more than one channel is involved in this slow adaptation. Most attention
has focused on the transient outward current in which profound changes
have been demonstrated including alteration in the threshold for
activation, delay in recovery and change in current density (Yu H et al,
1999). However, it is likely that other ion channels are also involved in this
memory process.
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Single Interval Change

The response of action potential duration (or QT interval) to a premature
stimulus is governed by a process termed restitution (Bass 1975). When
an electrical impulse is delivered to the heart, action potentials are
obtained but these are shorter than those of the steady state and they
lengthen as the interval between beats increases. Thus there is
modulation of the action potential duration by a single change in cycle
length. This relationship between the action potential duration and single
interval change is termed electrical restitution or the restitution relation
(Boyett MR & Jewell BR 1978, Boyett MR & Jewell BR 1980, Elharrar V &
Surawicz B 1983). Much work has been carried out examining the
relationship between action potential duration and changes in cycle length
(Bass BG 1975a, Bass BG 1975b, Boyett et al 1978, Greenspan K et al,
1967). Restitution reflects time-dependent kinetics of membrane or
intracellular ionic currents which characterise repolarisation (Varr A et al,
1993). in addition to these ionic currents, it is possible that electrotonic
loading of neighbouring cells influences restitution kinetics (Lesh MD et
al, 1989, Toyoshima H et al, 1978, Osaka T et al, 1987), and since the
direction of wavefront propagation can effect cell to cell loading during
repolarisation, restitution kinetics may also be influenced by the direction
of propagation (Osaka T et al, 1987). In contrast to sustained rate change
where the effect of cardiac memory is important, memory is distinct from
changes of the electrical restitution curve obtained using conventional
pacing protocols. However, the standard restitution curve alone may not
120

be appropriate to arrhythmias where both restitution and memory effects
are likely to be involved. For example, Gilmour et al have shown that
restitution curves, constructed using a pacing protocol in dogs, are
importantly modified by memory. This influence can induce dynamic
alterations in the relationship between action potential duration and
diastolic interval and may result in the development of chaotic behaviour
or dynamics. Such chaos, defined as 'aperiodic activity that arises in a
dynamical system as a result of a deterministic mechanism that has
sensitive dependence on initial conditions' is an area of current interest in
relation to experimental ventricular fibrillation (Gilmour RF et al, 1997,
Riccio ML et al, 1999). Unfortunately the methodology used incorporates
prolonged periods of pacing at very rapid rates which makes it
inappropriate for humans.

Biphasic Response

In three patients there was a biphasic response or a ‘hump’ in the
electrical restitution curve. Although this biphasic response has been
described elsewhere it has not been consistently reproduced. Franz et al
produced electrical restitution curves for nine patients using monophasic
action potential recordings. With very short test pulse intervals, within 50150 milliseconds of the effective refractory period, there was an early and
steep rise in action potential duration followed by a brief shortening in
action potential duration, and finally a slower but progressive lengthening
of the action potential duration to a plateau. This occurred in a minority of
121

patients. This ‘hump’ in the electrical restitution curve was secondary to
‘supernormal’ action potentials which had a greater plateau duration and
slope of phase 3 than those elicited by the shorter or longer test pulse
intervals (Franz MR et al, 1988). This biphasic response has also been
described in the rabbit (Wohlfart B 1979) but other groups have failed to
demonstrate the response in humans (Seed WA et al, 1987).

The biphasic response was found only in a minority of the patients
studied both in this work and by Franz. Thus its presence or absence may
be of importance as to an individual’s susceptibility to malignant
arrhythmias. Indeed, it has been postulated that the presence of a
biphasic restitution of action potential duration in different regions of the
myocardium could predispose to the development of marked ratedependent inhomogeneity of repolarisation (Watanabe M et al, 1995). It is
interesting to note that in two of the three patients, who sustained the
biphasic response, there was a marked increase in QT dispersion.

Formulae to Correct for Heart Rate

The formula most often used to correct the QT interval for physiological
changes in heart rate is the linear formula of Bazett (Bazett HC 1920)
which relates the QT interval to the square root of the RR interval,
irrespective of whether there is a steady state or not. The use of Bazett’s
formula is deeply rooted in medical praxis.
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Bazett’s formula followed the recognition and description of differing
durations for systole at differing heart rates by Waller in 1891. Early in the
twentieth century it had already been shown that electrical and
mechanical changes in the heart were closely related, by both Thomas
Lewis and CJ Wiggers. Bazett made a series of electrocardiogram
recordings from a small group of men and women which were then
enlarged by projecting them onto a screen, using a lantern or
‘epidiascope’, to facilitate measurement such that 30-50 cm corresponded
to one second. Lead II was used in preference to other leads. He reported
that the duration of the ‘ventricular complex’ was a function of the pulse
rate and that it could be calculated by the use of the formula:

systole = K V cycle

where the normal value for K in men was 0.37 and 0.40 in women (Bazett
HC, 1920). This finding was in keeping with earlier work by Lombard and
Cope who had determined the duration of ventricular systole from the
carotid pulse. Even then it was recognised the value of K was influenced
by external factors. At the onset of exercise it would be increased, but this
effect was temporary, and any abnormal balance between the vagal and
sympathetic nervous systems appeared to influence the constant. The
major weaknesses of Bazett’s formula are that it is based on predominant
heart rates in the studied population, making adjustment unreliable at low
and high heart rates (Ward DE 1988) and that the relationship between
action potential duration (and by inference the QT interval) and cycle
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length is different after transient rate changes from the steady state
(Franz MR et al, 1988). Although other formulae do exist for QT interval
correction, which use parameters estimated through non linear regression
analysis (Sarma JSM et al, 1983) and exponential formulae which can be
applied in the context of changing heart rate (Sarma JSM et al, 1983), at
physiological rates of 50-80 beats per minute differences between
Bazett’s formula and other formulae is small. It has therefore been argued
that the use of Bazett’s formula in this range does not lead to serious
error (Malik M & Camm AJ 1997). The attractions of the Bazett correction
formula, for the QT interval at physiological heart rates, cannot obscure
the inability of the QT interval to adjust instantaneously to a change in
heart rate and the fact that it does not take into account the other complex
influences on the QT interval. The arguments regarding rate correction
are, however, irrelevant in the context of QT dispersion, which is not rate
dependent within physiological heart rates.

QT Dispersion

Within the physiological range of interval changes, whether single interval
or sustained, QT dispersion does not change. There was a tendency for
QT dispersion to increase at very short intervals in a minority of patients at
intervals below 340 milliseconds i.e. corresponding to over 250 beats per
minute. These results suggest that the practice of correcting QT dispersion
for rate is unnecessary and furthermore is likely to introduce distortion into
potentially useful data.
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The influence of heart rate has not been systematically explored in
humans before, but there are limited data, which support the findings of
this study.

Some are indirect observations that the presence of a

changing heart rate influences the corrected value of QT dispersion but
not the uncorrected value. One such study was in a paediatric population,
where the presence of sinus arrhythmia is highly prevalent, and its
presence was found to considerably affect the corrected QT dispersion
results. Among children aged between 7 to 18 years, 53% had sinus
arrhythmia (defined as a dispersion of R-R duration of greater or equal to
80 milliseconds). In these individuals, the presence of sinus arrhythmia
significantly increased the corrected QT dispersion but did not affect the
uncorrected value. The authors concluded that in this age group, in view
of the sinus arrhythmia, QT dispersion should not be corrected for heart
rate (Tutar HC et al, 1998).

Zareba and Moss found no relationship between JT dispersion and heart
rate obtained from resting 12 lead electrocardiograms in a normal
population and in those individuals with underlying coronary artery
disease or the long QT syndrome (Zareba W et al, 1995). The emphasis
of this study was on resting electrocardiograms. Specific examination of
the effect on QT dispersion of changing heart rate came from a study
comparing atrial pacing and exercise testing, in a group patients
undergoing

routine

electrophysiological

testing

for

evaluation

of

ventricular arrhythmias. Incremental steady state atrial pacing to the
125

Wenkebach point or to a maximum of 130 beats per minute was carried
out in addition to sub-maximal exercise testing, aiming for 70% of the
target heart rate or a maximum heart rate of 120 beats per minute. QT
dispersion was measured

(using an automated computer programme)

from serial electrocardiograms acquired during both these protocols. The
relationship between the QT interval and Q to T-peak interval with heart
rate was linear during both atrial pacing and exercise testing (r = 0.93, p <
0.0001 ) for both intervals during both modalities of increased heart rate.
In contrast, there was no relationship between QT dispersion and heart
rate either using the atrial pacing protocol (r = 0.66, p = NS) or using
exercise testing (r = 0.73, p = NS) over a heart rate range of 76 + 17 to
116 + 14 (Zabel M et al, 2000). A recent publication, again using
incremental atrial pacing but over a smaller heart rate range, has
confirmed that QT dispersion remains unchanged (Vassilikos-Vassilios P
et al, 2002).

