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Abstract 

This thesis has explored the information content of the ventricular fibrillation (VF) 

waveforms recorded as either a surface electrocardiogram (ECG) or an intracardiac 

electrogram (EGM). 

Ventricular fibrillation is lethal if not promptly terminated resulting in very low 

survival rates especially if the arrest occurs outside of a hospital setting. The 

current treatment strategy is defibrillation. However, even if performed in a timely 

manner, this is not always successful. It is hoped that further insight into the 

appearance of VF waveforms and what, if any, clinical information these hold may 

improve survival rates by allowing additional treatment strategies to be employed. 

A key step in this process is interpreting the information that can be extracted from 

VF waveform analysis and the relationship that this has with underlying cardiac 

pathology and clinical outcomes.     

Chapter 1: Provides a background context for the work presented.  

Chapter 2: Examined the variation in VF waveform characteristics across a 

standard 12 lead ECG. We demonstrated that while there are similarities between 

each of the surface leads additional information was added by analysing multiple 

recordings. 
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Chapter 3: Compared the information content of several commonly used analysis 

tools, from which we have created our own set of measures. These extract 

information regarding the rate, variance in the rate and variance in the waveform 

shape.    

Chapter 4: The analysis tools determined in Chapter 3 were used to demonstrate a 

reduction in VF frequency in the presence of ischemic scar, decreased left 

ventricular ejection fraction and a dilated left ventricle. 

Chapter 5: The same analysis tools were then used to demonstrate that failed ICD 

shocks were preceded by episodes of faster VF with less regular waveform 

appearance  than those that were successfully terminated.   

Chapter 6: We investigated the potential relationship between VF waveform 

characteristics at the time of ICD implant and the occurrence of subsequent 

significant ventricular arrhythmia. We were unable to demonstrate a link between 

the two using appropriate shock treatment to estimate the ventricular arrhythmia 

burden. 

Chapter 7: A unique analysis tool was investigated to describe VF waveform 

regularity. Standard 12 lead ECGs were used to derive a 3 dimensional plot of the 

excitation wave front for each VF cycle. Large variation in the waveform regularity 

was observed. 
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Chapter 8: A summary of the key findings learnt in Chapters 2 to 7. The clinical 

implications of this work and possible future directions are discussed. 

Chapter 9: References quoted in this thesis. 

  



iv 
 

Acknowledgements 

I would like to thank everyone that has supported and encouraged me during the 

rollercoaster that has occurred over the last six years. Studying part-time while 

working and having a young family has posed additional challenges and I would 

not have completed this thesis without your help.  

I am grateful for the flexibility that my supervisors, Peter Larsen and Nigel Lever, 

have allowed during this process. Your continued support and advice has been 

appreciated, especially the multiple revisions to the research plan due to two stints 

of maternity leave and our family’s relocation to Christchurch.  

I would like to acknowledge the Pacing and ICD physiologists at Wellington 

Hospital, who assisted with access to both patient files and EGM data. I am also 

thankful for the help of Bijia Shi who provided access to prospective data from the 

Wellington ICD patients, without which several of the studies would not have 

been possible.  

I especially wish to thank my family. The support and encouragement of my 

husband, Fred, along with Conner, Ellis and Harry’s patience when I needed to 

‘work’ has been a wonderful inspiration.  

  



v 
 

Abstract publications and awards 

Woodcock, E. L., Harding, S. A., Shi, B.,  Lever, N. A., Larsen, P. D. (2013) VF 

frequency is influence by cardiac structure.  

Poster presentation - Cardiac Society of Australia and New Zealand, 

Australian annual scientific meeting, Gold Coast, August 2013. Heart, Lung 

and Circulation 22 S103.  

Awarded the Affiliates poster prize. 

Woodcock, E. L., Lever, N. A., Larsen, P. D. (2012) VF waveform complexity at ICD 

implant is predictive of future ICD therapy.  

Poster presentation – Cardiac Society of Australia and New Zealand, New 

Zealand annual scientific meeting, Auckland, June 2012. Heart, Lung and 

Circulation 21(8) 525. 

Woodcock, E. L., Lever, N. A., Larsen, P. D. (2012) Ventricular fibrillation 

characteristics: What measurements are best?  

Poster presentation – Cardiac Society of Australia and New Zealand, New 

Zealand annual scientific meeting, Auckland, June 2012. Heart, Lung and 

Circulation 21(8) 525. 

Woodcock, E. L., Lever, N. A., Larsen, P. D. (2011) Spectral analysis of 12 lead ECG 

recordings of ventricular fibrillation in humans.  

Poster presentation – Cardiac Society of Australia and New Zealand, New 

Zealand annual scientific meeting, Hawke’s bay, June 2011. Heart, Lung and 

Circulation 20(6) 417. 

Poster presentation – Cardiac Society of Australia and New Zealand, 

Australian annual scientific meeting, Perth, August 2011. Heart, Lung and 

Circulation 20 S86-87. 

  



vi 
 

Table of Contents 

Abstract ............................................................................................................................................... i 

Acknowledgements ........................................................................................................................ iv 

Abstract publications and awards ................................................................................................. v 

List of figures ................................................................................................................................... ix 

List of tables .................................................................................................................................... xii 

Abbreviations ................................................................................................................................. xiv 

Chapter 1: Background .................................................................................................................... 1 

Ventricular Fibrillation (VF) ....................................................................................................... 1 

Approaches to characterise VF waveforms ............................................................................ 10 

Types of recordings .................................................................................................................... 19 

What information can be derived from VF waveforms? ...................................................... 24 

Mode of VF induction: ........................................................................................................... 24 

VF waveform evolution with time: ...................................................................................... 26 

Correlates of VF characteristics to underlying cardiac disease ........................................... 30 

Correlates of VF characteristics to clinical outcomes ............................................................ 34 

Research aims that this thesis will address:............................................................................ 38 

Chapter 2: VF waveforms characteristics recorded using a Standard 12 lead ECG ............. 43 

Introduction: ............................................................................................................................... 43 

Methods: ...................................................................................................................................... 46 

Spectral analysis: .................................................................................................................... 46 

Non-linear measures: ............................................................................................................. 49 

Comparative measures: ......................................................................................................... 52 

Statistical analysis: .................................................................................................................. 54 

Results: ......................................................................................................................................... 56 

Frequency measures:.............................................................................................................. 60 

Regularity measures: ............................................................................................................. 64 

Non-linear measures: ............................................................................................................. 66 

Comparative measures: ......................................................................................................... 72 



vii 
 

Discussion: ................................................................................................................................... 75 

Study limitations: ................................................................................................................... 81 

Conclusion ............................................................................................................................... 82 

Chapter 3: Comparison of VF waveform analysis methods .................................................... 83 

Introduction: ............................................................................................................................... 83 

Methods: ...................................................................................................................................... 85 

Measures: ................................................................................................................................. 85 

Statistical analysis: .................................................................................................................. 89 

Results: ......................................................................................................................................... 91 

Discussion: ................................................................................................................................... 98 

Limitations:............................................................................................................................ 103 

Implications: .......................................................................................................................... 105 

Chapter 4: Cardiac structure and VF characteristics ............................................................... 106 

Introduction: ............................................................................................................................. 106 

Methods: .................................................................................................................................... 108 

Results: ....................................................................................................................................... 112 

Discussion: ................................................................................................................................. 123 

Limitations:............................................................................................................................ 129 

Clinical Implications: ........................................................................................................... 131 

Chapter 5: Failed defibrillation shocks in ICD patients and VF waveform characteristics 134 

Introduction: ............................................................................................................................. 134 

Methods: .................................................................................................................................... 136 

Results: ....................................................................................................................................... 139 

Discussion .................................................................................................................................. 145 

Limitations............................................................................................................................. 149 

Clinical implications ............................................................................................................ 150 

Conclusion ............................................................................................................................. 151 

Chapter 6: VF waveform characteristics and long term patient outcomes .......................... 152 

Introduction: ............................................................................................................................. 152 



viii 
 

Methods: .................................................................................................................................... 153 

Results ........................................................................................................................................ 155 

Discussion .................................................................................................................................. 168 

Limitations............................................................................................................................. 172 

Chapter 7: 3D vector loops .......................................................................................................... 173 

Introduction: ............................................................................................................................. 173 

Methods: .................................................................................................................................... 175 

Results: ....................................................................................................................................... 180 

Discussion .................................................................................................................................. 195 

Limitations............................................................................................................................. 200 

Conclusion ............................................................................................................................. 201 

Chapter 8: Discussion .................................................................................................................. 203 

Limitations of this work .......................................................................................................... 212 

Implications: .............................................................................................................................. 215 

Future directions: ..................................................................................................................... 217 

Chapter 9: References .................................................................................................................. 220 

 

  



ix 
 

List of figures 

Figure 1.1: VF recorded lead II of a standard surface ECG............................................2  

Figure 1.2: Mechanisms of ventricular arrhythmia generation.....................................4 

Figure 1.3: Potential mechanisms for the maintenance of VF........................................8 

Figure 1.4: An EGM and the resulting power spectrum from FFT analysis..............12 

 Figure 1.5: The change in median frequency (Hz) over time in a swine model......27 

Figure 2.1: 12 lead surface ECG during Ventricular Fibrillation from patient 6.......58 

Figure 2.2: Power auto spectra and the residual signal when the power of lead II is 

removed from the spectrum across the 12 standard ECG leads of one patient........59 

Figure 2.3: The spectral and non-linear measures for patient 6..................................70  

Figure 3.1: An EGM recording during VF......................................................................92 

Figure 3.2: Power spectrum created from the VF tracing in Figure 3.1......................92 

Figure 3.3: Graphical representation of the strong inverse correlation between 

dominant frequency and mean CL (R=-0.820, P<0.001)................................................96 

Figure 3.4: Graphical representation of the strong inverse correlation between 

rescaled range and the autocorrelation peak.................................................................97 

Figure 4.1: A short axis MRI image displaying ischemic scar in the circumflex and 

PDA territories.................................................................................................................113 

Figure 4.2: A short axis MRI image displaying non-ischemic scar using delayed 

enhancement....................................................................................................................114 

Figure 4.3: A short axis MRI image showing no detectable scar with delayed 

enhancement.....................................................................................................................115 

Figure 4.4: Graphical representation of the mean DF during VF of those without 

scar and those with scar.................................................................................................118 



x 
 

Figure 4.5: The relationship between dominant frequency (DF) and ejection 

fraction (EF) as measured on MRI................................................................................121 

Figure 4.6: The relationship between dominant frequency (DF) and left ventricular 

end diastolic volume (LVEDV) as measured on MRI.................................................122 

Figure 5.1: Representative 3 second VF EGM episodes from a single patient. 

Episode A preceded a failed shock, while episode B preceded a successful 

shock..................................................................................................................................142 

Figure 5.2: Power spectra for VF EGM signals shown in Figure 5.1. A is the power 

spectrum from the VF that preceded a failed shock; B is the power spectrum from 

the VF that preceded a successful shock......................................................................142 

Figure 5.3: Autocorrelation functions for the VF EGM signals shown in Figure 

5.1.......................................................................................................................................143 

Figure 6.1: The mean dominant frequency and bandwidth for both the shock and 

no shock groups...............................................................................................................158 

Figure 6.2: The shock free survival of the patients with high DF compared to those 

with low DF......................................................................................................................162 

Figure 6.3: Shock free survival of patients that had VF with a wide bandwidth 

compared to those with a narrow bandwidth at the time of ICD implant..............163 

Figure 6.4: Shock free survival of patients that had VF with a high fraction of 

power at DF compared to those with a low fraction of power at DF at the time of 

ICD implant......................................................................................................................164 

Figure 6.5: Shock free survival of patients that had VF with a high Hurst exponent 

compared to those with a low Hurst exponent at the time of ICD implant...........165 

Fig 6.6: Shock free survival of patients that had VF with a high sample entropy 

compared to those with a low sample entropy at the time of ICD implant............166 

Figure 6.7: Shock free survival of patients that had VF with a high autocorrelation 

peak compared to those with a low autocorrelation peak at the time of ICD 

implant...............................................................................................................................167 



xi 
 

Figure 7.1: The relationship between mean Shannon entropy and various 

amplitudes of Gaussian white noise combined with a sine wave............................178 

Figure 7.2: The mean Shannon entropy over 10 cycles for each the x, y and z 

axis......................................................................................................................................183 

 

Figure 7.3: Mean sample entropy over 10 VF cycles in each of the x, y and z axis for 

the 38 individual patients...............................................................................................184 

Figure 7.4: Phase overlays of each of the 11 cycles that were analysed in the x, y 

and z planes for Patient 28 and the corresponding cycle to cycle correlations in 

each the x, y and z planes...............................................................................................187 

Figure 7.5: Phase overlays of each of the 10 cycles that were analysed in the x, y 

and z planes for Patient 33 and the corresponding cycle to cycle correlations in 

each the x, y and z planes...............................................................................................188 

Figure 7.6: Phase overlays of each of the 10 cycles that were analysed in the x, y 

and z planes for Patient 12 and the corresponding cycle to cycle correlations in 

each the x, y and z planes................................................................................................189  

Figure 7.7: Phase overlays of each of the 10 cycles that were analysed in the x, y 

and z planes for Patient 13 and the corresponding cycle to cycle correlations in 

each the x, y and z planes..............................................................................................190 

Fig 7.8: Phase overlays of each of the 11 cycles that were analysed in the x, y and z 

planes for Patient 17 and the corresponding cycle to cycle correlations in each the 

x, y and z planes.............................................................................................................191 

Figure 7.9: Phase overlays of each of the 12 cycles that were analysed in the x, y 

and z planes for Patient 37 and the corresponding cycle to cycle correlations in 

each the x, y and z planes...............................................................................................192  

Figure 7.10: 3D projection of patient an example of a highly organised VF signal, 

data for the same patient as shown in Figure 7.5........................................................193 

Figure 7.11: 3D projection of patient an example of less organised VF signal, data 

from the same patient as shown in Fig 7.7...................................................................194 



xii 
 

List of tables 

Table 2.1: Patient demographics at ICD implant in the Chapter 2 cohort.................57 

Table 2.2: The spectral measures of dominant frequency (DF) and median 

frequency across the 12 lead s of the ECG in VF for the 20 patients...........................62 

Table 2.3: The lead or leads that contain the highest DF for each of the 20 

patients.................................................................................................................................63 

Table 2.4: The variation in the spectral measures of bandwidth and the fraction of 

power at DF of lead II across the 12 leads of the ECG in VF for the 20 patients......65 

Table 2.5: The variation in the Hurst exponent and sample entropy across the 12 

leads of the ECG during VF for the 20 patients.............................................................68 

Table 2.6: The autocorrelation peak across the 12 leads of the surface ECG during 

VF for the 20 patients.........................................................................................................69 

Table 2.7: The average coefficient of variation for each of the spectral and non-

linear analysis measures....................................................................................................71 

Table 2.8: The variation in the comparative measures for the 20 patients during 

VF..........................................................................................................................................74 

Table 3.1: Interpretation of Correlation Coefficient......................................................90 

Table 3.2: Patient demographics for the Chapter 3 cohort...........................................91 

 

Table 3.3: The mean values for each of the analysis tools across all 37 VF 

recordings............................................................................................................................93 

 

Table 3.4: Spearman correlation coefficients of each of the VF analysis tools...........95 

Table 4.1: Patient demographics at ICD implant in the Chapter 4 cohort................116 

Table 4.2: Mean (± SD) of the VF waveform characteristics of the no scar and scar 

groups and the P value from comparison using an unpaired T-test........................117 



xiii 
 

Table 4.3: Mean (± SD) of the VF waveform characteristics of each scar subgroup 

and the no scar group.  P values are from group comparison using ANOVA.....117  

Table 4.4: P values from the comparison DF of each individual subgroup using 

unpaired T test..................................................................................................................117  

Table 4.5: Pearson’s correlation coefficients of each the VF waveform characteristic 

measures with LV measures from MRI........................................................................119 

Table 5.1: Patient Demographics for the Chapter 5 cohort........................................141 

Table 5.2: Comparison of characteristics of VF preceding failed and successful 

shocks.................................................................................................................................143 

Table 5.3: Comparison of characteristics of VF preceding a failed first shock and a 

successful first shock shocks...........................................................................................144 

Table 6.1: Patient demographics at ICD implant for Chapter 6 cohort.....................156 

Table 6.2: ICD settings at the time of implant..............................................................157  

Table 6.3: The VF waveform characteristics for the shock and no shock groups, 

shown as mean± standard deviation.............................................................................159 

Table 6.4: Contingency tables for the extreme thirds of each of the VF 

characteristics showing the number of patients that required shock therapy........160 

Table 7.1: The reconstruction matrix for the X, Y and Z planes using leads I, II and 

V1-6 of a standard 12 lead ECG.....................................................................................176 

Table 7.2: Patient demographics for the Chapter 7 cohort.........................................181 

 

 

 

 

 



xiv 
 

Abbreviations 

APD  action potential duration 

ARVC  Arrhythmogenic right ventricular cardiomyopathy 

ASMA Amplitude spectral area 

ATP  anti-tachycardia pacing 

BW  spectral bandwidth 

CL   cycle length 

DAD  delayed after depolarisation 

DCM   Dilated cardiomyopathy 

CV  Coefficient of variation 

DF  Dominant frequency 

EAD  Early after depolarisation 

ECG   surface electrocardiogram 

EGM  Intracardiac electrocardiogram 

FFT  Fast Fourier Transform 

Hz  Hertz 

ICD   Implanted cardioverter defibrillator 

IHD  Ischemic heart disease 

LGE  late gadolinium enhancement  

LV  left ventricle 

LVEDV left ventricular end diastolic volume 

LVEF  left ventricular ejection fraction 



xv 
 

LVESV left ventricular end systolic volume 

MRI  Magnetic resonance imaging 

MF  median frequency 

MI   Myocardial infarction 

RS range Rescaled range 

SD CL  standard deviation of cycle length 

Slope-amp slope divided by amplitude 

SR  Sarcoplasmic Reticulum 

VF  Ventricular Fibrillation 

VI  Virtual instruments 

VT   Ventricular Tachycardia 

 

 

  



1 
 

Chapter 1: Background 

Ventricular Fibrillation (VF) 

Sudden cardiac death is most commonly the result of VF. During VF there is rapid, 

uncoordinated excitation of the ventricles resulting in ineffective contraction which 

severely reduces cardiac output. Defibrillation is the only definitive treatment but 

it has a low success rate in an out-of-hospital setting. If defibrillation is not 

available or it fails to return the heart to a perfusing rhythm, VF can be lethal 

within minutes. It is hoped that further insight into both the initiation and 

maintenance of this arrhythmia will lead to more effective treatment strategies.   