Conclusion

This study has systematically explored the relationship between QT
dispersion and heart rate change, both sustained and single interval. The
results are consistent with earlier work where some influence of heart rate
on dispersion of repolarisation and QT dispersion can be gleaned. The
results challenge both the widespread practice of correcting QT dispersion
for heart rate and the exclusion of atrial fibrillation. The application of QT
dispersion to atrial fibrillation is an area which requires further exploration,
but the data suggest there is no basis on which to exclude these patients.
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Chapter 4
Influence of Acute Psychological Stress on QT Dispersion
Introduction

Despite the wealth of knowledge regarding the effects of psychological
stress on the human cardiovascular system, the association between
sudden cardiac death and acute psychological stress has not undergone
the same degree of systematic evaluation. In this context there seems to
be a reticence to accept the influence of psychological factors. Sudden
cardiac death commonly occurs on the basis of underlying coronary
artery disease and such a death may be the first and final manifestation
of ischaemic heart disease. This study was designed to prospectively
explore the hypothesis that acute psychological stress would induce
acute increases in QT dispersion in patients with coronary artery disease
but not in those patients with normal coronary arteries.

Background to the Study

History is replete with anecdotal cases of sudden cardiac death
associated with intense emotion such as anger or the receiving of bad
news. These cases have been documented since ancient times with
references as old as the written word itself (Engel GL 1971). Indeed,
ancient Egyptian hieroglyphics 4,500 years old depict sudden death
(Lown B 1979) and throughout history, eye witness accounts of death
abruptly following anger or vexation exist (Dimsdale JE 1977). Such
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reports include the death of Pope Innocent IV who died soon after the
defeat of his army by Manfred, attributed to ‘morbid affects of grief on his
system' (Engel GL 1971) and the death of the famous anatomist and
surgeon to George III, John Hunter. He was an angina sufferer, whose
attacks were precipitated not only by exertion but by emotion and who
predicted his own death: ‘My life is at the mercy of any rogue who
chooses to provoke me’. After storming out from a heated meeting he
collapsed and died. (Wiliams J & Edwards G 1968). Furthermore, the
concept of dying abruptly following an acute psychological insult is
encapsulated in many languages around the world: ‘dropping dead of
fright’ in English and similarly ‘morirse de miedo’ in Spanish. There are
difficulties, however, in attempting to convincingly link acute psychological
stress with sudden cardiac death which include the unpredictability of the
event and the very heterogenicity of stress amongst individuals.

Despite the difficulties, retrospective studies have been undertaken in an
attempt to quantify the influence of acute psychological stress in sudden
cardiac death. One observational study of sudden cardiac death in
patients with underlying coronary disease found that in the thirty minutes
before death, emotional stress had occurred in 23%. Such emotional
stressors included rows and the notification of divorce or death (Myers A
& Dewar HA 1975). Furthermore, acute psychological stress was found to
be the most significant association in a cohort of 100 sudden deaths
(Lown B 1979) and a significant increase in life events was found to pre
date sudden cardiac deaths in another study from Helsinki (Rahe R
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1974). However, such observation cannot provide a definite link. Perhaps
this field would have remained largely one of anecdote if the human
catastrophes of missile attack and earthquake had not occurred.

During the initial days of the 1991 Gulf War, the SCUD missile attack on
Israel resulted in a doubling of sudden cardiac deaths in the 400,000
population around Tel Aviv. The 1994 Northbridge earthquake, near Los
Angeles, was the strongest ever recorded in a major North American city.
It serendipitously provided further information. On the day of the
earthquake there were 51 deaths in people with atherosclerotic disease
compared to the expected 16 and 24 of these deaths (47%) were
witnessed sudden cardiac deaths. A further 17 unwitnessed deaths, were
possible sudden cardiac deaths. This greatly exceeded the 5 expected
deaths. The majority of these sudden cardiac deaths occurred within the
first hour of the earthquake and the age and sex bias was similar to those
dying in the week prior to the earthquake (Leor J et al, 1996). The exact
mechanism, which links this abrupt increase in sudden cardiac death,
remains elusive. However, a common finding in sudden cardiac death
victims is the presence of underlying coronary artery disease and it is
likely that ischaemia played a part in the underlying mechanism.
Corroboration that the increased rate of sudden death, around the time of
the earthquake, was due to malignant arrhythmias came from subsequent
internal defibrillator interrogation. These interrogations confirmed that
more than double the expected shocks had been delivered on the day of
the earthquake and immediately following the event. They were all for
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either ventricular tachycardia or ventricular fibrillation (Nishimoto Y et al,
1995). It is therefore possible that the increased sudden death rate was
secondary to the generation of malignant ventricular arrhythmias.

Aims and Objectives

The following prospective study was designed to examine the influence of
acute mental stress on QT dispersion and to test the hypothesis that
acute psychological stress is capable of inducing an increase in
dispersion of repolarisation in patients with underlying coronary artery
disease, but not in their normal counterparts.

Study Protocol

Patients were subjected to a series of timed psychometric tasks between
three to four hours after the diagnostic cardiac catheterisation. This
component of the study took place on the cardiac wards of University
College

NHS

Trust

Hospitals

(Middlesex

site).

A

baseline

electrocardiogram was initially recorded prior to any activity. A clinical
psychologist was employed to lead the cognitive verbal testing. For the
purposes of consistency the initiator of the tasks, a member of the Health
Psychology Unit at University College London, was the same investigator
in all cases. The patient had no prior knowledge of either the individual or

the nature of the tasks to be undertaken.
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In view of the heterogenicity of the human response to psychological
stress, a range of verbal cognitive tasks was employed in order to
optimise the likelihood of inducing stress in any given individual.

Five

tasks in total were used, each of two minutes duration (see Methods
chapter). The ability of these tests to induce psychological stress has
been extensively validated in earlier research (Steptoe A et al, 1991 ).

Patients were informed of the need for speed and accuracy prior to
starting the tests and they were prompted verbally to adhere to these
throughout the duration. The tests took place with three observers
present to create an ‘audience effect' with the intention of increasing any
stress experienced.

Serial electrocardiograms were recorded throughout the cognitive testing.
The QT interval and its component parts: the QRS and JT intervals were
measured

(to

reflect

conduction

and

action

potential

duration

respectively). QT dispersion, QRS dispersion and JT dispersion were
then calculated as the maximal inter-lead difference in QT interval, QRS
and JT interval respectively.

On completion of the tasks, each individual used four visual analogue
scales to report stress levels. Every patient completed a second set of
visual analogue scales, at a later date at home, to indicate stress levels in
their normal environment. These were forwarded back to the Psychology
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department by post. From these two sets of measurements, an indication
of the change in stress could be gained.

In the Inst half boar. . .
I felt stressed'

extraordinarily 80

Ô

notartafl

I felt at ease

extraordir^arilyso

rwiatall

I felt It was all too much'

extraordinarilyso

notatall

O

I felt relaxed In my mind

extraordhardyso

notatat

Figure 4.1
Example of the Visual Analogue Scales Used to Assess Mental
Stress
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Results

A total of 24 patients were studied. Seven patients had normal coronary
arteries and 17 patients had significant coronary artery disease (defined
as the presence of at least one coronary artery stenosis >70%).

The patients with normal coronaries (control group) all had normal left
ventricular systolic function, average ejection fraction 80%. There was no
evidence from the history, electrocardiogram or ventriculogram of a
previous myocardial infarction (see Table 4.1).

Table 4.1
Individual Patient Details
Normal Group

Patien

Age

Sex

t

Coronary Artery

Previous

Ejection

Disease

Ml

Fraction

1

63

F

No

No

90%

2

66

F

No

No

72&

3

42

F

No

No

70%

4

65

M

No

No

86%

5

50

F

No

No

72%

6

65

M

No

No

83%

7

56

M

No

No

87%
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Of the patients with coronary artery disease, 71% had multi-vessel
disease and 88% were subsequently referred for re-vascularisation. Five
patients had sustained a previous myocardial infarction. Of these, 3 had
received thrombolysis and had preserved left ventricular function with
ejection fractions of 70, 73 and 59%. The 2 other patients had evidence
electrocardiographically and echocardiographically of infarction, although,
there was no discrete history in either patient. The ejection fractions in
these patients were 52 and 49%. Of the remaining patients with coronary
artery disease, one patient had mild global hypokinesis with an ejection
fraction of 53% and the remainder had normal systolic left ventricular
function. Average ejection fraction in the coronary artery disease group
was 71% (see Table 4.2).

The psychometric tests produced subjective stress in 14 of the seventeen
patients with coronary artery disease and stress in all 7 of the patients
with normal coronaries.

One patient in the coronary artery disease group experienced anginal
chest pain, accompanied by ST depression, during the testing. This was
of such magnitude that intravenous GTN was required following the
testing to settle the symptoms and electrocardiogram changes. In one
other patient with coronary disease, painless ST depression was noted
and painless T wave inversion occurred in another. No one in the normal
group experienced chest pain or electrocardiogram changes during
testing.
134

Table 4.2
individual Patient Details
Abnormal Group

Patien

Age

Sex

Coronary Artery Disease

t

Previous

Ejection

Ml

Fraction

1

55

M

Single Vessel Disease

No

85%

2

45

M

Single Vessel Disease

No

83%

3

61

M

Single Vessel Disease

No

69%

4

49

F

Single Vessel Disease

No

90%

5

52

M

Single Vessel Disease

Yes

70%

6

64

F

Single Vessel Disease

No

85%

7

67

M

Multi Vessel Disease

No

79%

8

59

M

Multi Vessel Disease

No

77%

9

65

M

Multi Vessel Disease

No

72%

10

40

M

Multi Vessel Disease

Yes

52%

11

46

M

Multi Vessel Disease

No

53%

12

54

M

Multi Vessel Disease

No

70%

13

67

M

Multi Vessel Disease

Yes

49%

14

67

M

Multi Vessel Disease

No

75%

15

64

F

Multi Vessel Disease

Yes

59%

16

69

M

Multi Vessel Disease

No

70%

17

58

M

Multi Vessel Disease

Yes

73%

At baseline there was no difference in QT dispersion between patients
with and without coronary artery disease (27-57, 17-53 milliseconds) (p =
NS) and similarly no difference in JT dispersion at baseline (p = NS).

In those patients who reported stress, there was a significant and
dynamic increase in QT dispersion in patients with coronary artery
disease but not in their normal counterparts (p < 0.001) (Figure 4.2).
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The increase in QT dispersion was due to an increase in JT dispersion
(representing the dispersion of action potential duration) (F=22.4, df=1.19,
p<0.0001) rather than an increase in QRS dispersion (used as a measure
of conduction) which was not affected by psychological stress in any
patient (F=3.63, df=1.19, p=NS)

(Figure 4.3). The increase in QT

dispersion reflected a combination of the longest QT intervals lengthening
and a shortening of the shorter QT intervals.

The 3 patients (who all reported stress) with electrocardiogram changes
during the mental stress testing, produced increases in QT dispersion.
Their behaviour to the testing did not differ compared to other individuals
in the coronary artery disease group. In contrast, those patients with
coronary artery disease in who experienced no mental stress in response
to the psychometric tests showed no increase in QT dispersion.

Psychological stress resulted in increases in QT dispersion both in
patients who were and were not taking beta-blockers.
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Figure 4.2
Change in QT Dispersion in Response to Acute Psychological
Stress
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Figure 4.3
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There was no relationship between peak heart rate and peak QT
dispersion (p = NS) (Figure 4.4), change in heart rate and change in QT
dispersion (p = NS) (Figure 4.5) or peak heart rate and peak stress (p =
NS).

QT intervals were measurable in an average of 9.5 leads per
electrocardiogram. The mean inter-observer difference in QT dispersion
was 10 milliseconds.

Figure 4.4
Lack of Relationship Between Peak QT Dispersion and Peak Heart
Rate
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Figure 4.5

Lack of Relationship Between Change in QT Dispersion and Change
in Heart Rate
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Discussion

Hitherto, indirect and circumstantial evidence has suggested that acute
mental stress may be linked with the development of malignant
arrhythmias.

This

study

prospectively

demonstrated

that

acute

psychological stress can induce increases in QT dispersion in patients
with underlying coronary artery disease but not in those without.
Furthermore, the changes in QT dispersion reflect increases in JT
dispersion rather than increases in QRS dispersion. These findings are
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consistent with an influence of acute psychological stress, in the setting of
coronary artery disease, on action potential duration and its dispersion
rather than on conduction.

This prospective study suggests

an

electrophysiological link between the propensity to develop malignant
arrhythmias and acute psychological stress.

Mental Stress and Arrhvthmia: Animal studies

To date, the strongest evidence for the arrhythmogenic potential of
mental stress has come from animal investigations. For over a century
animal experiments have demonstrated that neural mechanisms may be
implicated in the genesis of cardiac arrhythmias and later work has shown
the ability of acute psychological stress to exert an arrhythmogenic effect
in animals.

Lown et al reported a 70% reduction in the ventricular fibrillation threshold
of dogs when placed in an aversive environment (where noxious electrical
stimuli were administered) compared to a tranquil one (Lown B et al,
1973). Furthermore, this type of stress alone was capable of inducing
ventricular arrhythmias in dogs post myocardial infarction (without
recourse to electrical stimulation of the myocardium) (Corbalan R et al,
1974). Similar experiments and results have also been reported using a
pig model (Skinner JE et al, 1975).
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Mental Stress and Arrhvthmia: Humans

Despite these direct and persuasive animal data, such evidence for a
causative link between mental stress and malignant arrhythmias in
humans was elusive and for many years the area remained one of
anecdote. Particular problems encountered when trying to systematically
explore the area, have included the unpredictability of arrhythmogenesis,
the retrospective nature of much of the data, systematic reporting bias,
lack of appropriate control

data,

an

absence

of basic

human

electrophysiological data and the very heterogenicity of mental stress
itself. Indirect evidence for a link between stress and arrhythmia, in
humans, comes from work reported in the late sixties and early seventies.
ST segment depression, ventricular ectopy and ventricular tachycardia
were all found in response to stressors such as driving in traffic and
during public speaking (Taggart P et al, 1969, Taggart P et al, 1973).
Further, stronger, evidence came from the 1994 Northbridge earthquake
when there was a significant increase in the expected number of sudden
cardiac deaths on the day of the incident (Leor J et al, 1996). In addition,
subsequent internal defibrillator interrogation confirmed that more than
double the expected number of therapies had been delivered on the day
of the earthquake and over the ensuing days for ventricular tachycardia or
ventricular fibrillation (Nishimoto Y et al, 1995).
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Mental Stress Testing: Background

Mental stress testing is employed, in cardiovascular research, to examine
the effects of psychological stress on the cardiovascular system and on
cardiovascular disorders. It involves the administration and recovery from
psychologically stressful stimuli. Although, laboratory based testing can
permit physiological variables, in this case QT dispersion, to be examined
in response to emotional or behavioural challenges, this type of testing
has been criticised since it may not reflect ‘real life' situations. Since the
stimulus is artificial, the clinical significance of any change elicited has
been questioned (Steptoe A & Vogele C 1991) and so called ‘field
ambulatory measurements’ are generally preferred to laboratory-based
measurements. These may have greater patho-physiological relevance
but they are not always practicable, as in this study, where such testing
was impossible because of the need to record serial electrocardiograms.
The type of psychometric tests which were chosen have been well
validated as being effective stressors (Lynch JJ et al, 1981, Jacobs SC et
al, 1994, McCann BS et al, 1993) and they were convenient to deliver on
the ward following coronary angiography. A battery of tests were chosen
to sample across a range of mental stress testing since humans are
affected heterogeneously by psychological

stress.