VF was first described in 1849 by Ludwig and Hoffa (Wiggers 1940). They 

recorded the onset of VF which had been induced by a strong electrical stimulus. 

This was considered the result of abnormal impulse generation and conduction of 

the nervous system until Vulpian proposed in 1874 that the heart muscle itself 

conducted the impulses which maintained the arrhythmia. He coined the term 

‘mouvement fibrillaire’ to describe this phenomenon (Surawicz 1971).  The 

irregular appearance of the surface electrogram (fig 1.1) during VF resulted in the 

historical belief that the ventricles were excited randomly (Wiggers 1940). Recent 

research has demonstrated an underlying pattern to ventricular activation during 

VF (Damle, Kanaan et al. 1992, Latcu, Meste et al. 2011). A series of approaches 
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have been developed to characterise the electrical signals during VF. These tools 

have been used to demonstrate a high level of both underlying temporal (Latcu, 

Meste et al. 2011) and spatial organisation of VF waveforms (Gray, Pertsov et al. 

1998).  

 

 

Figure 1.1: VF recorded lead II of a standard surface ECG.  

 

A variety of substrates can favour VF occurrence. Often VF is associated with an 

acute myocardial infarction (MI) but it can also occur in conjunction with other 

ischemic conditions such as sub-acute ischemia or cellular abnormalities within a 

scar border zone caused by a healed MI. VF occurrence can also be favoured by 

other forms of myocardial damage, such as progressive heart failure or from 

channelopathies, such as long QT, short QT and Brugada syndromes.  

 

These substrates result in changes in the electrophysiological properties of the 

cardiac myocytes, often altering the characteristics of the action potential (Merillat, 
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Lakatta et al. 1990, Amitzur, Schoels et al. 2000). Long QT syndrome results from 

mutations which alter ion channel function resulting in impaired repolarisation 

(extension of the QT interval on an ECG) (Roden 2008). Mutations causing reduced 

potassium channel function and increased sodium or calcium channel function 

have been characterised (Schwartz, Priori et al. 2001, Shah, Akar et al. 2005). 

Essentially the opposite occurs in short QT syndrome, where repolarisation is 

shorted predominantly in M-cells resulting in transmurally-heterogeneous action 

potential duration (APD), which promotes the occurrence of re-entry circuits. 

Around 20 percent of Brugada syndrome cases are the result of a loss of function 

mutation in the SCA5A gene which codes for a sodium channel (Shah, Akar et al. 

2005) . Usually cells depolarise rapidly during phase 0 of the cardiac action 

potential but the reduced function of these channels limits the amount of sodium 

entering the cell, slowing conduction and promoting re-entry arrhythmias. 

Impaired calcium handling can result from mis-sense mutations in the calcium 

channels within the sarcoplasmic reticulum (SR). Calcium is abnormally released 

from the SR during diastole (Merillat, Lakatta et al. 1990)  resulting in delayed after 

depolarisations (DADs), which can result in VT which may degenerate into 

VF(Omichi, Lamp et al. 2004). 
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Figure 1.2: Mechanisms of ventricular arrhythmia generation. a)Enhanced 

automaticity: Spontaneous depolarisation occurs during phase 4 resulting in 

threshold potential (TP) being met and an abnormal impulse being formed. b) 

Early after depolarisations (EADs): The plateau of the action potential is prolonged 

due to either reductions in repolarising currents and/ or increases in depolarising 

currents. Reactivation of calcium channels can result in abnormal depolarisations 

occurring. c) Delayed after depolarisations (DADs): An inward current is created 

when calcium that has been abnormally release from the sarcoplamic reticulum is 

exchanged for sodium during diastole. This depolarises the cell causing DADs, if 

these are large enough to reach the threshold potential a triggered beat results. d) 

Re-entry: This results when a premature beat encounters unidirectional block 

through one region of tissue but is successfully conducted through an alternative 

pathway due to variations in refractory times. The impulse is then conducted 

through the previously blocked pathway creating a circuit. (Comtois, Burstein et 

al. 2013)   
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Acute ischemia impairs cell-to-cell coupling and causes intracellular acidosis along 

with an accumulation of extra cellular potassium. These changes result in zones of 

slow signal propagation and block within an infracted area. These varying 

electrophysiological properties within neighbouring areas of tissue promote re-

entry.  In a sub-acute or healed MI, surviving myocytes are interspersed with 

electrically inert cells within the scar border zone (Wilensky, Tranum-Jensen et al. 

1986). Within these surviving cells potassium currents are down regulated, 

prolonging repolarisation. This favours enhanced automaticity and early after 

depolarisation (EAD) occurrence (fig 1.2). A reduction in sodium influx during 

phase 0 reduces the upstroke velocity and the action potential amplitude, slowing 

conduction and excitability (Noujaim, Auerbach et al. 2007). This may cause 

unidirectional block promoting the occurrence of re-entry (Amitzur, Schoels et al. 

2000). Extra calcium is released from the SR but the sodium calcium exchanger has 

unaltered function, causing an increase in intracellular calcium which favours the 

occurrence of DADs (Omichi, Lamp et al. 2004). Post MI the expression of connexin 

43 is reduced. This is a key component of cell-to-cell communication through the 

gap junctions (Comtois, Burstein et al. 2013). Impaired cell-to-cell coupling 

prevents normal electrical conduction and can act as a substrate for ventricular 

arrhythmias by causing conduction block and re-entry (fig 1.2).  
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Ventricular remodelling is common as heart failure progresses. As under ischemic 

conditions potassium channel function is down regulated in heart failure (Ravens 

and Cerbai 2008). This increases the APD and favours EAD occurrence. The 

presence of interstitial fibrosis combined with the down regulation of connexion 43 

slows conduction and causes variations in the APD providing conditions that 

promote re-entry (Tomaselli and Zipes 2004). Calcium leaks from the SR during 

diastole in a similar way as under ischemic conditions, however, the extra 

intracellular calcium is exchanged for sodium across the cell membrane due to 

increased function of the sodium calcium exchanger. This influx of sodium can be 

large enough to depolarise the cell resulting in DADs (fig 1.2) (Pogwizd, 

Schlotthauer et al. 2001).  

 

Many studies have investigated the mechanism by which VF is maintained 

(Nanthakumar, Walcott et al. 2004, Kay, Walcott et al. 2006, Nash, Mourad et al. 

2006) however these processes are not well understood. There are several theories, 

all of which require underlying organisation of the electrical circuits. The longest 

standing idea involves the presence of multiple small re-entrant circuits which 

excite the ventricular myocardium randomly and is often referred to as the 

wandering wavelet theory (fig 1.3). The re-entrant circuits can occur anywhere in 

the myocardium and are constantly changing. The mother rotor hypothesis is an 
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alternative mechanism and involves a long lived re-entrant circuit with a relatively 

fixed pathway of electrical excitation (Nanthakumar, Walcott et al. 2004, Ideker 

and Rogers 2006). The stable circuit is called the mother rotor and it gives rise to 

smaller ‘daughter’ circuits (fig 1.3). These occur due to the splitting of the 

excitation wave fronts because the tissue is unable to conduct with a one-to-one 

ratio (Noujaim, Auerbach et al. 2007). These daughter circuits move into other 

parts of the myocardium and cause the irregular pattern on an ECG. Large wave 

fronts have been reported to follow distinct pathways across the epicardium 

during the first two minutes of VF (Nanthakumar, Walcott et al. 2004) supporting 

this theory. Electrical mapping of pig hearts has also demonstrated relatively long 

lasting re-entrant circuits (Kay, Walcott et al. 2006).  

 

Most work suggests that the wandering wavelet and mother rotor mechanisms are 

possible and may coexist (Kay, Walcott et al. 2006, Nash, Mourad et al. 2006). The 

third possible mechanism is where a rapidly discharging ectopic focus within the 

ventricle initiates VF due to fibrillation condition due to wave break (fig 1.3). This 

occurs in a similar fashion as the mother rotor mechanism.  
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Fig 1.3: The potential mechanisms for the maintenance of ventricular fibrillation 

are a) an ectopic focus with fibrillatory conduction, b) a mother rotor with 

subsequent daughter rotors  or c) multiple random re-entrant circuits (Comtois, 

Burstein et al. 2013). 

 

The VF waveform characteristics evolve over time (Baykal, Ranjan et al. 1994). 

Coherence between several ECG leads was found to increase during the first 10 

seconds of VF suggesting the signal becomes more organised during this period 

(Clayton and Murray 1999). The size of the heart is thought to influence the speed 

at which these changes occur (Indik, Donnerstein et al. 2004). Sherman et al 

demonstrated that when fractal measures are applied to the VF waveform these 
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correlate with its duration supporting the idea of waveform evolution over time 

(Sherman, Callaway et al. 2000).  
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Approaches to characterise VF waveforms 

There are four key features that can be extracted from the VF waveforms; the 

waveform amplitude, the rate or frequency, the regularity of the rate and the 

regularity of the waveform shape or appearance. Initially the VF signal was 

described as either course or fine and it was observed that as VF progresses with 

time the waveform amplitude decreases thereby becoming finer. The definition 

was subsequently refined, fine VF has an amplitude of the 0.2mV or less and above 

this is considered course (Weaver, Cobb et al. 1985). The mean amplitude has been 

used to remove cycle-to-cycle variation (Hamprecht, Jost et al. 2001).  

The cycle length (CL) is inversely proportional to the rate. It is the duration 

between waveform peaks within the electrical tracing (Lever, Newall et al. 2007, 

Latcu, Meste et al. 2011). The mean cycle length has often been used to describe the 

rate of the signal, while the change in cycle length with time has been used to 

describe the regularity or level of organisation (Latcu, Meste et al. 2011). This is 

most commonly measured using the standard deviation of the cycle length 

(Yokoshiki, Kohya et al. 2003). The slope of the signal has been used to describe the 

average amplitude steepness or the change in signal amplitude (voltage) over time, 

thereby integrating components of the amplitude and frequency (Indik, 

Donnerstein et al. 2008). This has been presented as either median slope 
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(Eilevstijonn, Kramer-Johansen et al. 2007) or mean slope (Neurauter, Eftestøl et al. 

2007).  

 Spectral measures are now the most commonly used tools to define the 

characteristics of the VF waveforms. Fast Fourier transform analysis involves 

fitting a series of sine waves to the VF signal. The frequency of these is displayed in 

a histogram plot, referred to as a power spectrum (fig 1.4). This describes the 

relative power of each frequency within the signal. The frequency resolution 

defines the width of the histogram bars or frequency bins within the power 

spectrum and it is determined by the duration of the VF recording. The longer the 

sample is, the narrower the bins and the more detail that is available from the 

power spectrum. Zero padding can be used to ensure a constantly high frequency 

resolution. This involves adding a variable length string of zeroes at each end of 

the signal, thereby not affecting the frequency content. The average amplitude of 

the signal is damped by zero padding therefore this method cannot be employed if 

measures of amplitude are being examined. The sample bandwidth defines the 

frequency bandwidth from which data will be analysed. It is common to exclude 

very low frequencies (cut offs ranges from 0.5 to 4Hz) to eliminate the frequency 

content of respiration and baseline wander. The high cut point is often set at 20Hz 

to 30Hz because the majority of VF frequency information is below these values.   
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 Figure 1.4: A power spectrum resulting from FFT analysis of the EGM recording 

during VF shown at the top of the figure. DF is at the short dashed line, median 

frequency is at the long dashed line, bandwidth is represented by the box above 

the power spectrum. Fraction of power at DF = 0.124. Frequency resolution was 

0.0625Hz. Sample bandwidth was 2- 20Hz. 
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A series of measures can be derived from the power spectrum. These can be 

divided into those that describe the signal frequency (rate) and those that describe 

the regularity of the frequencies within the signal. The rate of the VF has most 

commonly been described using the dominant frequency (DF). This is the 

frequency with the greatest power (Stewart, Allen et al. 1992, Indik, Donnerstein et 

al. 2006, Muñoz, Álvarez et al. 2009, Olasveengen, Eftestøl et al. 2009, Panfilov, 

Lever et al. 2009), and therefore amplitude, within the defined sample bandwidth. 

The median frequency (FM) is the point that divides the power spectrum into two 

equal components (Brown, Griffith et al. 1991, Martin, Brown et al. 1991, Jacobson, 

Johnson et al. 2000, Indik, Donnerstein et al. 2006). The mean frequency is 

calculated by summing the product of each FFT frequency and the associated 

power, which is then divided by the total power of the segment (Indik, 

Donnerstein et al. 2004, Chorro, Guerrero et al. 2008). 

Signal regularity can be described using the bandwidth, fraction of power at DF, 

the organisational index or the ratio of high to low frequencies. The bandwidth 

describes the spread of the frequencies around the median frequency. It is the 

difference between the upper limit (commonly 75% of total power) and the lower 

limit (commonly 25% of the total power) (Indik, Donnerstein et al. 2006). The 

fraction of power at the DF is the proportion of the total power that occurs within 

the frequency bin that includes the DF.  This will be greatly influenced by the 
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width of the bins. It is therefore essential to have a constant frequency resolution 

across the samples when comparing this measure this is achieved through either 

having samples that are all the same duration or through zero padding the 

samples to artificially create this.  

 

The organisational index is calculated by comparing the power within the DF and 

the harmonic peaks with the total power to create a ratio. The amount of power 

within the peak containing the dominant frequency is combined with the amount 

of power within the harmonic peaks. An example of harmonic peaks can be seen in 

Figure 1.2 at multiples of the DF. The total power is calculated from within the 

defined sample bandwidth (for example 4 and 30Hz) (Sánchez-Muñoz, Rojo-

Álvarez et al. 2008).  
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The ratio of high and low frequencies has been used to describe the frequency 

content of the VF signal. The frequency ratio is a comparison of the power within 

the high frequency band (8 – 24Hz) with the power within the low frequency ban 

(3-5Hz). The frequency content within each band is summed and the high 

frequency power is divided by the low frequency power to give a ratio (Lawrence 

D 2006). The area under the curve of the power spectrum has also been used to 

describe the characteristics of the VF waveform, these have been termed the 

amplitude spectrum area (AMSA) (Marn-Pernat, Weil et al. 2001) and the 

fibrillation power (Hamprecht, Achleitner et al. 2001) depending on how the 

frequency boundaries were defined.  

 

Non-linear analysis has been developed to describe the regularity of the waveform 

shape. These tools include the Hurst exponent, measure of entropy, autocorrelation 

peak, leakage and detrended fluctuation analysis. The rescaled range describes the 

variance within the signal appearance. It measures the range of the cumulative 

deviation from the mean value and is calculated by dividing the range (R) by the 

standard deviation (S). To calculate the range of the sample, the mean value over a 

set time period is determined first. The difference of each individual point from the 

mean is established. These differences are consecutively summed and the value 

after each addition is recorded. The maximum and minimum values during the 
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summation of the differences are identified and the difference between them is the 

range. The Hurst exponent describes the long term correlation of the signal with 

itself, thereby demonstrating the complexity of the VF signal over time. The total 

duration of the sample is divided into a series of time periods of a set duration. The 

RS range is determined for each time period and averaged for the whole sample 

duration.  This process is repeated for many, different length time periods. The log 

of the mean RS range for each time period is plotted against the log of the time 

period to sample duration ratio. The slope of the straight line that is produced 

from this is the Hurst exponent (Sherman, Callaway et al. 2000). 

 

Sample entropy measures the rate that new information is generated within the 

signal (Lake, Richman et al. 2002), thereby describing how similar the waveform 

shape is over time. A non-negative number is assigned to describe the signal, with 

larger values corresponding to greater irregularity (Alcaraz and Rieta 2010). A low 

entropy valve results when a signal has a highly predictive sequence and therefore 

a high level of order. Shannon entropy is a variation of this measure that has also 

been used to describe the regularity of the VF waveforms, however, this is 

calculated on a cycle-to-cycle basis  (Lever, Newall et al. 2007). If all points within a 

cycle are identical Shannon entropy will be 0, while if they are all different 
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Shannon entropy will be greater than 0. Therefore, like sample entropy, the lower 

the Shannon entropy the higher the degree of regularity within the signal.  

 

The autocorrelation function measures how the signal evolves with time by 

shifting a duplicate of the VF waveform incrementally with respect to the original 

starting point. The correlation between the two signals is then calculated for shifts 

of up to 2000ms. The value of the first peak can be used to give a discrete value to 

this measurement tool (Lever, Newall et al. 2007).  Leakage compares the electrical 

VF recording with a sinusoidal function containing the same fundamental period 

(and adjusted phase) using a correlation coefficient (Sánchez-Muñoz, Rojo-Álvarez 

et al. 2009). 