All tests were

potentially applicable to any individual with a reasonable command of the
English language.
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Laboratory based mental stress testing falls broadly into five categories:
problem solving, which involve verbal mental arithmetic and general
knowledge, information processing tasks such as word identification and
colour-word conflict tasks, psychomotor tasks employing video and
computer games, affective conditions which are designed to elicit distress
or other emotions, and aversive or painful stimuli which involve
interventions such as cold pressor testing, noise or painful stimuli. The
range of tests embrace different requirements from the individual e.g.
problem solving tests which involve concept formation are based on
intelligence testing and will inevitably be IQ dependent. Information
processing tasks involve attention, memory and simple processing and
decision making. The aversive tests which are designed to elicit distress
may involve interviews of a stressful nature or speaking tasks or role play
exercises. This form of mental stress testing often results in greater
cardiovascular responses than problem solving tasks. For example,
myocardial ischaemia is more frequently induced in individuals with
coronary artery disease with speech than any other task (Blumenthal JA
et al, 1995). Of note, the speaking component of the mental stress testing
which was used in this study subjectively produced greater heart rate
increase and agitation than any of the four other tests.

Mental Stress Testing; The Testing

All testing took place in several hours following the routine coronary
angiography. No patient had any prior warning as to the tests which were
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to be employed. The testing was undertaken by a member of the Health
Psychology unit, at University College London. This individual had not
previously met any of the patients and had no knowledge of their
coronary status. An audience surrounded the patient during the testing to
enhance the stressful effect. It was an interesting observation that when
the member of the Health Psychology team was introduced as a
‘Psychologist’ that this itself usually resulted in some degree of patient
arousal and alarm. The test protocol included the necessity for an
audience of at least three who surrounded the patient, at the bedside, and
were present to increase the stressfulness of the situation by an
audience effect’. In order to heighten the stress, the patients were all
continually prompted during the testing. Any incorrect replies or slowing of
thought would be relentlessly commented on. Patients generally found
the in-promptu speaking for 2 minutes the most challenging and
uncomfortable. Serial electrocardiograms were taken at regular intervals
during the testing. This may have resulted in some peaks of QT
dispersion being lost since there was no guide as to when peak response
occurred.

Mental Stress and Ischaemia

The increase in QT dispersion only occurred in those patients with
significant underlying coronary artery disease. This suggests ischaemia
was a critical component of the response to mental stress. The study had
not been designed to explore the relationship between stress and
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ischaemia in detail. Only three patients in the coronary artery disease
group developed signs of myocardial ischaemia: one patient experienced
angina and ST depression, one experienced ST depression alone and the
third patient developed T wave inversion in several contiguous leads.

It has long been recognised that mental stress can induce myocardial
ischaemia in those with ischaemic heart disease and there is literature
surrounding mental stress testing in this area, both in the laboratory
setting and in everyday activities (Specchia G et al, 1991, Becker LC
1996). There are, however, some interesting differences between acute
psychological

stress-induced

and

exercise-induced

ischaemia.

In

particular mental stress-induced ischaemia occurs at significantly lower
heart rates compared to that induced by exercise, suggesting a different
pathophysiological mechanism. Bairey et al examined the influence of
both conventional exercise testing and mental stress testing in patients
with underlying coronary artery disease using wall motion changes,
detected

with

radionucleotide

ventriculography.

They

reported

comparable wall motion changes occurring in 79% of individuals
undergoing exercise testing and 74% undergoing mental stress testing
(Bairey CN et al, 1991). Although heart rates may be lower in stress
related myocardial ischaemia, substantial and rapid blood pressure
increases have been reported (Rozanski A et al, 1988, Deanfield JE et al,
1984). Futhermore, adrenaline levels have been shown to be higher in
subjects subjected to public speaking than vigorous exercise (Dimsdale
JE & Moss J 1980).
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In general, stress-related ischaemia is associated with a lower ratepressure product compared to exercise-induced ischaemia (Blumenthal
JA et al, 1995, Ironson G et al, 1992). This stress induced ischaemia is
often both electrocardiographically and clinically silent. Indeed, reliance
solely on electrocardiographic changes has proven an insensitive marker
of mental stress-related ischaemia unlike exercise-induced ischaemia
which is readily detected (Deanfield JE et al, 1984, Bosimini E et al, 1991).
Deanfield and colleagues reported the propensity of mental arithmetic to
induce widespread defects in myocardial perfusion, detected by positron
emission tomography, in patient with coronary artery disease. It is of
interest that 50% of their patient cohort developed

perfusion defects

without symptoms of angina or evidence of ST depression on the
electrocardiogram (Deanfield JE et al, 1984). Furthermore, a study of
patients, with known or suspected coronary artery disease found 72%
developed wall motion abnormalities, using nuclear ventriculography, in
response to a range of mental tests (Rozanski A et al, 1988). The
incidence of angina or ST changes in this cohort was also low (17% and
23% respectively). Direct angiographic visualisation of stress-induced
coronary artery spasm has been also reported, occurring solely in areas
of the artery affected by atherosclerotic plaques (Yeung AC et al, 1991 ).

Mental Stress and Beta-Adrenergic Blockers

One interesting aspect of mental stress induced ischaemia is the potential
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for beta-adrenergic blockers to be less protective compared to exerciseinduced ischaemia (Kalischer AL et al, 1984, Battler A 1979). Increased
QT dispersion, in response to stress, occurred in patients with coronary
disease who were and were not taking therapeutic doses of conventional
beta-blockers. The study was not designed to specifically address this
issue, yet it is interesting that the presence of beta-blockade did not
appear to ameliorate the effects of mental stress. Although, the effect of
beta-blockers on mental stress has not been fully explored, previous work
has demonstrated a variable effect of the drug group in protecting against
myocardial ischaemia induced by stress (Bairey CN et al, 1991). Bairey
and colleagues reported the ability of psychological stress and exercise to
induce regional wall motion abnormalities in patients with coronary artery
disease. However, the exercise-induced changes were consistently
ameliorated by the beta-blocker Metoprolol, whereas a discordant effect
of the beta-blocker was observed during psychometric testing. It is
possible that beta-blockers are less effective against low heart raterelated ischaemia. This hypothesis is supported from results of an
ambulatory Holter study (McLenachan JM et al, 1991) and also there is
the potential for a variable effect of the autonomic system.

Ischaemia and the Action Potential

During early ischaemia, changes occur to the action potential duration
rather than to conduction time. Human studies of early ischaemia suggest
that action potential shortening is in the order of 10-20% (Taggart P et al,
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1996b). However, in the presence of prolonged or severe ischaemia this
shortening may be more marked before inexcitability ensues. When the
dispersion of repolarisation is assessed as QT dispersion it is not possible
to differentiate between influences on action potential duration or
conduction. With this in mind, QT dispersion in this study was further
assessed as JT and QRS dispersion, where QRS dispersion provides an
approximation of dispersion of inter-ventricular conduction time (from the
QRS segment) and JT dispersion provides a measure of the dispersion of
activation to repolarisation (from the JT segment). Acute psychological
stress produced an increase in QT dispersion, in patients with coronary
artery disease, which was almost entirely due to an increase in dispersion
of action potential duration (JT dispersion) whilst dispersion of inter
ventricular conduction

time

(QRS

dispersion)

remained

relatively

constant. The exact mechanisms, which underlie these effects on action
potential duration, are not clear. However, since the increase in QT
dispersion, reflecting increased JT dispersion, only occurred in patients
with ischaemic heart disease who experienced psychological stress, it is
likely

the

increased

dispersion

of

repolarisation

resulted

from

inhomogenious ischaemia mediated through the sympathetic nervous
system.

Adrenergic Stimulation

Adrenergic stimulation has the potential to produce inhomogeneous
influences on action potential duration (Han J & Moe GK 1964, Taggart P
et al, 1990). It has been long established that catecholamines and
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sympathetic nervous system stimulation increase the susceptibility to
arrhythmias (Wit AL et al, 1975). In contrast, thoracic sympathectomy
(Cox WV & Robertson HF 1936) and cardiac denervation (Schaal SF et
al, 1969, Erbert PA et al, 1970) have been shown to be protective,
whereas stellate ganglion stimulation results in an increased propensity to
arrhythmogenesis (Harris AS 1966).

Acute psychological stress is mediated through the hypothalamus and
limbic system. With transmission to the adrenal medulla there is an abrupt
release of catecholamines (Eliot RS 1992). The sympathetic nervous
system does not, however, respond to stressors in a homogeneous
fashion (Dimsdale JE et al, 1991) and further complexities of the
response include stimulation of the parasympathetic nervous system in
addition to the sympathetic system (Carruthers M & Taggart P 1973,
Taggart P 1976). Indeed, there can be a rapid shift between the two
nervous systems during acute stress (Engel GL 1971).

Adrenergic stimulation has the potential for inhomogenious influences on
action potential duration. Lengthening or shortening of action potential
duration, in any given area, is determined by the predominance of alpha
and beta adrenoreceptors and any receptor response may then be further
modified by co-existent ischaemia (John RM et al, 1992) which is itself a
heterogeneous influence in the myocardium.
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Catecholamines directly influence ionic currents which determine the
action potential duration (Zaza A et al, 1991). Alpha-1 adrenoreceptor
mediated influence results in action potential duration prolongation
through a calcium current effect, but a potassium mediated response
through beta-adrenoreceptor effects result in action potential shortening.
Experimentally, adrenaline infusion in a porcine model has been shown to
shorten action potential duration in the left ventricle and to both shorten
and lengthen action potential durations in the right ventricle. This
differential effect of adrenaline is most marked at higher concentrations
(Taggart P et al, 1990). Furthermore, the disparity in action potential
duration

(inhomogeneity),

\Atiich results from

ischaemia,

is also

accentuated by adrenaline (Taggart P et al, 1988) and dispersion of
refractoriness secondary to ischaemia is increased by left stellate
ganglion stimulation (Opthof T et al, 1993).

The heart receives cardiac innervation from both vagal and sympathetic
efferents. Although cardiac autonomic innervation is complex, there is a
degree of ‘sidedness’ with right vagus and sympathetic nerves modulating
the sinus node to a greater extent than the atrioventricular node. This is in
contrast to the left vagus and sympathetic nerves which innervate the
atrioventricular node in preference to the sinus node (Zipes DP 1990).
Examination of canine models has found that sympathetic innervation to
the left ventricle involves fibres, which originate in the right and left
stellate ganglia, and which follow the larger coronary arteries entering the
myocardium in a subepicardial

path.
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There appears to be a

predominance of sympathetic innervation in the subepicardium in contrast
to the subendocardium which has a paucity of sympathetic fibres
(Szentivanyi M et al, 1967, Randall WC et al, 1968). This area, however,
is preferentially innervated by parasympathetic fibres (Kent KM et al,
1974, Takahashi N et al, 1985) which cross the atrio-ventricular groove
and then dive intramurally to be located in the subendocardium.
Innervation of the right ventricle appears to follow the same pattern apart
from the right ventricular outflow tract where sympathetic fibres occupy
both the subepicardium and subendocardium (Ito M et al, 1994). Despite
this apparent segregation of innervation, changes in repolarisation
precipitated by sympathetic or parasympathetic stimulation occur
throughout the myocardium i.e. sympathetic stimulation results in
shortening of repolarisation not only in the subepicardium but also in the
subendocardium (Martins JB et al, 1980).

The function of the cardiac neural system is influenced by myocardial
ischaemia. After several

minutes of transmural

ischaemia,

under

experimental conditions, the sympathetic reflex becomes attenuated or
interrupted. This is in stark contrast to the situation produced by
subendocardial ischaemia where the vagal innervation is affected but the
sympathetic reflex remains intact. Such disruption of the autonomies
occurs early during the course of ischaemia and recovers, suggesting a
functional neural impairment rather than secondary to structural changes
(Barber et al, 1985). Indeed, such ^enervated' myocardium has been
shown to respond to infused noradrenaline (Barber MJ et al, 1983).
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Experimental work has shown that myocardium, when deprived of its
nerve supply, responds in an exaggerated way termed ‘denervation
supersensitivity': sympathetic stimulation under these conditions can
result in an enhanced shortening of refractoriness with noradrenaline and
isoprenaline infusions. The exact mechanism responsible is not known,
the concentration of beta-adrenoreceptors appears unchanged but some
post-junctional mechanism is likely (Kammerling JJ et al, 1987).

The importance of ‘denervation supersensitivity’ is the inhomogeneous
influence it poses upon the electrophysiology and increased vulnerability
to ventricular arrhythmia (Inoue H & Zipes DP 1987, Herre JM et al,
1988). It is likely that influences will be disparate in differing areas of the
myocardium, particularly in the presence of regional ischaemia (Janse MJ
& Wit AL 1989) or previous infarction (John RM et al, 1992).

Conclusion

The

relationship

between

acute

psychological

stress,

myocardial

ischaemia and autonomic modulation is enormously complex. A variety of
mechanisms are likely to be involved which produce heterogeneous
influences on repolarisation. The study was designed to explore the
hypothesis that an increase in QT dispersion could be induced in
response to mental stress in patients with ischaemic heart disease but not
in a normal control population. The increase in QT dispersion, reflecting
an increase in dispersion of repolarisation, occurred in patients with
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underlying coronary artery disease who were stressed and was largely
due to an increase in JT dispersion. As such it reflected an increase in
dispersion of action potential duration. Since the increased QT dispersion
only occurred in patients with significant coronary artery disease, it is
likely that the changes involved inhomogenious ischaemia mediated
through the sympathetic nervous system. This prospective study is the
first to demonstrate a plausible pro-arrhythmic mechanism, which could
explain the association between acute psychological stress and the
propensity to malignant arrhythmias, in individuals with ischaemic heart
disease.

This study was not designed to induce arrhythmias, or to dissect out the
underlying mechanisms, but rather to explore the propensity of mental
stress to induce increases in QT dispersion. The stress testing used,
which has been well validated in previous research, was necessarily
laboratory based. During day to day activités where much greater
psychological stress may be experienced, it is possible that the increases
in QT dispersion may be more exaggerated with the propensity to induce
the malignant arrhythmias which characterise sudden cardiac death.

When the study was devised there were no commercial 12 lead Holter
systems to allow ambulatory 12 lead recordings. After the results of the
study, a commercial company was approached to develop a 12 lead
Holter monitor with a view to monitoring QT dispersion in patients with
coronary artery disease during activities such as driving in heavy traffic. A
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prototype device was tested but it proved unsuccessful in preliminary
studies. There were problems with simultaneous acquisition of all 12
leads and the device was bulky and intrusive to wear. These devices do
now exist and it would seem a natural extension to the study to continue
the work using ambulatory recordings.

An area, which was considered for further investigation, was the effect of
re-vascularisation on QT dispersion. In a pilot study, the subset of
patients with coronary artery disease who subsequently underwent
surgical re-vascularisation were invited back to undergo repeated mental
stress testing. A similar range of psychometric tests were used, although,
these were changed to minimise a learning effect. The same member of
the Health Psychology unit was involved. The study did not progress
beyond the pilot scheme for 2 reasons. Despite the variation in testing,
patients infrequently reported stress. There may have been several
reasons for this. The studies took place after surgery, which was clearly a
major life event, and psychological testing following this may have been
rather tame. In addition, there would have been some learning effect
which may have weakened the ability of the tests to induce stress and the
set up of psychologist and audience were unchanged. Another difficulty
encountered was the refusal of some individuals to return for repeat
mental stress testing. Some patients had found the initial experience so
stressful, that they were reluctant to go through the process again. The
effect

of re-vascularisation

on

QT

dispersion

therefore

remains

unexplored but is potentially an interesting one as one may postulate that
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a patient’s response may vary depending on the success of the re
vascularisation procedure.
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Chapter 5
The influence Of Physiological Changes In Ventricular Filling On QT
Dispersion

Background to the study

Impaired left ventricular function is among the strongest prognostic
factors for sudden cardiac death (Pye MR & Cobbe SM 1992). As the
ejection fraction falls there is an increase in symptoms of heart failure,
together with an increase in ventricular arrhythmias and risk of sudden
cardiac death (Packer M et al, 1987). Despite recent therapeutic
advances, the mortality associated with congestive heart failure remains
high. Among patients with significant left ventricular impairment (ejection
fraction

below

20%)

and

symptomatic

heart

failure,

ventricular

tachycardia occurs in over 70% of patients during Holter monitoring
(Maskin CS et al, 1984). It is the degree of ventricular dilatation rather
than the underlying aetiology which appears to be important in
determining the severity and frequency of ventricular arrhythmias (Califf
RM et al, 1978).

However, left ventricular dilatation is not the only substrate for increased
ventricular arrhythmic risk. Left ventricular pressure overload secondary
to severe aortic stenosis or a previous myocardial infarction with scar
formation are also conditions which carry increased arrhythmic risk. All
these three conditions share abnormality of mechanical loading and wall
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stretch. An area of considerable interest, is the propensity of mechanical
change to influence myocardial electrophysiology. This process is termed
contraction-excitation or mechano-electric feedback (Lab MJ 1982).