Detrended fluctuation analysis describes the correlation properties of a signal 

using scaling analysis (Lin, Lo et al. 2010). It describes the repeatability of the 

signal through fractal analysis. The electrical signal is separated into equal length 

duration samples, with the local trend for each sample calculated and then 

subtracted from the whole sample. The root-mean-square of this is subsequently 

calculated and termed F(n) (Lin, Lo et al. 2010). The logF(n) is plotted against 

log(n) and the slope of the linear relationship (if present) is the scaling exponent 

(Callaway, Sherman et al. 2000, Sherman, Callaway et al. 2000, Callaway, Sherman 

et al. 2001, Menegazzi, Callaway et al. 2004).  



18 
 

 

Another approach to understanding the waveform patterns during VF involves 

electrical mapping of the wave fronts created during the arrhythmia. This has 

included measures such as the angular velocity and spatial correlation analysis. 

The angular velocity is the speed at which the leading edge of the VF waveform 

vector rotates in three dimensions. (Sherman, Flagg et al. 2004) . Spatial correlation 

analysis describes the correlation between electrical recordings based on the 

distance between their location (Gopalakrishnan and Malkin 2003). While it is 

important to recognise electrical mapping as a potential method for gaining insight 

into VF waveform propagation it is beyond the scope of this thesis and will 

therefore not be considered in detail.   

 

Some of the measurement approaches described above will provide very similar 

information as others. To help reduce repetition and determine which tools 

provide independent information, a selection of these measures will be compared 

during Chapter 2 of this thesis. This will allow the creation of a set of measures 

that we will use to investigate the relationship between VF waveforms and 

underlying left ventricular structure and function (Chapter 3, Cardiac structure 

and VF characteristics), as well as investigating the ability of VF waveform 

characteristics to predict future arrhythmic events (Chapter 4, Outcomes).   
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Types of recordings 

There are two possible options when recording the electrical activity of the heart. 

The first and most common is a surface electrocardiogram (ECG). A standard 

recording is taken at rest and involves the placement of 10 electrodes on the 

surface of the skin, one on each limb and six across the chest at locations specified 

using standardised landmarks. Telemetry, along with Holter and event monitors 

provide the ability for longer term ambulatory monitory but commonly these are 

performed with a reduced lead set, placed on the torso to reduce movement 

artefact. Recordings can also be made from the skin surface using defibrillator 

pads, which act as large electrodes. There are two possible approaches for the 

defibrillation pads. The most common is to place one directly below the right 

sternum and the other below the left arm; the second is to place one electrode at 

the centre of the anterior chest while the second is placed on the back, to the left of 

the spine. Both approaches result in the recording of a modified lead II. Surface 

recordings have the advantage of being non-invasive and relatively easy to 

perform. The alternative approach is to record intracardiac electrograms (EMGs). 

This can occur within the electrophysiology laboratory with the temporary 

placement of catheters within the heart or through the placement of permanent 

leads attached to either a pacemaker or implanted cardioverter defibrillator (ICD).  
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Surface ECG recordings have commonly been used during investigations using 

animal models where VF is induced in a laboratory setting. Many studies have 

used a single lead for analysis, most commonly lead II. Questions have been raised 

over which lead is the most appropriate to use and if using additional leads is 

beneficial. It has been demonstrated that the frequency characteristics of VF are 

consistent across the six limb leads of a standard 12 lead ECG, however, variation 

was found with regards to measures describing the signal amplitude (Indik, Peters 

et al. 2008). 

 

Surface ECGs have been used in human studies, however, it is difficult to predict 

when spontaneous VF will occur therefore obtaining large data sets of surface 

recordings which include the onset and initial stages of VF pose problems. 

Implanted cardioverter-defibrillators (ICDs) are implanted in patients at high risk 

of VF. Most commonly a lead is placed within the patient’s right ventricle and this 

records a localised bipolar electrogram (EMG) between the tip and the ring (12mm) 

located near the distal end of the lead. The device monitors the patient’s heart rate 

and stores relevant EGM data which can be downloaded from the device. EGMs 

are therefore a potential source of spontaneous VF recordings.      
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The reliability of EGM recordings to give global information about the VF signals 

has been questioned, given they record localised electrical signals, most commonly 

from the RV apex. The dominant frequency derived from EGM data was shown to 

be highly reproducible (Panfilov, Lever et al. 2009). Lead polarisation, whether 

integrated, dedicated or unipolar, was not found to have a significant effect on the 

frequency content of the signal (Taneja, Goldbbrger et al. 1997). These findings 

suggest that it is possible to gain reliable data for VF waveform characterisation 

from EGMs. 

The frequency characteristics were found to be consistent between four different 

types of recordings. Average values of DF were consistent between surface ECG 

leads and a variety of intracardiac recordings (near-field bipolar, far-field bipolar 

and unipolar) (Latcu, Meste et al. 2011). Data for individual leads was not 

presented but this finding suggests that the frequency content within the VF 

waveform is similar with different electrode locations.  

Clayton and Murray measured the coherence between surface lead V1 and an RV 

apex EGM (Clayton and Murray 1999). They compared this with the coherence 

between the surface leads V1 and lead I. The coherence between leads increased 

over the initial 10 seconds of VF suggesting that the level of organisation increases 

during this period. However, the overall coherence between these leads was 
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relatively low (31% for V1 and lead I, 17% for V1 and RVA). The authors argue that 

any level of coherence is suggestive of electrical organisation, however, this 

suggests that additional information may be obtained through the recording of 

multiple leads.  

Some of the work presented within this thesis uses EGM data (Chapter 2, 

Correlation of analysis methods, Chapter 4, Failed shocks and Chapter 5, 

Outcomes) which has allowed analysis of the early stages of VF. A major limitation 

with EGM data is the inability to analyse the signal amplitude, due to an automatic 

gain function of an ICD. If the device does not detect a signal within a predefined 

timeframe the electrogram is amplified to look for smaller waveforms. This change 

in signal amplitude is most common when comparing sinus rhythm with the onset 

of VF and so is a very important function of an ICD in order to correctly identify 

this lethal arrhythmia (Dekker, Schrama et al. 2004). 

Using a computer model Nowak demonstrated that the thoracic cavity acts as a 

spatial-temporal low pass filter, thereby removing high frequency components of 

the signal (Nowak, Fischer et al. 2006). This suggests that intracardiac recordings 

may contain more representative information than surface recordings because the 

frequency content is less filtered. However, the prelude to a small study has 

demonstrated high correlation between surface 12 lead ECGs and intracardiac 
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EGMs (Mendenhall and Saba 2010). This study was primarily looking to develop 

an algorithm to re-create the surface 12 lead from the intracardiac EGMs, however, 

in order to determine its accuracy a comparison was made between the two types 

of recordings.  
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What information can be derived from VF waveforms? 

Mode of VF induction: 

The mode of VF induction has been shown to alter the VF waveform 

characteristics. VF induced by either an electrical shock coinciding with the T wave  

(a T wave shock) or application of AC current (AC buzz) resulted in slower VF 

during the initial five seconds when compared to non-shock electrical methods of 

VF induction (burst pacing, High S2, programmed electrical stimulation, 

intersecting wavefronts) (Taneja, Goldberger et al. 2000). A comparison between 

electrical stimulation and VF resulting from ischemic conditions was conducted in 

a swine model. During the first three minutes the Hurst exponent was significantly 

higher in ischemic VF and approached 0.5, suggesting a lower level of organisation 

within the signal (Sherman, Niemann et al. 2007). The frequency characteristics are 

also altered with lower frequencies present within the initial 90 seconds of 

arrhythmia onset under ischemic conditions (Sherman, Niemann et al. 2007). 

Comparisons have been made between induced and spontaneously occurring VF 

episodes. Induced episodes appear more organised than spontaneous events. This 

organisation has been demonstrated with a reduction in the bandwidth, combined 

with an increase in the organisational index (Sánchez-Muñoz, Rojo-Álvarez et al. 

2009) as well as high levels of autocorrelation and  low entropy (Lever, Newall et 
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al. 2007). Conflicting findings have been reported regarding changes in the rate, 

induced episodes have been shown to have longer cycle lengths (slower frequency) 

(Lever, Newall et al. 2007), while others have reported  induced VF to have a 

higher dominant frequency (Sánchez-Muñoz, Rojo-Álvarez et al. 2009). Cycle 

length is inversely proportional to DF if these findings were consistent the 

dominant frequency would have been reduced. These are both small studies (13 

and 9 patients). Variations in the VF induction method (50Hz stimulation 

compared with T wave shock) or the analysis technique (frequency compared to 

time domain) may have caused the observed differences (Sánchez-Muñoz, Rojo-

Álvarez et al. 2009).  
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VF waveform evolution with time: 

The VF waveform characteristics have been used to predict the duration of VF. 

Both the amplitude and frequency of the VF waveforms decrease with time during 

long lasting episodes (Weaver, Cobb et al. 1985, Lawrence D 2006). The frequency 

increases over the initial 30 seconds of human VF (Carlisle, Allen et al. 1990, 

Clayton, Murray et al. 1994) with a subsequent reduction (Carlisle, Allen et al. 

1990) (fig 1.5). The degree of wavefront organisation on the epicardial surface of 

the heart is reduced during long duration VF (>10 minutes) when compared to the 

initial stages of the arrhythmia (Witkowski, Leon et al. 1998) suggesting that not 

only do the amplitude and frequency characteristics change but so does the level of 

organisation within the waveform. 
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Figure 1.5: The change in median frequency (Hz) over time from the initiation of 

VF in a swine model. The pattern is slightly different to human data but the overall 

trend is similar in that after an initial peak the frequency decreases with time 

(Brown, Dzwoncyzk et al. 1993). 

The longer that VF persists, the less likely that resuscitation attempts will be 

successful.  Frequency measures including the median frequency (Brown, 

Dzwoncyzk et al. 1993) and the frequency ratio (Lawrence D 2006) have been used 

to determine the duration of VF, with the hope that more effective treatment 

strategies can be employed.  Detecting VF to be either short or longer than seven 

minutes was considered a critical timeframe as this is a possible point where CPR 

rather than a shock from a defibrillator may be a more effective as a first treatment 

(Lawrence D 2006). The majority of this work has been performed in a swine 

model. This may not translate directly to humans as a significantly different 



28 
 

pattern in the median frequency over time has been demonstrated between human 

and swine VF (Martin, Brown et al. 1991). 

In keeping with the idea that resuscitation becomes more difficult the longer VF 

continues, the duration of VF influences the defibrillation threshold (DFT). This 

was demonstrated by comparing DFTs of biphasic waveforms delivered by an ICD 

following 5, 10 and 20 seconds of VF. There was no significant difference between 

5 and 10 seconds but there was a difference when comparing 5 and 10 seconds 

with the DFTs following 20 seconds of VF (Windecker, Ideker et al. 1999). There 

are limited other studies that have been conducted in humans and inconsistent 

results have been obtained when investigating DFTs of biphasic waveforms in 

animal studies. Thresholds were unchanged in a rabbit model (Jones, Swartz et al. 

1990) and actually decreased in a study involving swine (Windecker, Kay et al. 

1997). These differences may be due to defibrillation success occurring on a 

probability curve rather than having an absolute threshold.  Another possible 

explanation is the variation in mode of VF induction and the study protocol, such 

as the order in which the threshold tests were performed with either increasing or 

decreasing the duration/energy requirement (the Wedensky effect). 
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Heart size has been shown to influence the appearance of VF waveforms. During 

VF rabbits typically have a DF of 12-13Hz (Caldwell, Burton et al. 2007) compared 

to pigs and dogs which are approximately 10Hz (Nanthakumar, Huang et al. 2002, 

Huang, Rogers et al. 2004, Indik, Donnerstein et al. 2004, Newton, Smith et al. 

2004). Animal models, such as pigs and dogs, have commonly been used for 

experimental research because their hearts are a similar size to humans, however h 

uman VF has been reported to have a much lower DF of around 5Hz (Clayton, 

Murray et al. 1995, Nanthakumar, Walcott et al. 2004, Nash, Mourad et al. 2006). 

This suggests that human VF has simpler organisation than in the dog and pig. The 

lower DF may be due to the presence of longer re-entrant circuits, reduced 

conduction velocity within the circuit and less complex excitation patterns 

(Mandapati, Asano et al. 1998, Moreno, Zaitsev et al. 2005). These differences in VF 

waveform characteristics reinforce the importance of conducting human research 

alongside experimental animal research.  
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Correlates of VF characteristics to underlying cardiac disease 

Ischemia is thought to contribute to the initiation and maintenance of many cases 

of VF. Episodes of this lethal arrhythmia commonly occur following an acute 

myocardial infarction (MI). A series of studies have investigated the affect of either 

global ischemia or specific infarct sites on the waveform characteristics of VF. The 

amplitude of the VF waveform and the signal energy were both lower  when the 

VF arrest occurred in conjunction with an acute MI compared to VF arrests from all 

other causes  (Olasveengen, Eftestøl et al. 2009). Under acute ischemic conditions 

VF waveform frequencies were reduced in a dog model (Jacobson, Johnson et al. 

2000) but unchanged in a human cohort (Olasveengen, Eftestøl et al. 2009). Slope 

(Indik, Shanmugasundaram et al. 2009, Olasveengen, Eftestøl et al. 2009), spectral 

energy and amplitude spectral area (Olasveengen, Eftestøl et al. 2009) have also 

been demonstrated to reduce under ischemic conditions.  

The VF characteristics of patients that have previously had an infarct more than 

three months prior have been examined. Those with inferior MIs (compared to 

anterior) were found to have higher fractional energy in the lower frequency 

region. Those with anterior infarcts were found to have increased peak power at 

harmonic points of the power spectrum (Sánchez-Muñoz, Rojo-Álvarez et al. 2008). 

Creating an electrically inert zone of myocardium through the use of 

radiofrequency ablation altered spectral measures associated with spectral energy 
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and power but not the frequency characteristics, such as dominant and mean 

frequencies, of the VF waveform (Chorro, Guerrero et al. 2008). Global ischemia in 

an otherwise normal heart reduced the VF frequency and increased the regularity, 

however these changes were dampened in the presence of heart failure (Moreno, 

Zaitsev et al. 2005). The remodelling process in heart failure alters the anatomical 

properties of the myocardium. In the absence of global ischemia these also 

decreased the rate of VF and increase the level of organisation of the waveforms 

(Moreno, Zaitsev et al. 2005).  

 

In patients with non-ischemic dilated cardiomyopathy the dominant frequency 

was higher in the lateral LV epicardium when compared to the apical RV 

endocardium, creating a frequency gradient between the two in the early phase of 

VF (Torres, Shah et al. 2010). This frequency gradient was not found in patients 

with ischemic dilated cardiomyopathy suggesting that the underlying disease 

process may alter the electrophysiological properties of the tissue and influence the 

characteristics of the VF waveforms. 

Ischemic heart failure has also been shown to reduce the amplitude of VF 

waveforms and cause them to be less regular (wider bandwidth) when compared 

to structurally normal hearts in a rat. The frequency of both groups was found to 



32 
 

be comparable (Indik, Donnerstein et al. 2006). Another study found no difference 

in the spectral measures when comparing those with preserved cardiac function 

(EF >30%) to those with reduced function (EF <30%) following an MI (Sánchez-

Muñoz, Rojo-Álvarez et al. 2008). 

Ischemia and heart failure have been shown to alter the time course of the VF 

frequencies. A difference in the waveform characteristic evolution has been 

demonstrated between pigs with an acute MI and those with a structurally normal 

heart (Indik, Donnerstein et al. 2007). Frequency increases were significantly 

reduced after four minutes of VF in the acute MI group. Initially the VF signal was 

less organised (demonstrated by an increased bandwidth) in the acute MI group. 

This remained relatively constant over time. In contrast, the organisation of the 

waveforms in the group with normal hearts reduced with time to be more complex 

than the MI group after four minutes. This finding is consistent with the changes 

observed in rats that had heart failure resulting from an induced anterior MI 

(Indik, Donnerstein et al. 2006). Amplitude differences were not observed but a 

large variation was reported between individual pigs in both groups (Indik, 

Donnerstein et al. 2007). 
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The VF waveform characteristics of pigs at the time of an acute MI and two weeks 

post MI were compared to each other and control pigs. Significant variations in the 

time course of the frequency variables were measured in all three groups. During 

the first 30 seconds of VF the acute MI pigs had significantly lower mean, median 

and dominant frequency than the other two groups. Initially the bandwidth was 

significantly lower in the two-week post MI group, suggesting a greater 

underlying organisation to the waveforms. The time evolution of the post MI 

group was similar, expect the values for all measures were significantly lower, 

than the control group. The acute MI group had more consistent frequency values 

across the first five minutes of VF rather than increasing over time like the other 

two groups (Indik, Donnerstein et al. 2008). 
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Correlates of VF characteristics to clinical outcomes 

Defibrillation is the only effective treatment method to terminate VF – however the 

efficacy of this is poor. Understanding the VF waveform properties and the 

underlying organisation of VF may allow more effective treatment of this lethal 

arrhythmia. Interpreting scenarios that increase defibrillation success can be 

difficult because there is not a specific threshold beyond which it will always 

succeed. Instead there is a probalistic scale by where success in halting VF is more 

likely. The mechanism by which defibrillation halts VF is not well understood, 

however, it has been proposed that the large electrical impulse applied during a 

shock depolarises a large proportion of the myocardium at the same time, 

essentially resetting the cells electrical state thereby allowing a normal rhythm to 

resume.  