The electrical instability produced by mechanical perturbations is a
function of alteration in ventricular repolarisation and refractoriness, or
secondary to the development of afterdepolarisations. This depends on
the nature and timing of the stimulus (Lab MJ 1978, Dean JW & Lab MJ
1989, Franz MR et al, 1989, Pye MR & Cobbe SM 1996). Although in
isolated and in-situ hearts, a sudden increase in afterload can result in
afterdepolarisations and stretch activated arrhythmias (Hansen DE et al,
1990), more sustained stretch leads to shortening of the action potential
duration or effective refractory period (Calkins H et al, 1989, Dean JW &
Lab MJ 1990). The underlying mechanisms involve stretch-activated
channels or calcium cycling (Calaghan SC et al, 1999, Lab MJ et al,
1984).

In humans, mechanical perturbations have been shown to alter action
potential duration within one beat of an abrupt change in load (Taggart P
et al, 1992) and the effects of load alteration on ventricular repolarisation
have been shown to be heterogeneous. To date, much of the work
examining the effects of mechano-electric feedback have employed
severe change in load (usually stretch), well outside normal physiological
ranges. Changes within the physiological range have resulted in such
small alterations in action potential duration (Nanthakumar K et al, 2000),
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that the clinical relevance has been questioned. Indeed, evidence for a
pathological role of mechano-electric feedback in response to modest
load change remains elusive.

There is growing interest that mechano-electric feedback may be of
particular importance in patients with abnormal ventricles where stressstrain relationships may be distorted (Franz MR 1996). It is possible that
under pathological conditions, such as in patients with abnormal
ventricular function, any electrophysiological changes secondary to
mechanical perturbations may be magnified and clinically significant.

Aims and Objectives

The following prospective study was designed to examine the influence of
dynamic alteration in ventricular load on QT dispersion in patients with
and without abnormal left ventricular function. The hypothesis was that
patients with abnormal ventricular function, both regional and global,
would exhibit an altered electrophysiological response to change in
ventricular filling which would not be seen in a normal population. The
study was designed such that the change in load would be within the
physiological range and occur acutely (i.e. could be achieved within one
beat). In addition, the study design minimised other potential influences
on QT dispersion.
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Study Protocol

Patients were

recruited

from

those

undergoing

elective

cardiac

catheterisation for the investigation of known or suspected coronary
artery disease or cardiomyopathy. Patients in atrial fibrillation and those
on anti-arrhythmic therapy, other than beta-adrenergic blockers, were
excluded. Usual medication was continued.

Eighteen patients were studied: 9 patients had normal ventricular function
i.e. no evidence of global or regional wall motion abnormalities (mean
ejection fraction 74%, range 65-85%), whilst 9 patients had evidence of
impaired left ventricular function. This group comprised 8 patients with
evidence of regional wall motion abnormalities spanning a range of
ejection fractions (range 16-58%, mean 36%) and 1 patient with no
regional wall motion abnormality, but globally impaired function, with an
ejection fraction of 30%.

Following the diagnostic cardiac catheterisation bipolar, temporary pacing
wires were positioned in the right atrium and right ventricular apex. Atrio
ventricular pacing, with an atrio-ventricular interval of 120 milliseconds,
was commenced at 5-10 beats above the resting heart rate for 3 minutes
to achieve a steady state. This pacing protocol was designed to maintain
the atrial contribution to ventricular filling. When a steady state had been
achieved, pacing was abruptly changed to ventriculo-atrial pacing, with a
ventriculo-atrial interval of 50 milliseconds, and this was maintained for
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solely 3 beats. This manoeuvre allowed maintenance of the ventricular
cycle length but delayed the atrial contraction so that this occurred after
the closure of the atrio-ventricular valves and was specifically designed to
remove the

atrial

component

to

ventricular filling.

Twelve

lead

electrocardiograms were recorded during steady state atrio-ventricular
pacing and immediately following the change to ventriculo-atrial pacing.

The presence or absence of a regional wall motion abnormality was
assessed, in each patient, from the ventriculogram at angiography,
however, formal scoring of regional wall motion was not undertaken. The
ejection fraction was calculated using Simpson’s method at the time of
angiography. Echocardiography was undertaken at the time of the studies
to verify the absence of the atrial component to ventricular filling during
the test beats in the pacing protocol.

QT dispersion was measured for three consecutive beats during steady
state atrio-ventricular pacing and in the three beats during ventriculo-atrial
pacing. The average QT dispersion was calculated. A sample of
electrocardiograms was measured by another observer (blinded to the
protocol and its rationale) to assess inter-observer variability.

Results

There was no evidence of wall motion abnormality in any of the patients
in the normal group. In contrast, 8 of the patients in the abnormal group
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had regional wall motion abnormalities. The remaining patient had severe
global impairment (patient 6, see Table 1).

Table 5.1
Individual Patient Details

Normal Group

Patient

CAD

RWMA

Ejection
Fraction

1

2 vessel

nil

74%

2

2 vessel

nil

81%

3

nil

nil

73%

4

1 vessel

nil

67%

5

2 vessel

nil

66%

6

2 vessel

nil

72%

7

2 vessel

nil

78%

8

1 vessel

nil

75%

9

1 vessel

nil

85%
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Table 5.2
Abnormal Group
P atien t

CAD

E jection

RWMA

Fractio n
1

3 vessel

inferior akinesis

58%

2

2 vessel

anterior hypokinesis

51%

3

3 vessel

inferior akinesis, anterior hypokinesis

28%

4

3 vessel

anterior hypokinesis

17%

5

3 vessel

anterior akinesis

32%

6

nil

global hypokinesis

30%

7

2 vessel

inferior hypokinesis, anterior akinesis

40%

8

2 vessel

inferior akinesis

47%

9

3 vessel

anterior akinesis

16%

At baseline there was no difference in QT dispersion between those
patients with evidence of impaired function and those with normal
ventricles (45.9 vs 44.4 milliseconds, p=NS). Abrupt physiological
alteration in ventricular filling was then induced by altering the timing of
atrial, relative to ventricular, contraction such that atrial contraction was
delayed until after the closure of the atrio-ventricular valves. This
removed the atrial component to ventricular filling and it is likely to have
reduced

ventricular

filling.

This

echocardiography (Figures 5.1 and 5.2).
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change

was

confirmed

on

During atrio-ventricular pacing both the E wave of early diastolic filling
and the A wave of atrial systole were demonstrated using pulsed wave
Doppler (Figure 5.1) and on M-mode echocardiography (Figure 5.2). With
the switch to ventriculo-atrial pacing, the A wave was immediately lost
(Figures 5.3 & 5.4).

This change to ventriculo-atrial pacing was associated with an immediate
increase in QT dispersion, compared with baseline values, in the group of
patients with abnormal ventricles (from 45.9 to 81.9 milliseconds, p <
0.001) but not in those with normal ventricles (44.4 to 36.2 milliseconds,
p=NS) (Figure 5.5).

There was no significant difference in QT dispersion between beats one,
two and three of each protocol. The differential responses of the two
patient groups to the load change was consistent and significant (p
<0.001 ). The mean inter-observer difference in QT dispersion was 3.6.
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Figure 5.1 PW Doppler Sampling of LV Inflow: A-V Pacing
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Figure 5.2 PW Doppler Sampling of LV Inflow: V-A Pacing
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Figure 5.3 M-Mode Sampling of LV Inflow: A-V Pacing
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Figure 5.5
Change in QT Dispersion with Abrupt Alteration in Ventricular Load
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Discussion

This study was designed to explore the hypothesis that patients with
abnormal ventricular function may exhibit an altered electrophysiological
response to an abrupt change in ventricular filling. The study employed a
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novel dual chamber pacing protocol which enabled manipulation, on a
beat by beat basis, of the atrial component to ventricular filling. This
abrupt reduction in ventricular filling, on selected beats, consistently
resulted in a dynamic increase in QT dispersion in those patients with
abnormal ventricular function but not in their normal counterparts. One of
the strengths of this study was that the load change was within the
physiological range and in contrast with much of the work in this field,
where severe stretch has been employed.

Mechano-Electric Feedback: Animal Work

The first evidence for feedback between the contraction and excitation
came from observations of the QT interval during isovolumic frog ventricle
contraction (von Stauch 1960) and active shortening of isolated cardiac
muscle was found to increase action potential duration (Kaufmann RL et
al, 1971). Subsequently a variety of animal isolated muscle preparations,
in vitro whole heart and in vivo experiments have been used to
demonstrate that mechanical change can influence the electrophysiology
of the myocardium. If isolated normal cardiac muscle is gradually
stretched, the action potential duration shortens in a stepwise fashion and
eventually,

spontaneous

activity

occurs.