Over time the amplitude of VF declines. This is associated with a decreased 

probability of successful resuscitation (Weaver, Cobb et al. 1985). Low amplitude 

VF waveforms more commonly convert to asystole with defibrillation while higher 

amplitude VF waveforms tend to be converted to supraventricular rhythms. 

A variety of VF waveform characteristics have been associated with defibrillation 

success including higher values of amplitude spectral area (Povoas, Weil et al. 

2002, Young, Bisera et al. 2004, Lin, Lo et al. 2010), a lower scaling exponent 
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(Callaway, Sherman et al. 2001) and higher frequencies (Strohmenger, Lindner et 

al. 1994, Brown and Dzwonczyk 1996, Eftestol, Sunde et al. 2000, Endoh, Hida et al. 

2011). It has been suggested that if treatment methods can be established that 

increase the frequency of the VF waveforms, this will greatly improve the chances 

of successful resuscitation (Strohmenger, Lindner et al. 1994), leading to a large 

amount of research into this area.  

CPR has been demonstrated to increase the median frequency of VF in a pig model 

(Brown, Griffith et al. 1991, Berg, Hilwig et al. 2002). This suggests that for long 

duration VF, performing CPR prior to defibrillation makes the probability of shock 

success higher (Berg, Hilwig et al. 2002). The median frequency of VF waveforms 

has a positive correlation with myocardial blood flow, therefore it may be possible 

to use this as a non-invasive measure to guide the effectiveness of CPR (Brown, 

Griffith et al. 1991).  Vasopressin administered several times during the 

resuscitation period has been shown to increase the VF waveform frequency 

significantly more than epinephrine (Achleitner, Wenzel et al. 2000) and therefore 

may create conditions that are more favourable for defibrillation success. 

It has been proposed that treatment for VF should be tailored to the three-phase 

model of cardiac arrest. During the electrical phase (first four minutes) 

defibrillation is considered the first treatment priority (Weisfeldt and Becker 2002) 
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because immediate defibrillation has been demonstrated to effectively revert VF of 

short to moderate duration to a perfusing rhythm (Menegazzi, Callaway et al. 

2004). During the circulatory phase (four to 10 minutes) CPR prior to defibrillation 

has been shown to be more successful than defibrillation alone (Weisfeldt and 

Becker 2002). Emergency personnel performing 90 seconds of quality CPR prior to 

defibrillation has been shown to improve survival rates, especially when the first 

responder times were greater than four minutes (emergency call to arrival of 

emergency personnel) (Cobb, Fahrenbruch et al. 1999). Bystander CPR has also 

been demonstrated to improve the percentage of patients that survive to hospital 

discharge when the VF duration was greater than five minutes (Gilmore, Rea et al. 

2006). The metabolic phase (beyond 10 minutes post arrest) the effectiveness of 

both immediate defibrillation (Menegazzi, Callaway et al. 2004) and defibrillation 

following a period of CRP are relatively ineffective (Weisfeldt and Becker 2002).  

The use of VF waveform characteristics to determine the duration of VF and 

thereby guide therapeutic approaches has been the focus of several research 

groups. Given the inconsistent time evolution of VF characteristics due to varying 

myocardial conditions, such as acute MI (Indik, Donnerstein et al. 2007) or the 

presence of ischemia (Indik, Donnerstein et al. 2006), the use of these measures to 

determine the duration of VF is limited in a clinical setting. The underlying cause 
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of VF in an acute situation is often unknown therefore it would be difficult to 

develop a model which incorporated this information.  

VF waveform characteristics have also been used to investigate their ability to 

predict the occurrence of future ventricular arrhythmic events. The variation in 

cycle length of VF induced during ICD implant was associated with the occurrence 

of future spontaneous VF events (Yokoshiki, Kohya et al. 2003). Both the mean 

successive differences and the coefficient of variation of VF cycle length were 

significantly higher in patients with the occurrence of spontaneous ventricular 

arrhythmias compared to those without spontaneous events during the follow up 

period of 40 months. It has been proposed that the variability in cycle length may 

reflect the level of electrical heterogeneity and that this could be related to future 

arrhythmic events (Yokoshiki, Kohya et al. 2003). The potential relationship 

between other VF waveform characteristics and the long term occurrence of 

ventricular arrhythmias is investigated in Chapter 5.  
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Research aims that this thesis will address: 

To investigate the most effective way to analyse the VF waveform recordings 

During Chapter 2 and 3 of this thesis we will investigate the most efficient process 

for the analysis of the electrical signals obtained during VF. The location of the 

recording electrodes may influence the information obtained within the signal, 

therefore initially we will examine recordings from a standard 12 lead ECG. We 

propose that the analysis of multiple leads provides more information than is 

obtained when a single lead is analysed. In Chapter 2 a range of both spectral and 

non-linear measures will be examined across a standard 12 lead ECG to investigate 

the variance in the values obtained. We will compare the information content 

within each lead with that of lead II using the residual power of the autospectra, 

coherence function and the phase of the signals as comparative measures. 

Dominant frequency is the most commonly used tool to describe the features of VF 

waveforms, however, the information obtained is limited to the rate of the signal. 

A more detailed description of the VF waveforms can be obtained by using 

measures which describe the variation in the rate and the variation in the 

waveform shape. In Chapter 3 we will compare the information content of a 

selection of commonly used analysis techniques which describe these waveform 

characteristics will be compared using coherence analysis. We expect some of these 
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measures to produce similar information but expect the measures of rate, variance 

in rate and variance in waveform shape to be independent from each other. The 

aim of this study is to determine which measurement tools provided independent 

information and we intend to use the findings of this study to guide the selection 

of measure to use in subsequent investigations.  

  



40 
 

To investigate the potential relationship of VF waveform characteristics with 

cardiac structure, defibrillation outcome and the long term occurrence of 

ventricular tachyarrhythmia. 

The work within the first two studies will determine the type of recordings used 

and the analysis methods employed for the second stage of experiments 

investigating the potential relationship between VF waveform characteristics at 

ICD implant with clinical correlates.  In Chapter 4 we will compare the VF 

characteristics at implant with the underlying structure and function of the left 

ventricle as determined by cardiac magnetic resonance imaging (MRI). The set of 

independent measures determined in Chapter 3 will be used. We expect the 

presence of myocardial scar will influence the waveform properties, reducing the 

DF through slowed conduction and higher regularity within the waveforms due to 

anchoring of the wave fronts around the scar tissue.   

 

Multiple studies have demonstrated that VF waveform characteristics from the 

surface ECG can be used to predict if a defibrillation shock will successfully 

terminate VF. In Chapter 5 we will investigate if this is true for EGM recordings 

during the initial stages of the arrhythmia. A comparison will be made between the 
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VF waveform characteristics of successful and non-successful shock therapy 

attempts from ICDs.  

 

In Chapter 6 we used the same set of measures, determined in Chapter 2, to 

analyse EGMs of VF during historical ICD implants and will relate these 

characteristics to the need for appropriate shock therapy.  The occurrence of 

ventricular arrhythmias will be estimated using appropriate shock therapy as an 

indicator. We expect that patients experiencing ventricular arrhythmias that 

require shock therapy will have different waveform characteristics, possibility with 

lower frequencies and greater variation in frequency and waveform appearance, 

when compared to those that do not require shock therapy. 
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To investigate a novel approach to assessing electrical activation patterns during 

VF. 

During Chapter 7 will examine a novel approach to VF waveform analysis using 

three dimensional vector loops. These will be created using a combination of 

information from multiple leads of a standard 12 lead ECG recording to estimate 

the movement of each VF cycle in x, y and z projections, allowing a three 

dimensional vector loop to be created. From this we will characterise the electrical 

signal complexity during VF by comparing the cycle to cycle similarity using both 

Shannon entropy and correlation analysis.   
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Chapter 2: VF waveforms characteristics recorded using 

a Standard 12 lead ECG 

 

Introduction: 

Ventricular fibrillation (VF) waveform characteristics have most commonly been 

analysed using spectral measures. These have been used to describe the 

underlying structure of the electrical excitation of the ventricles. The frequency or 

rate of the signal is commonly described using the dominant frequency (DF) 

(Jacobson, Johnson et al. 2000, Indik, Donnerstein et al. 2004, Olasveengen, Eftestøl 

et al. 2009, Panfilov, Lever et al. 2009) or the median frequency (MF) (Brown, 

Griffith et al. 1991, Indik, Donnerstein et al. 2004, Olasveengen, Eftestøl et al. 2009). 

The proportion of power at the DF and the bandwidth (Indik, Donnerstein et al. 

2006, Sánchez-Muñoz, Rojo-Álvarez et al. 2009) describe the regularity of the rate 

or the level of organisation within the signal. The regularity of the waveform shape 

can be described using non-linear measures such as the Hurst exponent 

(Bassingthwaighte and Raymond 1994, Sherman, Callaway et al. 2000), sample 

entropy (Richman and Moorman 2000, Alcaraz and Rieta 2010) and autocorrelation 

peak (Guillén, Arredondo et al. 1990, Lever, Newall et al. 2007). 
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The majority of VF waveform analysis has been performed using single lead 

recordings. These have been obtained from either a surface electrocardiogram 

(ECG) (Clayton, Murray et al. 1994, Brown and Dzwonczyk 1996, Berg, Hilwig et 

al. 2002, Langley, MacGowan et al. 2010), an intracardiac electrogram (EGM) 

(Taneja, Goldbbrger et al. 1997, Mäkikallio, Huikuri et al. 2002, Lever, Newall et al. 

2007, Sánchez-Muñoz, Rojo-Álvarez et al. 2008, Sanchez-Munoz, Alvarez et al. 

2009) or from defibrillation pads (Sherman, Callaway et al. 2000, Povoas, Weil et al. 

2002, Russell, White et al. 2006, Endoh, Hida et al. 2011). Lead II, or a modified 

version with the electrodes placed on the thoracic cavity, is the most commonly 

used surface ECG lead (Carlisle, Allen et al. 1988, Lawrence D 2006, Di Maio, Allen 

et al. 2009), defibrillation pads will also be commonly placed in a modified lead II 

position.  

 

A single lead may not fully represent the electrical excitation of the heart which 

occurs in three dimensions.  The 12 lead ECG is a standard tool for displaying the 

spread of the cardiac potential through the myocardium. It may be possible to 

obtain additional information about the VF electrical waveform by analysing each 

of individual 12 leads. Previous analysis of the six standard limb leads has 

demonstrated differences in the VF waveform amplitude (Indik, Peters et al. 2008) 

however the information content of each of the standard 12 leads has not 
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previously been systematically evaluated during VF. This study has investigated if 

there is significant information added by including multiple surface leads in the 

analysis of VF waveforms.   
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Methods: 

A standard 12 lead ECG was recorded during ventricular fibrillation in patients 

undergoing ICD implant and device testing at either Auckland City or Wellington 

Hospitals. Device testing was conducted under general anaesthesia. VF was 

induced by the delivery of a standardised pacing train, followed by a shock on the 

T-wave. Individual ECG leads were analysed using a custom written virtual 

instrument (VI) in LabVIEW. The information content of lead II was used as a 

baseline to which the results of analysing the other leads were compared.   If 

present, baseline wander was removed from the signal using a custom written 

detrending VI. The study was approved by the regional ethics committee under 

the provisions for observational research. 

 

Spectral analysis: 

Spectral analysis was performed using a fast Fourier transform. A series of sine 

waves were fitted to the signal with the relative power of each frequency within 

the signal is displayed within a power spectrum. The duration of the recording 

determines the frequency resolution, which defines the width of each of the 

histogram bars within the power spectrum. A longer recording will produce 

narrower bins allowing more detail within the power spectrum. The recordings 

were zero padded to increase the detail of the power spectrum. A varying string of 
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zeroes was added to each end of the recording to increase the duration and result 

in a constant frequency resolution of 0.1221Hz. A sample bandwidth of 2-20Hz 

was used, with frequencies from outside this range excluded from analysis. A 

series of measures were derived from the power spectrum. These can be divided 

into those that describe the frequency (rate) or those that describe the frequency 

regularity within the signal and are described below.  

 

Frequency measures: 

The dominant frequency was defined as frequency bin of the histogram that 

containing the most power. The median frequency was the point which divided 

the power histogram into two equal portions. It is therefore at the middle of the 

power plot. 

 

Regularity measures: 

The fraction of power at the DF was defined as the proportion of the total power 

that falls within the frequency bin within which the DF occurs. A higher number 

means the power is more condensed around the DF and therefore suggests a more 

organised rhythm. The magnitude of the fraction of power at DF will be influenced 

by the frequency resolution. A high resolution will result in a narrower histogram 
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bar which may reduce the proportion of power that occurs within the DF 

frequency bin.  

 

The bandwidth describes the spread of frequencies around the median frequency. 

It is the difference between the points of 75% and 25% of the power within the 

power spectrum. A lower frequency bandwidth means the power is more tightly 

clustered around the median frequency and therefore suggests a more organised 

rhythm.  
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Non-linear measures: 

Non-linear measures can be used to describe the manner in which the waveform 

appearance changes over time. We chose to compare the Hurst exponent, sample 

entropy and the autocorrelation peak.  

 

Rescaled (RS) range and the Hurst exponent:  

The rescaled range describes the variance within the signal.  It was calculated 

using the formula RS range = range (R)/ standard deviation (S). It therefore 

measured the range of the cumulative deviation from the mean value. To calculate 

the range of the sample, the mean value over a set time period was initially 

determined and the difference of each individual point from the mean was 

established. These differences were consecutively summed and the value after each 

addition was recorded. The maximum and minimum values during the 

summation of the differences were identified and the difference between them was 

the range.  

 

The Hurst exponent is a measure of the long term correlation of the signal with 

itself (Bassingthwaighte and Raymond 1994). It demonstrates the complexity of the 

VF signal over time. The total duration of the sample was divided into a series of 

time periods of a set duration. The RS range was determined for each time period 
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and averaged for the whole sample duration.  This process was repeated for many, 

time periods of varying duration. The log of mean RS range for each time period 

was then plotted against the log of the time period to sample duration ratio. The 

Hurst exponent is the slope of the resulting straight line (Sherman, Callaway et al. 

2000). 

 

Sample entropy:  

Sample entropy describes the self-similarity of the waveform shape over time. It 

was defined as the negative natural logarithm of the conditional probability that 

two signals of length m and m+1 will match within a given tolerance (Richman and 

Moorman 2000). A non-negative number was assigned to describe the signal, with 

smaller values corresponding to greater regularity within the signal (Alcaraz and 

Rieta 2010). 

 

Autocorrelation function: 

Autocorrelation functions of individual episodes of VF were calculated by shifting 

a duplicate of the VF waveform incrementally with respect to the original starting 

point. The correlation was calculated from shifts in time of up to 2000ms (Guillén, 

Arredondo et al. 1990, Lever, Newall et al. 2007). The r-value of the first peak in the 
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autocorrelation function was extracted for each ECG lead to give a discrete value 

and allow comparison with the other measures. 
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Comparative measures: 

In addition to the spectral and non-linear measures, several others were used to 

compare the information content within the signal. These were the residual power, 

coherence function and phase. 

 

Residual power:  

The total power within the power spectrum was calculated from the area under its 

curve between 2 and 20Hz. Partial auto spectral analysis involves the mathematical 

elimination of the parts of the signal that are also present in a second signal 

(Larsen, Lewis et al. 2000). Lead II has commonly been used to characterise the 

electrical signals during ventricular fibrillation. For this reason it was chosen as the 

signal to compare to the others.  If all of the information an individual lead (signal 

1) was also present in lead II (signal 2) then all of the power would be removed, 

resulting in no residual power. Information from signal 1 (S1) that is not also 

present in signal 2 (S2) will result in residual power in the auto spectrum S1/S2. 

The power of this residual power plot was compared to the power of the original 

auto spectrum for signal 1 and recorded as a percentage (Larsen, Lewis et al. 2000). 

This indicates the level of similarity in information content between the individual 

lead and lead II. 
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Coherence function:  

The coherence function measures the strength of correlation between two signals.  

This is presented as a proportion of agreement between the signals with 1 meaning 

the signals are identical. Two entirely independent signals will have a coherence 

equal to 0 (Ropella, Baerman et al. 1990). The coherence function was a measure of 

each individual lead with that of lead II.  

 

Phase:  

The phase of signal can be used to track the electrical excitation though the 

myocardium. The phase of each lead was compared to that of lead II at the DF 

present in the lead II recording. A positive number indicates that excitation occurs 

in the lead in question before lead II and a negative one that it occurs after.    
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Statistical analysis: 

Spectral and non-linear measures: 

The DF of lead II was compared between patients to given an overall impression of 

the variability between patients. The maximum change in DF across the 12 leads 

was calculated for each individual patient by subtracting the lowest value from the 

largest. The lead in which these occurred was noted. The average change in DF 

across the 12 leads was also calculated by taking the difference between the DF of 

each lead and compared to that of lead II, then averaging the absolute differences 

for each patient. The median frequency, fraction of power at DF, frequency 

bandwidth, sample entropy, Hurst exponent and Autocorrelation Peak of each of 

the 12 leads were compared across the 20 patients using the same approach.   

 

The coefficient of variation was calculated by dividing the standard deviation by 

the mean for each variable. This was performed for each measure within each 

patient and then averaged over the whole cohort.   