Similar

action

potential

shortening in response to increased load has been demonstrated in intact
frog (Lab MJ 1978), rabbit (Reiter MJ et al, 1988), canine (Franz MR et al,
1989) and porcine hearts (Jones CM & Lab MJ 1985).
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Further work confirmed that modulation of the action potential, in
response to a change in loading conditions, was not uniform but that
these changes were disparate. Reiter and colleagues utilised an isolated
rabbit heart preparation to show this non uniform effect. Two epicardial
electrodes were used to record either from the right and left ventricle, or
both from the left ventricle and mechanical change was produced by
inflating a fluid filled balloon within the left ventricle. Following balloon
inflation, the end diastolic left ventricular pressure increased from 0 +/ImmHg to 35 +/- 2 mmHg with a resulting reduction in the effective
refractory period. However, this reduction was not constant. As volume
within the left ventricle increased, the difference between refractoriness of
the right and left ventricle and between regions of the left ventricle also
increased, hence increasing the heterogenicity of myocardial recovery
and providing an environment of enhanced arrhythmogenesis. (Reiter MJ
et al, 1988).

Subsequent work using multiple action potential recordings has confirmed
that mechanical change can increase the dispersion of repolarisation.
Using an Langendorff-perfused rabbit heart preparation, Zabel et al
examined the effects of sustained stretch on action potential duration,
effective refractory period and activation time. Using 5 or 6 epicardial and
1 endocardial electrodes, monophasic action potentials from multiple sites
were recorded during sustained stretch over 30 seconds. As a latex
balloon was inflated with fluid, resulting in an increase in the end diastolic
pressure from 5 +/-1 mmHg to 34 +/- 3 mmHg, there was shortening of
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the effective refractory period and the average action potential duration
similarly shortened. However, although the average effect on the action
potential duration was shortening, there was some lengthening and some
durations remained unchanged. Thus, within the ventricle, change in load
results in an increase in the spatial difference between recovery in
differing areas of the ventricular myocardium and there is an increase in
the dispersion of repolarisation. No after depolarisations were observed in
the study (Zabel M et al, 1996)

Mechano-Electric Feedback: Human Work

There is also evidence for mechano-electric feedback in the human heart
in response to profound pressure changes. Levine et al studied the
effects of acute increases in right ventricular afterload, during balloon
valvuloplasty of the pulmonary valve, in 32 patients with pulmonary
stenosis. In the majority of patients the QT interval was used as a
measure of ventricular repolarisation although in 6 patients, during 9
occlusions, monophasic action potential durations were recorded. After
balloon deflation, there was a decrease in right ventricular systolic
pressure as predicted (average change: 83mmHg to 41 mmHg). This was
accompanied by an increase in the QT interval and the degree of
prolongation was related to the extent of pressure drop following
valvuloplasty, being more marked when a greater pressure change was
achieved. The monophasic action potential recordings confirmed a
shortening of the action potential duration during balloon inflation
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(increase

in

right

ventricular

afterload),

afterdepolarisations

and

ventricular ectopy. Successful valvuloplasty was similarly accompanied
by action potential prolongation (mean monophasic action potential
duration increased from 216.9 +/- 21.9 msec to 230.0 +/- 24.3 msec).
Furthermore, the changes in action potential duration during balloon
occlusion occurred acutely, within 2 to 5 beats (Levine JH et al, 1988).

In addition, Taggart et al examined the effects of weaning from
cardiopulmonary bypass during routine surgery for coronary artery
bypass grafting. As bypass is discontinued, the entire contents of the
pump are returned to the patient in usually less than 1 minute. Thus the
heart undergoes rapid expansion, changing from a flaccid state to one of
being filled and expanded. They examined the effects of this abrupt
increase in after-load using monophasic action potential recordings in 16
patients. In the majority of patients, weaning from bypass was associated
with an increase in systolic pressure and a concurrent shortening of
monophasic action potential duration. In addition, there was a strong
correlation between the extent of increase in systolic pressure and the
reduction in monophasic action potential duration. It was recognised that
the changes were not always uniform, increasing the risk of ventricular
arrhythmogenesis (Taggart P et al, 1988).

A feature with so many studies of mechano-electric feedback, is the use
of severe stretch, well outside the physiological range (Taggart P &
Sutton PI 1999). Indeed physiological changes in loading, in humans,
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have produced such small

changes in action potential duration

(Nanthakumar K et al, 2000) that it has been suggested that they may be
clinically irrelevant (Franz MR 2000).

Role of Calcium in Mechano-electric Feedback

The most common effect of abrupt stretch is a shortening of action
potential duration. This has been demonstrated both in single cardiac
muscles (White E et al, 1993) and in vivo in humans (Taggart P et al,
1996). Other groups have reported a more complicated response to
stretch, with shortening of the early plateau phase of the action potential
and lengthening of the late phase of repolarisation. This has been
reported both in atria (Nazir SA & Lab MJ 1996) and in ventricles (Franz
MR et al, 1989).

Two cellular mechanisms have been proposed regarding the effect of
stretch on the action potential. One involves stretch activated channels,
which are non specific cation channels conducting sodium, potassium
and in some cases calcium.

Single channel studies have shown that

stretch activated channels have equilibrium potentials which are positive
to the resting potential and it has been suggested that activation of these
channels will lead to diastolic depolarisation. At potentials positive to the
equilibrium potential (at about '30 millivolts), action potential shortening
will occur. However, at potentials negative to equilibrium potentials
lengthening of the action potential will occur. The other proposed
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mechanism follows the observation that Troponin C acutely increases its
affinity for calcium when the myocardium is stretched. There is an
immediate increase in calcium binding which may abbreviate the
intracellular calcium concentration and so attenuate the sodium/calcium
exchange, carrying an inward depolarising current. There is experimental
evidence to support this (Lab MJ et al, 1984).

The finding that some stretch activated channels conduct calcium may be
important. It is possible that calcium may be involved with both
mechanisms of action potential modulation.

Influence of the Atrial Component to Ventricular Filling

In sinus rhythm, diastolic ventricular filling occurs in two phases (Wiggers
CJ & Katz LN 1922, Noble Ml et al, 1969). The first ‘early’ phase follows
the opening of the mitral valve when pressure differences between the left
atrium and left ventricle allow the passage of blood between the two
cavities (the ‘E’ wave). This flow continues until the pressure difference
equilibrates. This process is sometimes referred to as the passive phase
of ventricular filling. There then follows a period of diastasis when no
further ventricular filling occurs until the second phase in late diastole.
This phase is achieved through active atrial contraction (the ‘A’ wave) and
is thus lost in atrial fibrillation. It has long been recognised that ventricular
filling is augmented by the atrial component (Wiggers CJ & Katz LN 1922,
Gesell RA 1911). Very early canine work found that the atrial phase of
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filling contributed 18 to 60% of the total blood, which entered the
ventricles during diastole.

Later work in humans confirmed this

contribution to represent 11 to 40% of cardiac output (Rashimtoola SH et
al, 1975, Hamby Rl et al, 1983) and this contribution varies with
ventricular function. Typically it is in those hearts where function is
impaired that atrial contraction yields a greater contribution to filling
(Braunwald E et al, 1961, Matsuda Y et al, 1983). It follows that if this
component is lost, for example with an early ectopic beat or with the
onset of atrial fibrillation (van Dam I et al, 1980), ventricular filling may be
significantly reduced.

The pacing protocol which was employed allowed the abrupt removal of
the atrial component, from one beat to the next, and permitted
comparison with an electrophysiological baseline during the normal
pattern of ventricular filling in each patient. The anticipated loss of the
atrial component was verified using echocardiography during the study
(Figures 5.3 and 5.4).

De-Stretch' rather Than Stretch

The electrophysiological changes, which occurred in this study, were in
response to ‘de-stretch’, rather than the stretch, which typifies most of the
work in the mechano-electric arena. However, the use of such ‘de-stretch’
in animal work is not without president (Lab MJ et al, 1984, Kaufmann RL
et al, 1971). Furthermore, during a study examining the effects of
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discontinuation of cardiopulmonary bypass on monophasic action
potentials in patients undergoing cardiac surgery (Taggart P et al, 1988),
the institution of bypass and the ventricular unloading which ensued
resulted in a lengthening of epicardial action potential duration (Taggart P
unpublished observations).