 

Comparative measures: 

The mean of each measure was calculated for each of the residual power, 

correlation and phase. The maximum change in each measure was also calculated 

by subtracting the lead with the lowest value from that of the highest; the leads in 
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which these occurred were also noted.  All measured values are given to 4 

significant figures.  
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Results: 

Standard 12 lead surface ECGs were collected from 20 patients. The patient 

demographics are summarised in table 2.1. The mean age of patients at the time of 

device implant was 60 years, with a range of 34 to 79 years. Seventeen of the 20 

patients were male. Thirteen of the patients had secondary prevention ICD 

indication and have therefore experienced a VF or VT arrest prior to device 

implant. Five of the seven patients with a reduced left ventricular ejection faction 

(LVEF) had their devices implanted for primary prevention. At the time of device 

implant, all patients were prescribed beta-blockers and four were prescribed Class 

III antiarrhythmic agents (three of these were amiodarone and the other sotalol).   

 

The standard 12 surface leads were recorded simultaneously during ICD implant 

testing. VF was induced using rapid pacing followed by a shock coinciding with the T 

wave. The duration of the VF was determined by the detection and charge time of the 

ICD and ranged from 2.4 to 5.5 seconds with a mean of 3.88 seconds. The entire 

recording was analysed after zero padded to ensure a constant frequency resolution of 

0.1221Hz within the power spectrum. Signal analysis was conducted using custom 

written software in Lab View. Figure 2.1 shows an example 12 lead ECG during VF. The 

corresponding power auto spectra and coherence graphs are displayed in figure 2.2. 

Figure 3 displays the variation of each of the spectral and non-linear measures within 
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the same patient (patient 6). 

 

Table 2.1: Patient demographics at ICD implant 

Patient Age 

(years) 

Gender Device 

indication  

LVEF 

(%) 

Beta  

blocker 

Class III 

agent 

1 74 Male Primary 27 Carvedilol - 

2 40 Male Secondary (VT) 50 Carvedilol - 

3 59 Male Secondary (VF) 57 Carvedilol - 

4 62 Male Primary 35 Carvedilol - 

5 61 Female Secondary (VT) 38 Carvedilol - 

6 49 Male Secondary (VT) 55 Sotalol Sotalol 

7 48 Male Secondary (VT) 80 Metoprolol - 

8 51 Male Primary 22 Metoprolol - 

9 68 Male Primary 35 Carvedilol - 

10 52 Female Secondary (VF) >55 Metoprolol - 

11 75 Male Secondary (VT) >55 Metoprolol Amiodarone 

12 58 Male Primary 17 Carvedilol - 

13 68 Female Secondary (VT) 56 Metoprolol - 

14 53 Male Secondary (VT) 52 Metoprolol Amiodarone 

15 78 Male Secondary (VF) 31 Metoprolol - 

16 34 Male Secondary (VF) 62 Metoprolol - 

17 79 Male Secondary (VT) 32 Metoprolol - 

18 57 Male Primary 59 Metoprolol - 

19 62 Male Secondary (VT) 65 Metoprolol Amiodarone 

20 65 Male Primary 29 Metoprolol - 
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Figure 2.1: 12 lead surface ECG during Ventricular Fibrillation from patient 6 
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Figure 2.2: Power auto spectra from patient 6. A: Auto spectrum of each lead (thin line) combined 

with the residual signal when the power of lead II is removed from the spectrum (thick line).  
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Frequency measures:  

Dominant frequency:  

The average DF in lead II across the 20 patients was 4.935Hz. The DF was 

relatively consistent between the different ECG leads, with the average maximum 

variation between the 12 leads being 0.3359Hz (table 2.2).  The largest spread of DF 

across the 12 leads was in patient 2. In this case the DF in leads I, II, aVR, V5 and 

V6 was 5.174Hz while in V1 it was 4.319Hz giving a range of 0.8550Hz. The same 

DF occurred in all 12 leads for two patients, resulting in the smallest difference. 

Patient 3 had a DF of 4.563Hz in all leads while patient 14 had a DF of 4.930Hz. 

Three additional patients (5, 12 and 13) had a maximum change in the DF of 

0.1221Hz due to the DF of all 12 leads falling within one of two neighbouring 

frequency bins.  Patients 7 and 9 had the DF fall within 3 neighbouring frequency 

bins for all 12 leads, resulting in a maximum change of 0.2442Hz. The lead or leads 

which gave the highest DF for each individual patient are shown in table 2.3. The 

average change in DF from that in lead II across all leads in all patients was 

0.09573Hz.  
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Median frequency:  

The average median frequency in lead II across the 20 patients was 4.855Hz (range 

3.640Hz to 5.943Hz; table 2.2). The largest intra-patient variation of the median 

frequency was in patient 2 with a difference of 0.7420Hz between V1 (4.350Hz) and 

V6 (5.092Hz). The average across the 20 patients for maximum change in median 

frequency was 0.3021Hz (range 0.06718Hz to 0.7418Hz). The average change form 

lead II was 0.05482Hz (range 0.02273Hz to 0.2743Hz). 
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Table 2.2: The spectral measures of dominant frequency (DF) and median frequency across the 12 lead s of the ECG in VF for the 

20 patients. 

Patient DF lead II      

(Hz) 

maximum ∆ DF     

(Hz) 

Average ∆ DF 

from lead II (Hz)      

Median 

frequency 

lead II (Hz) 

maximum ∆ 

median 

frequency (Hz) 

Average  ∆ 

median 

frequency from 

lead II   (Hz) 

1 4.808 0.3670 0.1444 4.739 0.2343 0.09250 

2 5.147 0.8550 0.1606 4.956 0.7418 0.1116 

3 4.563 0.0000 0.0000 4.477 0.1104 0.02541 

4 5.174 0.7320 0.0666 5.263 0.3496 0.1265 

5 4.930 0.1220 0.2218 4.822 0.7123 0.1300 

6 5.296 0.3660 0.03327 5.220 0.2036 0.03229 

7 4.563 0.2450 0.1005 4.449 0.2430 0.1271 

8 4.075 0.6110 0.2220 3.993 0.2678 0.1040 

9 4.686 0.2450 0.03345 4.632 0.0678 0.05357 

10 5.540 0.4880 0.2662 5.299 0.4359 0.1359 

11 3.709 0.3660 0.1664 3.640 0.3550 0.1661 

12 4.808 0.1220 0.02218 4.756 0.0791 0.0341 

13 5.052 0.1220 0.04436 4.981 0.07180 0.0494 

14 4.930 0.0000 0.0000 4.831 0.1296 0.0227 

15 5.052 0.3660 0.1553 4.999 0.2334 0.1133 

16 6.028 0.4890 0.2333 5.944 0.5061 0.2743 

17 4.930 0.1220 0.05546 4.940 0.1586 0.0478 

18 5.662 0.6100 0.05545 5.529 0.4921 0.0866 

19 4.930 0.1220 0.08873 4.862 0.5065 0.0977 

20 4.808 0.3670 0.04445 4.762 0.1487 0.0371 

mean 4.935  0.3359 0.09573 4.855 0.3021 0.05482 

SD 0.5119 0.2405 0.08395 0.5027 0.2047 0.06067 
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Table 2.3: The lead or leads (indicated by a cross) that contain the highest DF for 

each of the 20 patients. 

 I II III aVR aVL aVF V1 V2 V3 V4 V5 V6 

1  x           

2 x            

3 x x x x x x x x x x x x 

4 x            

5 x x x x  x  x x x x x 

6 x x x x x x x  x x x x 

7 x    x   x x x x x 

8           x x 

9  x x x x x  x x x x x 

10  x x x  x       

11    x   x x x x x x 

12  x x x x x x x x x x x 

13   x  x x x      

14 x x x x x x x x x x x x 

15    x     x x x x 

16       x x x x   

17   x  x  x x x    

18  x x x x x x x x x x x 

19 x   x x  x x x x x  

20 x x x x x x x x   x x 
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Regularity measures: 

Bandwidth:  

The average bandwidth in lead II was 0.6152Hz (range 0.2061Hz to 1.483Hz; table 

2.4). The average difference in the bandwidth when individual leads were 

compared with lead II was 0.4759Hz (range 0.04315Hz – 1.311Hz). The average 

maximum change in bandwidth across all 12 leads for individual patients was 

1.745Hz. The largest variation in the bandwidth was 4.542Hz in patient 1 between 

leads III (4.744Hz) and V4 (0.2019Hz). The smallest variation in the bandwidth was 

0.1334Hz in patient 12 between leads V6 (0.2040Hz) and aVL (0.3374Hz). 

 

Fraction of power at DF:  

The average maximum change in the fraction of power at the DF was 0.172Hz. The 

range of the average maximum change for the 20 patients was 0.07923Hz (patient 

10) to 0.2638Hz (patient 5). The average fraction of power at the dominant 

frequency in lead II was 0.2260Hz (range 0.1016Hz to 0.3431Hz). The average 

change in the fraction of power at the DF from that in lead II was 0.05466Hz (range 

0.02567Hz to 0.1047Hz). 
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Table 2.4: The variation in the spectral measures of bandwidth and the fraction of power at DF of lead II across the 12 leads of the ECG in VF 

for the 20 patients. Bandwidth is measured in Hz while the fraction of power at DF of lead II is expressed as a proportion. 

 

Patient 

Bandwidth  

lead II  

maximum ∆ 

bandwidth  

Average  ∆ 

bandwidth 

from lead II   

Fraction of 

power at DF  

lead II  

maximum ∆ 

fraction of power 

at DF  

Average  ∆ fraction 

of power at DF  from 

lead II 

1 0.5321 4.542 1.311 0.2659 0.2397 0.06214 

2 0.6292 0.9259 0.3358 0.1913 0.1858 0.04075 

3 0.3449 1.239 0.3340 0.3235 0.2249 0.06771 

4 0.4940 4.324 0.5055 0.2103 0.1318 0.03744 

5 0.2061 4.324 0.5140 0.3431 0.2638 0.1047 

6 0.3506 2.264 0.2743 0.2485 0.1850 0.04629 

7 0.4628 1.584 0.2608 0.1679 0.2059 0.09499 

8 0.5626 0.6124 0.4193 0.2750 0.2317 0.07699 

9 0.3347 2.254 0.7142 0.2926 0.2634 0.07389 

10 0.8599 3.444 0.2407 0.1316 0.07923 0.02632 

11 1.056 0.7154 0.4484 0.1888 0.1221 0.04618 

12 0.2470 0.6521 0.04315 0.2996 0.1327 0.03077 

13 1.150 0.1334 0.7451 0.1727 0.1467 0.06866 

14 0.7171 1.377 0.2926 0.2544 0.1340 0.02567 

15 0.5484 0.7512 0.2069 0.2812 0.2213 0.06234 

16 1.483 1.2550 0.8316 0.1016 0.2106 0.08425 

17 0.3075 0.8353 0.2508 0.2279 0.1153 0.03490 

18 0.3687 0.5652 0.2299 0.2079 0.09736 0.03702 

19 1.204 1.943 0.7999 0.1717 0.1453 0.04321 

20 0.4446 4.165 0.7601 0.1651 0.1100 0.02894 

mean 0.6152 1.745 0.4759 0.2260 0.1723 0.05466 

SD 0.3563 1.463 0.3019 0.06563 0.05751 0.02373 
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Non-linear measures: 

Hurst exponent:  

The average Hurst exponent in lead II was 0.06032 (range 0.0008359 - 0.1450; table 

2.5). The average difference in the Hurst exponent when compared with lead II 

was 0.03730 (range 0.01788 to 0.07163). The average maximum change in Hurst 

exponent across all 12 leads for individual patients was 0.1458. The largest 

variation in the Hurst exponent was 0.5673 in patient 15 between lead I (0.08130) 

and aVL (0.6486). The smallest variation in the Hurst exponent was 0.05876 in 

patient 8 between lead V5 (0.01343) and V3 (0.07219). 

 

Sample entropy:  

The average sample entropy in lead II was 0.3201 (range 0.03476 to 1.023; table 2.5). 

The average difference in the sample entropy when compared with lead II was 

0.1861 (range 0.04192 to 0.4676). The average maximum change in the sample 

entropy across all 12 leads for individual patients was 0.5538. The largest variation 

in the sample entropy was 0.9302 in patient 17 between lead aVR (0.007251) and V1 

(0.9375). The smallest variation in the sample entropy was 0.1391 in patient 7 

between lead aVL (0.09684) and V5 (0.2359). 
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Autocorrelation peak:  

The average autocorrelation peak in lead II was 0.7971 (range 0.5521 to 0.9235; 

table 2.6). The average difference in the autocorrelation peak when compared with 

lead II was 0.07781 (range 0.01295 - 0.2419). The average maximum change in 

autocorrelation peak across all 12 leads for individual patients was 0.1817. The 

largest variation in the autocorrelation peak was 0.3417 in patient 16 between leads 

aVF (0.5520) and aVL (0.8936). The smallest variation in the autocorrelation peak 

was 0.04169 in patient 11 between leads V4 (0.8385) and lead I (0.8802). 
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Table 2.5: The variation in the Hurst exponent and sample entropy across the 12 leads of the ECG during VF for the 20 

patients. 

Patient Hurst exponent  

lead II  

maximum ∆ 

Hurst exponent  

Average  ∆ 

Hurst exponent 

from lead II    

Sample entropy 

lead II  

maximum ∆ 

sample entropy   

Average  ∆ 

sample entropy  

from lead II    

1 0.02472 0.08693 0.03319 0.3476 0.7520 0.3542 

2 0.04240 0.5022 0.07163 0.3190 0.4266 0.1816 

3 0.03621 0.09082 0.03048 0.4875 0.3580 0.2263 

4 0.04328 0.07535 0.02537 0.096804 0.2201 0.05505 

5 0.0008359 0.09895 0.02756 0.1975 0.4988 0.8505 

6 0.01138 0.1034 0.02316 0.1528 0.2915 0.1223 

7 0.08552 0.08387 0.04185 0.1498 0.1391 0.04192 

8 0.04093 0.05876 0.05050 0.1827 0.1713 0.05698 

9 0.07693 0.08333 0.02236 1.025 0.9168 0.4676 

10 0.04315 0.08872 0.2689 0.1817 0.6925 0.2329 

11 0.001971 0.06191 0.01788 0.1989 0.2322 0.07121 

12 0.1044 0.3712 0.05979 0.2775 0.7590 0.2154 

13 0.1450 0.08720 0.001627 0.3937 0.5777 0.1927 

14 0.1288 0.05885 0.02770 0.3833 0.5934 0.1515 

15 0.1195 0.56725 0.06842 0.5976 0.6940 0.2549 

16 0.1743 0.07308 0.02941 0.4669 0.6854 0.2014 

17 0.06980 0.09476 0.02402 0.4742 0.9302 0.2540 

18 0.1179 0.07484 0.02909 0.2938 0.6462 0.2253 

19 0.06532 0.08610 0.03174 0.1742 0.8352 0.2613 

20 0.5531 0.16915 0.04242 0.3832 0.7279 0.1384 

mean 0.06032 0.1458 0.03730 0.3201 0.5573 0.1895 

SD 0.1185 0.1495 0.0551 0.2118 0.2503 0.1793 
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Table 2.6: The autocorrelation peak across the 12 leads of the surface ECG during VF 

for the 20 patients. 

 

Patient 

Autocorrelation 

peak lead II (Hz) 

maximum ∆ 

autocorrelation peak  

(Hz) 

Average  ∆ 

autocorrelation peak 

from lead II   (Hz) 

1 0.8387 0.1897 0.01300 

2 0.7527 0.1836 0.07466 

3 0.7664 0.1258 0.03174 

4 0.7787 0.1452 0.02879 

5 0.7650 0.1902 0.1020 

6 0.6795 0.1687 0.04685 

7 0.9453 0.2477 0.06329 

8 0.8045 0.2339 0.07666 

9 0.6817 0.0847 0.03931 

10 0.6766 0.1836 0.08633 

11 0.8562 0.0417 0.01295 

12 0.8309 0.1048 0.05163 

13 0.9235 0.0967 0.02370 

14 0.7756 0.2714 0.07091 

15 0.8421 0.2957 0.06226 

16 0.5521 0.3417 0.2419 

17 0.8769 0.2218 0.1860 

18 0.8773 0.1512 0.1162 

19 0.9027 0.8398 0.1013 

20 0.8155 0.5347 0.1268 

Mean 0.7971 0.1807 0.07781 

SD 0.09655 0.1790 0.05768 
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Figure 2.3: The spectral and non-linear measures for patient 6. Top row: DF, median frequency, bandwidth and fraction of power at DF.  

Bottom row: Hurst exponent, sample entropy and autocorrelation peak. The horizontal lines depict the mean of each measure.  
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The coefficient of variation (CV) was calculated for each of the spectral and non-

linear measures. The least variation was present in the measures of frequency, DF 

and median frequency had an average CV of 0.02331 and 0.02013 respectively 

(table 2.7). The bandwidth had a CV of 0.7288, while the faction of power was 

much lower at 0.2455. The autocorrelation peak was the most consistent of the non-

linear measures with a CV of 0.07504, the sample entropy was 0.5666 and the Hurst 

exponent had a large average CV of 0.9146. The large variation in the Hurst 

exponent was due to the measured values being small compared to the standard 

deviation, which was larger than the mean for several patients.  

 

 

 Table 2.7: The average coefficient of variation for each of the spectral 

and non-linear analysis measures. 

 Average 

 

Lowest Highest 

Dominant frequency (Hz) 

 
0.02311 0.0000 0.03804 

Median frequency (Hz) 

 
0.02013 0.003911 0.04283 

Bandwidth (Hz) 

 
0.7288 0.1930 1.484 

Fraction of power at DF 

 
0.2455 0.1365 0.4140 

Hurst exponent 

 
0.9146 0.1623 3.376 

Sample entropy 

 
0.5666 0.2085 0.8773 

Autocorrelation peak 

 
0.07504 0.01649 0.1989 
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Comparative measures: 

Residual power:  

The average residual power across all 12 leads for each patient ranged from 3.89% 

(patient 12) to 18.37% (patient 14) (table 2.8). The maximum residual power was 

65.08% (patient 19; lead aVL). Therefore more than 34.92% of all the signals 

contained power that was distributed in the same manner as that of lead II. The 

average maximum residual power across all 20 patients was 26.51%. The average 

residual power across all leads of all patients was 10.50%.  

 

Coherence:  

The average coherence in all leads, across all patients with their own lead II, was 

0.9412 (table 2.8). This means on average 94.12% of the information contained 

within an individual lead was already presented in lead II. The lowest coherence 

value obtained was in patient 15 for lead V3 which was 0.1924. Therefore, at least 

19.24% of the signal content in all of the leads was accounted for by lead II. Nine of 

the 20 patients had greater than 85% coherence in all leads. The maximum 

coherence with lead II was present in aVF for 14 patients.  
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Phase:  

The average phase difference across all patients’ 12 leads with the DF of lead II was 

0.09703 (table 2.8). The average phase difference in individual patients ranged from 

-1.071 to 0.7549. The maximum phase difference was -4.002 in lead aVR of patient 

20. Fourteen of the 20 patients had a maximum phase difference in aVR.   
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Table 2.8: The variation in the comparative measures for the 20 patients during VF. 
Patient Mean 

coherence 

with lead 

II 

max ∆ 

coherence 

lead of max 

- min 

coherence 

average % 

residual  

power 

max % 

residual 

power 

lead of 

max- min 

residual 

power 

Average 

phase 

difference at 

DF of lead II 

Max phase 

difference at 

DF of lead II 

Lead of max 

phase difference 

1 0.9726 0.1211 V1-aVL 0.1206 0.2668 aVL-aVF -0.0419 5.155 I-V1 

2 0.9247 0.3740 V5-I 0.1098 0.2073 V4-aVF -0.5735 2.430 III-V1 

3 0.9941 0.0088 aVF-V5 0.0670 0.1542 V4-aVF -0.3339 7.186 aVL-aVR 

4 0.9365 0.3148 aVF-V3 0.0826 0.2501 V2-III -0.5947 7.111 aVR-aVL 

5 0.9899 0.0651 V5-V4 0.1053 0.4354 V4-V5 0.2177 5.671 aVR-aVL 

6 0.9533 0.0784 aVF-aVL 0.0699 0.1450 I-aVF 0.4999 6.687 aVR-aVL 

7 0.9342 0.2899 aVR-III 0.1095 0.2056 aVL-aVR -0.2598 4.951 aVR-V2 

8 0.8499 0.2582 aVF-I 0.1453 0.4058 V3-aVF -0.1916 3.446 V3-V2 

9 0.9837 0.0559 aVF-V1 0.0456 0.0922 aVL-aVF 0.2354 7.057 aVR-aVL 

10 0.9787 0.0525 aVF-V3 0.1286 0.1941 V3-aVF -1.0708 7.318 aVR-V1 

11 0.8620 0.3053 aVF-aVL 0.1208 0.2210 V1-aVF 0.6723 4.762 aVR-aVL 

12 0.9977 0.0067 aVR-V2 0.0389 0.0784 aVL-aVF 0.1552 5.201 aVR-aVL 

13 0.9921 0.0149 V2-aVL 0.0511 0.0617 V1-V5 0.3869 5.011 aVR-aVL 

14 0.9843 0.0382 aVF-V4 0.1837 0.3461 V4-aVF 0.1253 5.738 V4-V1 

15 0.8498 0.8076 aVF-V3 0.1567 0.3804 V2-aVF 0.5816 6.193 V5-aVL 

16 0.9388 0.2146 aVF-V1 0.1229 0.2260 V1-aVF 0.6116 6.201 aVR-aVL 

17 0.8669 0.7705 aVF-V1 0.1248 0.2214 V3-aVF -0.3711 6.559 aVR-aVL 

18 0.9896 0.0480 aVF-I 0.0806 0.2121 I-aVF 0.4124 7.032 aVR-aVL 

19 0.9498 0.2440 aVF-aVL 0.1547 0.6508 aVL-aVF 0.7248 4.792 aVR-I 

20 0.9455 0.4642 aVF-V3 0.0806 0.3449 V3-aVF 0.7549 7.839 V1-aVR 

          

mean 0.9413 0.2370  0.1050 0.2550  0.09703 5.817  

SD 0.05035 0.2359  0.03969 0.1405  0.51133 1.377  
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Discussion: 

This is the first study to compare the electrical signals across all 12 leads of a 

standard ECG during VF. The majority of the information obtained through 

spectral analysis of the VF waveform is contained in lead II. Significant 

information was not gained from analysing additional leads when performing 

spectral analysis on the electrical signals during VF, although the exact values 

determined for DF, MF, bandwidth, and proportion of power at DF all varied 

slightly by lead, with no common lead identifiable as the most “representative” 

of the underlying VF. While it may be adequate to analyse lead II in isolation 

from the rest of the 12 lead ECG when performing spectral analysis during VF, 

the slight variance across the 12 lead ECG set would be lost.  

 

DF represents a combination of the conduction velocity and the route of the re-

entrant circuit.  In this study the highest DF was observed in different leads 

across the 20 patients, and the average range from the highest and lowest DF 

observed was 0.3359Hz. This demonstrates that the absolute value obtained for 

this parameter is at least somewhat sensitive to the lead used for the 

measurement.  

 

Spectral measures across full 12 lead ECGs have previously been reported as 

being similar during VF (Latcu, Meste et al. 2011). Data from individual leads 

was not presented but the authors commented that the DF was very similar in 
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all 12 surface leads for 10 of the 12 VF episodes that were induced during an 

electrophysiology study. DF and cycle length were used to describe the rate, 

while the standard deviation of these two measures was used to measure the 

signal regularity. The coherence between averaged spectral parameters 

obtained from the surface ECG and from intracardiac recordings was high, 

suggesting a strong relationship between the two recording types. Excellent 

correlations were found for the measures of rate between the surface ECG and 

both near field and unipolar EGM recordings, while good correlations were 

reported between far field recordings and the surface ECG (Latcu, Meste et al. 

2011). The cycle length describes the rate and is measured in the time domain. 

DF is essentially the same information obtained from the frequency domain. 

While only surface ECG data has been presented within the current study, 

comparisons have been made between the individual surface leads. Additional 

measures such as the bandwidth and the proportion of power at the DF have 

also been derived to describe the regularity, while the median frequency was 

also used to describe the rate of the VF signal.   

 

Spectral measures have also been previously been compared in each of the six 

limb leads (Indik, Peters et al. 2008). No significant difference was found 

between the mean, median, dominant and bandwidth frequencies of the 

various leads. This is consistent with the presented findings. In addition to the 

spectral characteristics, measures describing the amplitude of the signal were 
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also compared between the limb leads. Significant differences were found 

between the leads for the signal amplitude, amplitude spectral area (AMSA) 

and the slope of signal. Interestingly when the slope was divided by the signal 

amplitude to give slope-amp no significant difference was present between any 

of the leads. The signal amplitude was defined as the square root of the average 

power from 2 – 20Hz. The ASMA was calculated as the sum of frequency 

multiplied by amplitude, between 2 and 20Hz. The slope was the median of the 

absolute difference in signal voltage at specified time intervals over the total 

sample duration of 4.1 s (Indik, Peters et al. 2008). This demonstrates several of 

the many other discrete variables that can be derived from the power spectrum. 

In addition to looking at some measures commonly used to describe the rate 

and regularity, we have made a comparison across the entire power spectrum 

to assess the residual power and coherence of each of the 11 other leads with 

that of lead II. The phase of the signals has also been compared at the point of 

the DF of lead II. Except for several outlying values, no significant difference 

was found between the different leads for these measures, demonstrating 

similarity between the entire power spectrums. Therefore any measures derived 

from this would also contain similar information across all 12 leads of the 

standard surface ECG.  

 

The DF has also been previously compared between lead I, aVF and V2 of the 

surface ECG (Clayton, Murray et al. 1995). DF agreement was reported in all 
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three leads in 58% of the 1 second epochs that were compared. These were 

obtained from ten VF recordings. Another 37% of the epochs had DF agreement 

in two of the three leads. DF agreement occurred if the DFs of the two 

recordings were either equal or occupied adjacent frequency bins on the power 

spectrum obtained by FFT. Frequency agreement was found to be less likely 

during the first 3 seconds of VF.  

 

The bandwidth and the proportion of power at DF both describe the regularity 

of the signal frequency for the duration of the recording. The variation in these 

measures has not previously been compared between leads. Changes in the 

signal frequency with time suggest the evolution of either the conduction speed 

of the excitation wave front or the route that it takes through the myocardium, 

thereby altering the route and possibly the length of the re-entrant circuit. 

Within the current study there was considerably more variation within the 

bandwidth than the proportion of power at DF.  This suggests that the 

proportion of power may be a more reliable measure when calculated from a 

limited lead set, as long as there is a constant frequency resolution for each 

power spectrum that is compared.   

 

The residual power describes the proportion of a power spectrum that is similar 

to another. Multiple measures can be derived from the power spectrum, by 

comparing the information content within the power spectrum itself we can 
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infer that values derived from it will also have a similar pattern between the 

various ECG leads. We have compared the residual power when the power 

spectrum of lead II is removed from that of another lead. The average residual 

power across all leads of all 20 patients was 10.50%, implying that on average 

almost 90% of the information is similar between each of the power spectra, 

which suggests most of the leads contain similar information. Residual power 

has not previously been used to compare the information content of the 12 leads 

of an ECG. 

 

The coherence describes the similarity in the waveform appearance between 

two signals. We compared lead II with all of the 11 other standard leads. On 

average we found a high level of coherence at 0.9413. In 14 of the 20 patients 

aVF had the highest level of coherence with lead II. These two leads have the 

left leg electrode in common therefore strong similarities would be expected in 

the appearance of these two leads. The coherence of V1 with lead I and an ECG 

recorded at the right ventricular apex were examined by Clayton and Murray. 

Full 12 lead ECGs were collected but data was only presented form two leads. 

The overall coherence was relatively low (31%) but was found to increase 

during the initial 10 seconds of VF that were analysed (Clayton and Murray 

1999). Within the present study 11 patients had a chest lead with the lowest 

coherence with lead II which in one patient was as low as 19%. On average we 

found higher levels of coherence levels that Clayton and Murray. 
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The phase of the signals was compared at the DF of lead II. This is also a 

measure that has not been previously used to compare the information content 

between the 12 leads of an ECG. We found the phase shift to be on average 

0.09703 across all leads of all 20 patients. This means on average the other leads 

record electrical excitation slightly before lead II. In 14 of the 20 patients aVR 

contained the largest phase shift from lead II. These two leads have the right 

arm in common. However the right arm electrode is the positive input for aVR 

and the negative input for lead II which is likely to have caused this phase shift. 

In 11 patients aVL has the smallest phase shift, which is not unexpected given 

the high coherence found between the two leads.  
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Study limitations: 

The precision of our results are limited by the frequency resolution of Fast 

Fourier Transform, which is determined by the sample length. The duration of 

the VF during device testing is determined by a combination of the detection 

and charge times of the ICD, and was generally in the order of 4 seconds. While 

it would have been desirable from a data analysis point of view to extend the 

detection times to allow for longer periods of VF to be recorded, the clinical 

consequences of this meant that it was deemed inappropriate to do so.   

 

The fraction of power at DF will be influenced by the frequency resolution 

which determines the width of the histogram bins of the power histogram.  If 

the frequency resolution is low the fraction of power at DF may be artificially 

increased. The coherence is calculated using overlapping segments of the signal 

which limits the frequency resolution further. This reduces the precision of the 

power spectrum because each of the histogram bins became wider. The ECG 

recordings within this study were zero padded to ensure a constant frequency 

resolution, therefore this does not account for any of the observed variance 

either within the leads from one patient or between individuals.  
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Conclusion 

The information content of each of the 12 standard ECG leads during induced 

VF is not uniform. Analysis of multiple leads will result in the extraction of 

addition information allowing a more detailed description of the VF 

waveforms.    
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Chapter 3: Comparison of VF waveform analysis 

methods 

Introduction: 

 There have been many mathematical approaches used to characterise the 

organisation underlying VF waveforms (Reed, Clegg et al. 2003). Recent 

research has focused on the clinical utility of the information derived from this 

analysis. Defibrillation is the only definitive treatment for VF. Success rates in 

an out of hospital cardiac arrest are low, VF waveform characteristics have been 

shown to predict when a perfusing rhythm will return. It has been 

demonstrated that under certain circumstances, CPR prior to defibrillation will 

make increase the probability of defibrillation success, while in other 

circumstances a “defibrillate first” strategy may be more successful (Cobb, 

Fahrenbruch et al. 1999, Berg, Hilwig et al. 2002). It has therefore been 

suggested that analysis of the VF waveform characteristics could be used to 

guide the clinical decision whether or not to perform CPR prior to defibrillation.  

 

One disadvantage of surface ECG recordings is that there is usually a delay 

between the onset of the arrhythmia and the start of the recording. Patients 

with ICDs are at high risk of ventricular rhythm disturbances and the device 

constantly monitors their rhythm using an intracardiac electrogram (EGM). 

Information during the initial stages of VF can be obtained from EGM 
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recordings. The clinical utility of this information is not year clear but a number 

of groups have begun to explore the characteristics of VF in this patient group. 

 

 If we seek to understand the relationship between clinical outcomes and VF 

waveform characteristics, it is vital that we understand what each of the 

measures describes about the signal. The majority of analysis approaches either 

describe the rate or frequency of the signal, the variation in the rate or the 

regularity of the waveform shape over time. However, it is unclear which 

measures provide additive information as there has been no systematic analysis 

of the different analysis approaches. It is therefore unclear which combination 

of analysis tools provides the most insight into the organisation of the VF 

waveform.   

 

The aim of this study was to evaluate the most commonly used tools applied to 

characterise VF. We assessed which methods of analysis provide additive 

information using correlation analysis between measures obtained from the 

analysis of EGM recordings during VF in patients with ICDs. This allowed us to 

determine a set of tools which provide the most independent information, 

which can be used for our future investigations.  
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Methods: 

EGMs of VF recorded during ICD implant testing were extracted from 

Medtronic ICDs. Device testing was performed under general anaesthesia. The 

EGM was sampled at either 64 or 128 Hz depending on the ICD model. The 

signals were exported using software provided by the device manufacturer. The 

VF recordings were analysed using the measures described below using custom 

written software in LabVIEW (National Instruments). The study was approved 

by the regional ethics committee under the provisions for observational 

research. 

 

Measures: 

Fast Fourier transform analysis:  

A power spectrum was created using a Hanning window and fast Fourier 

transform. The entire episode of VF was analysed and to ensure a constant 

frequency resolution of 0.0625Hz all of the samples were zero padded. This 

involves adding a variable length string of zeroes at each end of the signal to 

increase the total duration. The frequency resolution defines the width of the 

frequency bins within the power spectrum and it is determined by the duration 

of the VF recording. The longer the sample is, the narrower the bins and the 

more detail that is available from the power spectrum.  
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Dominant frequency (DF) was defined as the frequency with the greatest power 

(Stewart, Allen et al. 1992, Indik, Donnerstein et al. 2006, Muñoz, Álvarez et al. 

2009, Olasveengen, Eftestøl et al. 2009, Panfilov, Lever et al. 2009)(and therefore 

amplitude) within the sample bandwidth (2-20Hz). The median frequency (FM) 

was the point that divides the power spectrum into two equal components 

(Brown, Griffith et al. 1991, Jacobson, Johnson et al. 2000, Indik, Donnerstein et 

al. 2006). Therefore it is the frequency in the middle of the plot between 2 and 

20Hz. The bandwidth describes the spread of the frequencies around the 

median frequency. It is the frequency difference between the upper limit, at 

75% of total power and the lower limit, at 25% of the total power (Indik, 

Donnerstein et al. 2006). The fraction of power at the DF is the proportion of the 

total power between 2 and 20Hz that occurs within the frequency bin with 

which the DF falls.  This will be greatly influenced by the width of the bins. It is 

therefore essential to have a constant frequency resolution when comparing the 

fraction of power at DF between samples.  

 

Time series analysis: 

For each episode of VF the position of each peak within the tracing was 

identified. The cycle length was defined as the peak to peak interval (Latcu, 

Meste et al. 2011). The mean and standard deviation of the cycle length was 

calculated for each EGM. 

  



87 
 

Rescaled range and the Hurst exponent:  

The rescaled range describes the variance within the signal.  It is calculated 

using the formula RS range = range (R)/ standard deviation (S). It therefore 

measures the range of the cumulative deviation from the mean value. To 

calculate the range of the sample, the mean value over a set time period is 

determined is determined first. The difference of each individual point from the 

mean is established. These differences are consecutively summed and the value 

after each addition is recorded. The maximum and minimum values during the 

summation of the differences are identified and the difference between them is 

the range.  