Regional Ventricular Stress

The majority of patients studied who had abnormal ventricular function
had regional wall motion abnormalities secondary to ischaemic heart
disease. Such wall motion abnormalities can be important contributors to
arrhythmogenesis (Siogas K et al, 1998, Califf RM et al, 1978) and
sudden death is more common when such regional wall motion
abnormalities are present (Shen WF et al, 1990). It has been postulated
that during systolic contraction, with an increase in left ventricular
pressure, there is an abnormal distribution of stretch and strain in the
myocardium which could enhance dispersion of repolarisation and
promote abnormal current flow (Babuty D & Lab MJ 2001 ).

Other Potential Influences

The pacing protocol that was used was designed to minimise the potential
for other factors to influence QT dispersion other than the intended
alteration in ventricular filling. The ventricular cycle length was held
constant throughout the protocol in each patient, at 5 to 10 beats above
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each patient’s resting rate. This eliminated cycle-length or rate dependent
effects on QT intervals. In addition, it served to eliminate the possibility of
tachycardia-induced ischaemia in the patients (who were in the majority)
who had underlying coronary artery disease. Pacing to steady state just
above the resting heart rate has been shown not to induce increases in
QT dispersion in patients with coronary artery disease (Sporton SC et al,
1997). The ventricular sequence of activation was also held constant
throughout in each patient.

With the pacing protocol used the abolition of atrial transport could be
effected from one beat to the next and was maintained for 3 beats. This
rapid

alteration

to

filling

served

to

minimise

the

effect

of

haemodynamically mediated reflex changes which may have come in to
play with more sustained manipulations. The atrial component to filling
was abolished for 3 beats simply to allow the assessment of QT
dispersion in these beats and so calculate an average QT dispersion
value for each patient (and the behaviour of the 3 beats with respect to
QT dispersion was constant).

It is not possible to completely exclude the influence of neurogenic
reflexes during the protocol. Although an interaction between stretch, the
autonomic nervous system and mechano-electric feedback has been
demonstrated (Lerman BB et al, 2001), if present it is likely to have been
a minor component of the changes which were demonstrated in the
study.
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implications for the Observed Increase in QT Dispersion

The term mechano-electric feedback encapsulates the translation of a
mechanical stimulus into an electrical one. The arrhythmic potential of
mechano-electric feedback has been demonstrated in a number of
settings from myocytes, isolated myocardium and isolated hearts through
to the intact in vivo heart. The demonstration of an immediate increase in
QT dispersion solely in patients with abnormal ventricles strengthens the
hypothesis that mechano-electric feedback is involved in sudden
arrhythmic death. However, it is also pertinent to highlight that the load
change invoked was within the physiological range.

The increase in QT dispersion solely occurred in those patients who had
abnormal hearts and it could be hypothesised that mechano-electric
feedback is potentially arrhythmogenic only in situations of amplified
'mechano-electric dispersion', where stress and strain relationships within
an abnormal ventricle are distorted.

Finally, it is of interest to note that Angiotensin Converting Enzyme
Inhibitors and to a lesser extent other vasodilators, have a protective
effect against cardiac arrhythmias in the setting of abnormal left
ventricular function including post myocardial infarction (Domanski MJ et
al, 1999, Cohn JN et al, 1986). The load change invoked in this study was
‘de-stretch’ and this resulted in an increase in QT dispersion in a
comparable group. Angiotensin Converting Enzyme Inhibitors, however,
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have several actions which may be implicated in a reduction in arrhythmic
risk above their vasodilator activity. These agents attenuate left
ventricular dilatation (Puri S & Cleland J 1994), attenuate the remodelling
process post myocardial infarction (Dambrink J et al, 1994) and they have
been shown to have sympatholytic activity (Grassi G et al, 1997).
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Chapter 6
Concluding Thoughts

Sudden cardiac death is a major cause of death in the western world and
it is intrinsically linked to underlying coronary artery disease. Yet the final
fatal mechanism is often one of ventricular arrhythmia rather than acute
coronary thrombosis. The rapid and unexpected nature of sudden cardiac
death suggests acute changes in the arrhythmic susceptibility in potential
victims. A lack of uniformity in myocardial repolarisation following
excitation is associated with enhanced arrhythmogenesis. This dispersion
of repolarisation has been incredibly difficult to investigate in man due to
the requirement for invasive measurements. Body surface mapping
emerged as a non invasive measurement of dispersion of repolarisation,
but has been largely a research tool and not widely available in the
clinical arena. In contrast, QT dispersion provided another non invasive
measurement but one which was widely available. Much interest followed
the initial description and a large literature grew, but many studies
preceded important methodological considerations. Studies, which used
QT dispersion in risk stratification, proved disappointing and the initial
enthusiasm for QT dispersion was tempered. However, if one accepts the
hypothesis that QT dispersion does give a useful measure of dispersion
of repolarisation, one would not expect that information necessarily to be
available from a single electrocardiogram at rest. It is these readings
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which have been so often used to risk stratify patients at risk from
dynamic influences.

As with basic electrophysiological studies, which have given us our
current understanding of the mechanisms of arrhythmias, it would seem
important to examine the effect on QT dispersion of dynamic influences,
known to be associated with ventricular arrhythmogenesis.

The studies which comprise this thesis have investigated three distinct
dynamic influences on QT

dispersion namely

heart rate,

acute

psychological stress and load change. One of the fundamental findings
which emerges from all the studies in the thesis, was the inability of QT
dispersion to discriminate between the population studied and normal
controls at baseline. In contrast, both psychological stress in patients with
coronary artery disease and modest load change in patients with
abnormal ventricular function produced marked and consistent increases
in QT dispersion. By comparison, interval change has no influence on QT
dispersion except at extremes of interval variation.

The first series of experiments address the systematic exploration of the
influence of heart rate on QT dispersion. The response of the QT interval,
to both single interval and steady state change, mirrored that predicted by
known action potential behaviour, but QT dispersion was independent of
rate change. This work challenges the widespread practice of correcting
QT dispersion for heart rate and the hitherto exclusion of atrial fibrillation
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from QT dispersion analysis. Furthermore, since rate corrected values of
QT dispersion tend to be slightly higher than non corrected ones, the
usual practice of correcting for rate may serve as a confounding factor in
the population based studies.

In contrast to the effect of interval change, the hypothesis was that acute
psychological stress in susceptible individuals and load change would
produce increases in QT dispersion. There has been a long but rather
elusive association between acute emotional arousal and ventricular
arrhythmias. Using mental stress, induced by psychometric testing, acute
increases in QT dispersion were consistently found in patients with known
coronary artery disease. These increases in QT dispersion resulted from
increases in JT dispersion, reflecting an increase in dispersion of action
potential duration. This suggests that acute psychological stress modifies
the dispersion of repolarisation through ischaemia and adrenergic-related
changes in the action potential duration. This work is the first to
demonstrate a plausible pro-arrhythmic mechanism to link acute
psychological stress with the propensity to malignant arrhythmias in
individuals with coronary artery disease.

Abnormal left ventricular function is a strong risk factor for ventricular
arrhythmogenesis.

Mechanical

perturbations

influence

myocardial

electrophysiology through a process termed mechano-electric feedback.
These effects on ventricular repolarisation are often heterogeneous. Most
work, which typifies this area, has involved severe stretch which is well
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outside the range of load change normally found in patients, and the
clinical

significance

has been

necessarily questioned.

The

work

presented in this thesis examined the effect on QT dispersion of load
change within the physiological range in patients with abnormal
ventricular function. Using a carefully designed pacing protocol, which
abolished atrial transport form one beat to the next, an abrupt increase in
QT dispersion occurred in those patients with abnormal ventricular
function in response to these beat to beat load changes, but not in their
normal counterparts.

An important aspect of this work was that the

change in load was of the magnitude that may occur spontaneously in
patients. It was comparable to the loss of the atrial component to
ventricular filling, which accompanies a premature ventricular beat or the
onset of atrial fibrillation. The work supports a pathological role for
mechano-electric feedback in patients with abnormal ventricular function
when load change is within physiological limits. This suggests that
mechano-electric feedback has a significant clinical influence.

The three studies presented in this thesis argue that QT dispersion is a
useful clinical tool, but one which needs to be used discriminately, in
carefully designed studies with well validated methodology. As a
screening tool for arrhythmic risk QT dispersion is unlikely to be
appropriate, but it may allow the mechanisms of cardiac arrhythmias to be
explored in patients. Historically, this has rarely been achieved.
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