 

The Hurst exponent describes the long term correlation of the signal with itself 

(Bassingthwaighte and Raymond 1994). It demonstrates the complexity of the 

VF signal over time. The total duration of the sample is divided into a series of 

time periods of a set duration. The RS range is determined for each time period 

and averaged for the whole sample duration.  This process is repeated for 

many, time periods of varying duration. The log of mean RS range for each time 

period is plotted against the log of the time period to sample duration ratio. The 

slope of the straight line that is produced from this is the Hurst exponent 

(Sherman, Callaway et al. 2000). The Hurst exponent will be a value between 0 

and 1. A Hurst exponent of 0.5 suggests a random pattern, above 0.5 suggests a 

positive signal, meaning there is an increased likelihood that the next value 
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within the sequence will occur in the same direction as the current value. A 

value below 0.5 supports a negative correlation where the next value is likely to 

be in the opposite direction.  

 

Sample entropy:  

Sample entropy is a measure of regularity which describes how similar the 

shape of the waveform is overtime. It is derived from information theory, as a 

modified version of approximate entropy (Pincus 1991, Richman and Moorman 

2000). Three parameters must be determined to calculate sample entropy. 

Firstly the number of data points (N) to be analysed must be decided. In this 

study we used the same 3 seconds long episode of VF as was used for spectral 

analysis. Secondly the embedding dimension (m), or run length for comparison 

must be determined. In this study we chose empirically to use an embedding 

dimension of 3 (Lake, Richman et al. 2002). Each template of 3 consecutive 

points was used as a template, and this was compared with every other 

template of 3 consecutive points. The number of times that each template 

matched another within a given tolerance (r) was then calculated. In this study 

we chose to use an r value of 0.2 times the standard deviation of the time series 

(Richman and Moorman 2000, Lake, Richman et al. 2002).   We then determined 

the subset of templates that were still within the given tolerance at a length of 

m+1. Sample entropy is calculated as the negative log of the count of template 

matches at m+1 divided by the count of matches at m. 
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One of the difficulties with the use of sample entropy is that the values obtained 

will be determined by the choice of m and r, and yet there are no established 

processes for determining how to set these values. We have used values for r 

and m commonly chosen in the literature (Richman and Moorman 2000, Lake, 

Richman et al. 2002, Alcaraz and Rieta 2009), and although the absolute values 

may be difficult to interpret, for comparative purposes lower values will be 

associated with greater regularity (repeating of template sequences) in the data.  

 

Autocorrelation function: 

Another measure of regularity was derived from the autocorrelation functions. 

For each episode of VF we constructed a duplicate of the EGM time series and 

incrementally shifted it in time with respect to the starting point of the original 

recording. The correlation between the two series was then calculated for shifts 

in time of up to 2000ms. For statistical comparison of autocorrelation values 

between two VF episodes the r-value of the first peak in the autocorrelation 

function was extracted for each EGM (Lever, Newall et al. 2007).  

 

Statistical analysis:  

Correlations between each of the waveform analysis measures were compared 

with using Spearman’s correlation co-efficient. The strength of the correlation 

was defined as shown in table 3.1 (Zou, Tuncali et al. 2003). A two-sided P 
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value <0.05 was considered statistically significant. Statistical tests were 

performed using Graph Pad Prism software.  

 

Table 3.1: Interpretation of Correlation Coefficient 

 (Zou, Tuncali et al. 2003) 

Correlation Coefficient 

Value 

Direction and Strength of Correlation 

-1.0 Perfectly negative 

-0.8 Strongly negative 

-0.5 Moderately negative 

-0.2 Weakly negative 

0 No association 

+0.2 Weakly positive 

+0.5 Moderately positive 

+0.8 Strongly positive 

+1.0 Perfectly positive 

Note: the sign of the correlation coefficient (i.e. positive or negative) defines the 

direction of the relationship. The absolute value indicates the strength of the 

correlation. 
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Results: 

EGM recordings of VF were obtained from 37 patients that underwent VF 

induction during implantation of Medtronic or Guidant ICDs. The VF duration 

ranged from 1.3 to 5.2 seconds with a mean of 3.4 seconds. Patient 

demographics are shown in table 3.2. A typical EGM recording is shown in 

figure 3.1 with the corresponding power spectrum in figure 3.2. The mean 

values for each of the measurement tools are listed in table 3.3. 

 

 

Table 3.2: Patient demographics 

Age (average; range) 58 years (22-77 years) 

Gender 25 males  

12 females 

Cardiac disease n (%) 

    Coronary artery disease 

    Dilated cardiomyopathy 

    Idiopathic VT 

    Long QT syndrome 

    ARVC 

    HCM 

    Ejection Fraction <35% 

 

16 (43) 

14 (37) 

3 (8) 

1 (3) 

2 (5) 

1 (3) 

19 (51) 

Device indication n(%) 

     Primary prevention 

     Secondary prevention 

          Previous VF 

         Previous VT 

 

 

11 (30) 

 

10 (27) 

16 (43) 

Medication n (%) 

    Beta blocker 

    Class III agents 

    ACE inhibitors 

    Spironolactone 

    Diuretic treatment 

 

26  (70) 

5 (14) 

17(46) 

7 (19) 

20 (54) 

 



92 
 

 

 
Figure 3.1: An EGM recording during VF  

 

 

 

 
 

Figure 3.2: Power spectrum created from the VF tracing in Figure 3.1. DF is at the short 

dashed line, median frequency is at the long dashed line, bandwidth is represented by 

the box above the power spectrum. Fraction of power at DF = 0.124. The other 

measures for this sample were; RS range = 0.230, sample entropy = 0.289, 

autocorrelation peak = 0.339.  
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Table 3.3: The mean values (interquartile range) for each of 

the analysis tools across all 37 VF recordings. 

Dominant Frequency 4.193 (3.648, 4.441) 

Median Frequency 4.541 (3.843, 5.180) 

Bandwidth 3.218 (1.733, 5.112) 

Fraction of power at DF 0.096 (0.074, 0.126) 

Mean Cycle Length 0.238 (0.215, 0.275) 

SD Cycle Length 0.039 (0.029, 0.064) 

Hurst exponent 0.157 (0.132, 0.199) 

Sample entropy 0.431 (0.137, 0.655) 

Autocorrelation peak 0.681 (0.543, 0.781) 

 

 

DF and mean CL are both measures describing the rate of the VF. There was a 

strong negative correlation, -0.820 (P <0.001) (fig 3.3; table 3.4), demonstrating a 

strong inverse relationship between these analysis tools. Given that these two 

approaches are characterising the same aspect of the signal, it may have been 

expected that a stronger negative correlation would have been observed. 

However, there are several cases where significant discrepancies occurred 

between the values derived from DF and mean CL (fig 3.3), all of which could 

be attributed to difficulties associated with determining peaks within the VF 

EGM.  

 

The bandwidth, fraction of power at DF and SD CL are measures of the 

variance in the rate of the VF over the recorded epoch. The fraction of power at 

DF and the SD CL showed weak negative correlation with a coefficient of -0.472 

(P=0.003), as did the bandwidth and the fraction of power at DF, -0.356 

(P=0.031). The bandwidth and SD CL were not significantly correlated.  
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The Hurst exponent and autocorrelation peak are measures which describe the 

change in the VF waveform shape over time. They contain very similar 

information, with a strong negative correlation, -0.826 (P<0.001) (figure 3.4). 

Both of these measures also had moderate correlations with measures of the 

rate variance, bandwidth and the fraction of power at DF. However, only the 

autocorrelation peak was moderately correlated with the SD CL, -0.551 

(P<0.001).  

 

Median frequency was moderately correlated with a range of other measures. A 

correlation coefficient of 0.542 (P<0.001) was obtained with DF and mean CL, -

0.561 (P<0.001). Correlation with the bandwidth gave a coefficient of 0.481 

(P<0.01), while with RS range it was -0.587 (P<0.001).  

 

The sample entropy appears to be an independent measure. It was not 

significantly correlated to any of the other measurements tools used in the 

current study. 
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Table 3.4: Spearman correlation coefficients of each of the VF analysis tools (P values * <0.05, **<0.01, ***<0.001). 

 Median 

Frequency 

Bandwidth Fraction of 

power at 

DF 

Mean CL  SD CL Hurst 

exponent 

Sample 

entropy 

Autocorrelation 

peak 

DF 0.542*** -0.091 -0.017 -0.820*** -0.310 0.137 -0.011 0.146 

Median 

Frequency 

 0.481** -0.367* -0.561*** -0.019 0.587*** -0.018 -0.410* 

Bandwidth  -0.356* 0.074 0.307 0.643*** -0.128 -0.701*** 

Fraction of 

power at DF 

 0.010 -0.472** -0.549*** -0.209 0.623*** 

Mean CL  0.180 -0.151 0.041 -0.027 

SD CL  0.469 -0.002 -0.551*** 

Hurst 

exponent 

 0.050 -0.826*** 

Sample 

entropy 

 0.015 
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Figure 3.3: Graphical representation of the strong inverse correlation between dominant frequency and mean CL (R=-0.820, P<0.001). 
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Figure 3.4: Graphical representation of the strong inverse correlation between rescaled range and the autocorrelation peak. 
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Discussion: 

The VF waveform is complex and dynamic, and is a product of both the 

electrophysiological and structural properties of the ventricle. In order to 

characterise VF and understand what clinical utility lies within the waveform, it 

is necessary to describe the features of the waveform in a way that captures as 

much of the complexity of the signal as possible. While a range of different 

approaches have been taken to characterise VF, in this study we present the first 

systematic comparison between these measurement tools. On the basis of this 

comparison it is possible to recommend a set of tools that capture features of 

the VF that contain different information from a statistical point of view. 

 

Spectral analysis: 

Spectral analysis is by far the most commonly used method of characterising 

the VF waveform. A Fast Fourier Transform breaks the signal down into a 

series of sine waves to the signal, in order to create power spectrum. A series of 

measurements can be derived from the power spectrum. These include the 

dominant and median frequencies, the spectral bandwidth (Indik, Donnerstein 

et al. 2006) and the fraction of power at the dominant frequency. Together these 

analysis tools allow information regarding both the frequency and the 

regularity of the VF signal to be measured.   
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The key advantages of Fourier Transform are that it is fast, easy, and commonly 

used. However, it assumes that the signal is stationary, which may not be true 

for VF. This is not expected to be a significant problem because of the short 

duration of the signals that have been analysed. Another disadvantage of 

spectral analysis is that the frequency resolution is dependent on the sample 

duration. Zero padding is an option that we and others (Taneja, Goldbbrger et 

al. 1997) have employed to artificially increase the frequency resolution, but this 

is done at the expense of the amplitude of the signal which will not be 

accurately measured in the presence of zero padding. Amplitude measurements 

were not performed in this study due to the auto gain function of the ICD 

making these redundant.  

 

The median frequency has been widely used for VF waveform analysis (Brown, 

Griffith et al. 1991, Martin, Brown et al. 1991, Brown and Dzwonczyk 1996). We 

have found that this is linked to both measures of signal rate and regularity. 

Because the median frequency is not clearly describing one or the other of these 

waveform components it may not be a useful measure with regards to 

describing the physiology of the waveform. Given this, we will exclude it from 

our ideal set of measurement tools.  

 

  



100 
 

Time series: 

The rate and the how this changes can both be represented using measurements 

of time series. The cycle length is the time between two consecutive peaks on 

the VF tracing (Latcu, Meste et al. 2011). We have used the mean CL over the 

duration of the VF sample to give information regarding the average rate of the 

signal. The standard deviation of the CL demonstrates how much beat to beat 

variation is present.  

 

It can be technically difficult to identify the peak of each cycle which can 

influence the accuracy of these measures. We found a clear inverse relationship 

between cycle length and the dominant frequency suggesting that these two 

measures provide the same information regarding the rate of the VF. Where the 

relationship between these measurements was not strong, this was due to 

problems associated with defining the start and end of VF cycles on the EGM.  

The waveform peaks are not required for the calculation of the dominant 

frequency therefore DF would be our preferred measure to provide rate 

information about the VF signal.  

 

The SD CL had links with the signal bandwidth and the fraction of power at 

DF. Due to the ease of calculating the bandwidth and fraction of power at DF 

from the FFT we will include these measures in our ideal set. SD CL will be 

excluded for the same technical difficulties as CL. 
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Hurst exponent and autocorrelation function: 

The rescaled range describes the variance within the signal by measuring the 

range of the cumulative deviation from the mean value. The Hurst exponent 

can be calculated using the rescaled range values form a variety of sample 

durations (Sherman, Callaway et al. 2000). It describes the long term correlation 

of the signal (Bassingthwaighte and Raymond 1994), thereby demonstrating the 

complexity of the VF overtime.  

 

The autocorrelation function describes the correlation between various points of 

the signal at different points in time as a function of the time difference. It will 

therefore reflect changes in the shape of the VF signal with time. The Hurst 

exponent and the autocorrelation function were strongly correlated, therefore 

only one of these measures is required to demonstrate the signal complexity. 

The autocorrelation function is easier to compute mathematically, and may 

therefore be preferable to the RS range. 

 

Sample entropy: 

Entropy is a measure of the rate of information production. The sample entropy 

is the natural logarithm of the conditional probability that two sequences that 

are similar for a given length will continue to be similar at the next point (Lake, 

Richman et al. 2002). The sample entropy was not correlated or strongly linked 
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with any of the other measures. It is therefore providing additional information 

about the changes in VF waveform shape over time. 

 

On the basis of our results DF, bandwidth, fraction of power at DF, sample 

entropy and the autocorrelation peak appear to provide an optimal set of 

measures to capture the complex features of the VF waveform while 

minimising redundancy between highly correlated measures. We intend to use 

this set of measures in future research projects to examine clinical correlates 

with VF waveform characteristics (Chapter 4, Cardiac structure and VF) and to 

examine the clinical utility of the information derived from VF waveforms 

(Chapter 5, Failed shocks; Chapter 6, Outcomes).  

 

This study has demonstrated that it is not ideal to use a single measure, such as 

DF, to analyse VF waveforms. When this limited approach is employed 

significant amounts of information about the signal would not be obtained. VF 

waveforms are best described using measures which describe the rate, variance 

of the rate and the waveform shape, the set of measures described above extract 

all three of these components from the VF waveform. The measures presented 

within this study are not the only possible approaches to characterising VF. In 

work presented later within this thesis we have investigated a novel approach 

to describe the information that can be extracted from VF waveforms (Chapter 

7, 3D loops of VF).   
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Limitations: 

The present study has investigated the characteristics of VF that has been 

induced during ICD implant. The characteristics of which have been shown to 

differ from spontaneously occurring VF (Lever, Newall et al. 2007, Sánchez-

Muñoz, Rojo-Álvarez et al. 2009). The mode of induction has also been shown 

to influence VF waveform characteristics (Taneja, Goldberger et al. 2000). We 

have used a shock on T wave approach to induce VF, which was consistent 

throughout the investigation. It is possible that the relationships between the 

VF waveform characteristics differ slightly under alternative conditions.  

 

 EGM recordings have been analysed. The measurements obtained are therefore 

limited to the electrical activation within a portion of the right ventricle. While 

similarities would be expected, the extent of the relationship between 

intracardiac EGM and surface ECG recordings is unclear.  

 

The majority of work in this area has focused on VF occurring in an out of 

hospital cardiac arrest situation. These studies have concentrated on VF of long 

duration due to a delay in reaching the patient and the subsequent acquisition 

of an ECG. This investigation has used EGM data from ICDs to assess early VF 

waveforms. Given the characteristics of the VF waveform have been shown to 

evolve over time (Choi, Wonchul et al. 2002, Robertson, Huang et al. 2009), we 
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expect the VF waveform characteristics described here will differ from those of 

the previously described out of hospital arrest cohort.  

 

There are a large range of measures that have been used to characterise VF 

waveform organisation. It was not possible to incorporate all of these measures 

in our study. The measures that we have perceived as being most commonly 

used within the literature have been examined, however it should be 

recognised that many other approaches are possible and the ideal set of 

measures resulting from this work probably does not extract all of the 

information that is available within the electrical waveforms of VF. We have 

however demonstrated that one measurement alone does not extract all of the 

possible information available from the waveforms.  We have also determined 

several commonly used measures which describe similar waveform 

characteristics, performing a selection of these prevents the repetition of 

information within a data set.  
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Implications: 

The DF is a usefully analysis tool for describing the average rate of VF 

waveforms. However, it does not fully describe the characteristics of the VF 

waveform and performing additional analysis allows the extraction of further 

information. There are three main characteristics of the waveforms that we have 

described within this study, the rate, the variation in the rate and the variation 

in the waveform shape. Together the waveform measures describe the 

conduction velocity of the excitation through the myocardium, the length of the 

re-entrant circuit and the variation in the route of the circuit from cycle to cycle. 

Describing VF waveforms with a measure of rate, regularity of the rate and the 

regularity of the waveform shape will more provide more detail than one 

measure alone. In future work, we intend to employ this approach to waveform 

analysis to investigate the influence of underlying LV structure and function of 

VF waveforms (Chapter 4, Cardiac structure and VF waveforms) and 

investigate the clinical utility of analysis of the early stages of VF recorded from 

ICD EGMs  ( Chapter 5, Outcomes). 
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Chapter 4: Cardiac structure and VF characteristics 

Introduction: 

VF waveform characteristics are altered depending on the condition of the 

myocardium (Indik, Donnerstein et al. 2007, Sherman, Niemann et al. 2007) 

with ischemic conditions significantly reducing the frequency content within 

the VF signal (Chorro, Guerrero et al. 1998). VF can result from either electrical 

simulation or the presence of ischemia. The method by which VF is induced 

influences the electrical waveform characteristics (Taneja, Goldberger et al. 

2000). In the present investigation all VF was induced using a shock on T wave 

protocol thereby eliminating this cause of variation. This has allowed us to 

investigate the influence of underlying cardiac structure and function on the VF 

waveform characteristics.  

 

The presence of a discrete ischemic scar may stabilise the route of VF re-entrant 

circuit. A more stable circuit would reduce the variance in the frequencies 

present in the VF waveforms and we would therefore expect a lower 

bandwidth and a higher fraction of power at DF.  A reduction in the bandwidth 

has previously been demonstrated following a myocardial infarction (MI) 

(Indik, Donnerstein et al. 2008). The change in the waveform appearance from 

cycle to cycle, or the signal complexity, may also become more regular due to a 

more constant re-entrant circuit. This would produce lower values for the both 
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the sample entropy and autocorrelation peak. The presence of distributed, non-

ischemic, scar may also provide a more defined route for the re-entrant circuit 

to travel through the myocardium, resulting in similar changes. We expect the 

VF in a normal heart will be less anchored causing a less defined re-entrant 

pathway. This would result in greater complexity and variance within the 

waveform appearance in patients without scar tissue.  

 

The conduction velocity can be reduced within either the subendocardial 

border (Wilensky, Tranum-Jensen et al. 1986) or the lateral borders of scar tissue 

(de Bakker, van Capelle et al. 1993). The dominant frequency (DF) of VF results 

from a combination of the conduction velocity and the length of the re-entrant 

circuit. If the conduction velocity is lowered in the tissue surrounding the scar, 

this will result in a lower DF.  The present study has investigated the potential 

relationship between scar tissue identified using magnetic resonance imaging 

(MRI) and the waveform characteristics of VF, induced during ICD testing at 

the time of device implant. The presence of scar is commonly associated with a 

dilated left ventricle and reduced left ventricular ejection fraction (LVEF). We 

have also investigated the potential relationship between LV size and function 

with the VF waveform characteristics.  
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Methods: 

Consecutive patients undergoing ICD implantation testing at Wellington 

Hospital who also underwent a pre-implant MRI were identified. MRI was 

performed using a 1.5-T scanner (Phillips Achieva, Phillips Medical Systems, 

Best, The Netherlands). Sequences were acquired prospectively during breath-

hold using a 5 element cardiac phased array coil, gated to the electrocardiogram 

(ECG).  Cine images were acquired with a steady state free precession pulse 

sequence in 3 long-axis views and short-axis views covering the whole LV in 10 

contiguous slices (repetition time, 3.6msec; echo time 1.8 msec; flip angle 60°; 

spatial resolution 2 × 2 × 6 mm). Late gadolinium enhancement (LGE) imaging 

was performed 10-15 minutes after the contrast bolus (0.2 mmol/kg 

bodyweight) of gadopentetate dimeglumine (Magnevist; Bayer HealthCare 

Pharmaceuticals, Berlin, Germany) using an inversion-recovery gradient echo 

sequence in the identical location as the LV cine images (repetition time 

4.2msec; echo time 1.3 msec; flip angle 15°; typical spatial resolution 1.5 × 2.3 × 5 

mm). Inversion time was optimised to null signal from normal myocardium, 

typically 280-350ms.  

All images were analysed using Philips Viewforum (Best, The Netherlands). LV 

endocardial and epicardial borders were outlined manually in end-diastolic and 

end-systolic phase on the short-axis cine images to obtain left ventricular end 

diastolic volume (LVEDV), left ventricular end systolic volume (LVESV) 
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allowing the derivation of left ventricular ejection fraction (LVEF). On late 

gadolinium-enhanced images, presence of enhanced myocardium in the left 

ventricle was visually determined in both short-axis and long-axis views. If the 

pattern of enhanced myocardium followed the typical distribution of one or 

more coronary arteries, especially if the patient had known coronary artery 

disease, it was classified as ischemic scar. Scarred myocardium which did not fit 

with these characteristic patterns was classified as non-ischemic. 

12 lead surface ECGs were recorded during ICD implant at Wellington 

Hospital. Following implantation of the device, testing was performed. VF was 

induced by rapid pacing followed by a shock on T wave. The duration of the VF 

was determined by the detection and charge time of the ICD.  A variable length 

of zeroes was added to each end of the signals to extend the total duration of 

the sample to 8.192 seconds. This zero padding ensured a constant frequency 

resolution of 0.12207Hz. Extending the sample duration allows narrower 

histogram bins within the power spectrum, resulting in more detailed 

information. Each of the 12 leads were analysed using a custom written VI in 

LabVIEW (National Instruments). Fast Fourier transform was performed and a 

power spectrum was created. From this the dominant frequency (DF), 

bandwidth, proportion of power at the DF were determined. Sample entropy 

and autocorrelation peak were also calculated for the individual leads.  
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The frequency at which the greatest peak occurred within the power spectrum 

(2-20Hz) was taken as the dominant frequency (DF). The bandwidth was the 

difference between the frequencies at 75% and 25% of total power. It describes 

the spread of frequencies around the median frequency in a manner similar to 

an inter quartile range. The fraction of power at DF is the proportion of total 

power (2-20Hz) that occurs within the frequency bin containing the DF. This 

will be greatly influenced by the width of the histogram bars within the power 

spectrum (frequency resolution).  

The sample entropy describes the consistency in the waveform shape overtime. 

A non-negative number was assigned to describe the change in the signal 

appearance, with larger values corresponding to greater irregularity (Alcaraz 

and Rieta 2010). The autocorrelation function describes the correlation of the 

waveform signal with itself when a duplicate of the waveform is shifted 

incrementally. This was calculated for shifts in time of up to 200ms. For each 

recording the R value at the first peak in autocorrelation function was extracted 

to give a discrete variable.  

 

We have previously demonstrated that a small amount of additional 

information is obtained by recording multiple ECG leads (Chapter 2, 12 leads of 

VF). Specific leads were not identified as containing the additional content 

therefore we averaged the values obtained across the standard 12 leads. With 
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this approach we hope to incorporate the additional information while keeping 

the quantity of data manageable.  

VF characteristics were compared between the patients with and without 

myocardial scar using an unpaired T-test. The scar group was further divided 

into ischemic and non-ischemic and these were compared to each other as well 

as the no scar group using ANOVA. Unpaired T-tests were then used to 

compare those with a significant difference.  Pearson’s correlation coefficient 

was used to compare the VF characteristics with LVEDV, LVESV and LVEF. 

Statistics were performed using Graph pad prism 6 software. The study was 

approved by the regional ethics committee under the provisions for 

observational research. 
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Results: 

MRIs and 12 lead surface ECGs were recorded for 23 patients during ICD 

implant at Wellington Hospital. Patient demographics and medications at the 

time of ICD implant are shown in table 4.1, and were reasonably representative 

of the population receiving ICDs (Larsen, De Silva et al. 2010). A total of 15 

patients had the presence of scar confirmed by MRI. Nine of which were the 

result of ischemia and 6 that were non-ischemic. The remaining 8 patients had 

no detectable scar. An example of a discrete ischemic scar is shown in figure 4.1; 

non-ischemic scar distributed throughout the myocardium is shown in figure 2 

while a normal heart without scar is shown in figure 3.   

DF varied from 3.06Hz to 5.26Hz, with a median of 4.17Hz. The DF was 

significantly lower in patients with scar, 4.94Hz, when compared to those 

without scar 5.68Hz (p=0.0267). When the scar group was separated, the 

ischemic group remained significantly less, 4.83Hz, than the no scar group (p= 

0.0488). The difference between the non-ischemic group, 5.10Hz, and the other 

two did not reach statistical significance (table 4.4, fig 4.4). There was no 

significant difference in the bandwidth, proportion of power at DF, sample 

entropy and autocorrelation peak between those with scar and those without 

(table 4.2 and 4.3). 
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Figure 4.1: A short axis MRI image displaying ischemic scar in the circumflex 

and PDA territories (outlined in red). Full thickness scar was present in the 

lateral wall (extended through all segments), full thickness scar in the basal and 

mid portions of the inferior wall (apical portion free of scar). The anterior wall 

and anteroseptum were free of scarring except for a 50% scar in the basal 

portion of the inferospetum. The epicardial boarder is outlined in yellow and 

the endocardial boarder is outlined in green.  



114 
 

 

 

Figure 4.2: A short axis MRI image displaying non-ischemic scar using delayed 

enhancement. The scarred tissue is outlined in red and is located in the mid-

wall of the septum. This patient also had scarring of the lateral wall but this is 

not visible in this image. The epicardial boarder is outlined in yellow and the 

endocardial boarder is outlined in green.  
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Figure 4.3: A short axis MRI image showing no detectable scar with delayed 

enhancement. The epicardial boarder is outlined in yellow and the endocardial 

boarder is outlined in green.  
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Table 4.1: Patient demographics at ICD implant 

 No Scar  

(n=8) 

Ischemic 

scar 

(n=9) 

Non-

ischemic 

scar  

(n=6) 

Age (average; range) years 

 

50 (16 – 77) 66 (35 – 78) 56 (33 – 69) 

Gender n (%) 7 (88) males 8 (89) males 4 (67) males 

Cardiac disease n (%) 

    Coronary artery disease 

    Non-ischemic DCM 

    Idiopathic VT/ VF 

    Long QT syndrome 

    Sarcoid 

    ARVC 

    Previous VT/ VF 

    LVEF <35%     

 

1 (13) 

1 (13) 

5 (63) 

1(13) 

0 (0) 

0 (0) 

6 (75) 

2 (25) 

 

9 (100) 

1 (11) 

0 (0) 

0 (0) 

0 (0) 

0 (0) 

5 (56) 

7 (78) 

 

1 (17) 

3 (50) 

0 (0) 

0 (0) 

1 (17) 

0 (0) 

3 (50) 

1 (17) 

Device indication n(%) 

    Primary prevention 

    Secondary prevention 

          Previous VF 

          Previous VT 

 

2 (25) 

 

5 (63) 

1(13) 

 

4 (44) 

 

3 (33) 

2 (22) 

 

3 (50) 

 

1 (17) 

2 (33) 

Median LV EF (%) 

(inter-quartile range) 

55  

(45-65) 

29  

(26-32) 

61 

(39-66) 

Medication n (%) 

    Beta blocker 

    Class III agents 

    ACE inhibitors 

    Diuretics  

 

6 (75) 

1 (13) 

6 (75) 

3 (38) 

 

8 (89) 

1 (11) 

5 (56) 

6 (67) 

 

6 (100) 

1 (17) 

4 (67) 

1 (17) 
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Table 4.2: Mean (± SD) of the VF waveform characteristics of the no 

scar and scar groups and the P value from comparison using an 

unpaired T-test. 

 No scar  

(n=8) 

Scar  

(n=15) 

P value 

DF 5.696 ± 0.182 5.010 ± 0.183 0.0251 

Bandwidth 0.889 ± 0.131 1.015 ± 0.201 0.6724 

Proportion of power at DF 0.205 ± 0.008 0.205 ± 0.014 0.9902 

Sample entropy 0.355 ± 0.050 0.364 ± 0.053 0.9176 

Autocorrelation peak 0.832 ± 0.032 0.774 ± 0.034 0.2771 

 

Table 4.3: Mean (± SD) of the VF waveform characteristics of each scar 

subgroup and the no scar group.  P values are from group comparison using 

ANOVA.  

 No scar  

(n=8) 

Ischemic scar 

(n=9) 

Non-ischemic 

scar (n=6) 

P value 

DF 5.696 ± 0.182 4.830 ± 0.271 5.279 ± 0184 0.0370 

Bandwidth 0.889 ± 0.131 0.886 ± 0.151 1.207 ± 0.423 
0.6133 

Proportion of 

power at DF 
0.205 ± 0.008 0.207 ± 0.021 0.203 ± 0.020 

0.9870 

Sample entropy 0.355 ± 0.050 0.419 ± 0.050 0.280 ± 0.050 
0.3636 

Autocorrelation 

peak 
0.832 ± 0.032 0.741 ± 0.047 0.824 ± 0.041 

0.2347 

 

Table 4.4: P values from the comparison DF of each individual subgroup 

using unpaired T test.  

 No scar and 

ischemic scar 

 

Ischemic scar and 

non-ischemic scar 

Non-ischemic scar and 

no scar 

P value 0.0208 0.2428 0.2428 
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Figure 4.4: The mean DF during VF of those without scar (n= 8) and those with scar 

(n=15). The scar group was further divided into scar type and the means for these 

groups are also displayed. Error bars display the standard deviation for each group. 

 * P<0.05. 
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A moderate positive correlation (r=0.5979) was found between DF and LVEF 

(figure 4.5), while there was a moderate negative correlation between DF and 

the measures of LV size; LVEDV (r=-0.5926; figure 4.6) and LVESV (r=-0.5975). 

All of these correlations were highly statistically significant with P values of 

0.0026, 0.0029 and 0.0026 respectively. No correlation was found between the 

other measured VF characteristics and LVEF or measures of LV size (table 4.5).  

Table 4.5: Pearson’s correlation coefficients of each the VF waveform 

characteristic measures with LV measures from MRI (P values **<0.01) 

 Ejection 

fraction 

LVEDV LVESV 

DF 0.5979** -0.5926** -0.5975** 

Bandwidth -0.008730 0.0829 -0.1008 

Proportion of power at DF -0.09344 0.06419 0.2045 

Sample entropy -0.1470 -0.07550 0.0780 

Autocorrelation peak 0.1661 -0.2883 -0.3681 

 

The relationship of DF with LV size and function is not fully explained by the 

presence of ischemic scar. The positive correlation remained between EF and 

DF for those with ischemic scar (r=0.5769, p=0.0182) (figure 4.5). A negative 

correlation was also present between LVESV and DF for those with ischemic 

scar (r=-0.7455, p=0.0211). No other correlations were statistically significant 

when the data was divided into scar type, although group size is small and the 

study was not powered for this form of sub-group analysis.  

As we would expect there was a strong positive relationship between LVEDV 

and LVESV and an inverse relationship between both measures of LV size and 
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LVEF. Undertaking multivariate analysis to examine which of these factors 

were independently associated with DF was not possible with the limited 

number of patients in our study cohort.  
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Figure 4.5: The relationship between dominant frequency (DF) and ejection fraction (EF) as measured on MRI. Each point is an individual 

patient. A circle depicts no scar, a square ischemic scar and a triangle non-ischemic scar.  
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Figure 4.6: The relationship between dominant frequency (DF) and left ventricular end diastolic volume (LVEDV) as measured on MRI. A 

circle depicts no scar, a square ischemic scar and a triangle non-ischemic scar. 
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Discussion: 

We have found a significant reduction in the DF of VF in the presence of scar on 

a pre-implant MRI in patients with electrically induced VF during device 

testing at ICD implant. The majority of this difference resulted from a 

substantial change in the DF in those with ischemic scar. DF results from a 

combination of the re-entrant circuit length and the conduction velocity. A 

reduction in DF could have resulted from either a longer circuit or slower 

propagation of excitation around the circuit. Large amounts of fibrous tissue 

have been found interspersed throughout surviving myocardial fibres within 

the border zone of established scar (Ursell, Gardner et al. 1985). This fibrous 

tissue along with altered orientation of the myocardial fibres increase the 

distance that the excitation must travel to pass through the tissue, thereby 

slowing its conduction through the border zone (de Bakker, van Capelle et al. 

1993). A reduction in the conduction velocity is likely to have caused the 

reduction of DF that has been observed in the presence of ischemic scar.  

Using a dog model Jacobson demonstrated a decrease in the DF of VF during 

acute ischemia and 5 days afterwards. This difference had resolved by 8 weeks 

post MI (Jacobson, Johnson et al. 2000). In our cohort, those that had 

experienced a MI all had greater than 6 weeks lapse prior to ICD implant. The 

increase of DF to baseline at 8 weeks post MI is in contrast to our findings. It is 

possible that the induced MI in Jacobson’s study did not result in the 
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development of scar tissue and therefore once the myocardium recovered from 

the ischemic event the changes in the frequency content of the VF signal 

resolved (Jacobson, Johnson et al. 2000).  

A significant reduction in the DF and its evolution during the first 5 minutes of 

VF has been demonstrated in a swine model of acute MI (Indik, Donnerstein et 

al. 2008). This is in keeping with the reduction in DF in our study. A correlation 

has been demonstrated between the cycle length (CL) of spontaneous 

ventricular tachycardia (VT) and the size of dense myocardial scar that has 

resulted from an old MI (Woie, Eftestol et al. 2011). We have not measured the 

cycle length in the current investigation however we have previously 

demonstrated a strong inverse correlation between CL and DF (Chapter 3; VF 

analysis methods). A larger scar resulted in a longer CL (R-R interval) (Woie, 

Eftestol et al. 2011) which is equivalent to a reduction in the DF. We found that 

ischemic scar was responsible for the majority of the DF reduction. Ischemic 

scar is commonly a discrete scar within the territory of one or more of the 

coronary arteries. The location and size of which is dependent on the location 

and prevalence of narrowings within the coronary circulation (Wu, Judd et al. 

2001). Non-ischemic scars tend to be distributed throughout the myocardium 

(Hunold, Schlosser et al. 2005). Given their discrete pattern it is possible that 

individual ischemic scars are larger than those resulting from non-ischemic 

disease. This may account for the difference in DF we have observed between 
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the scar types. However, we have not quantified scar size and therefore cannot 

be certain of this.  

We expected discrete ischemic scar to anchor the re-entrant circuit thereby 

stabilising the path taken through the myocardium, resulting in less variation in 

the frequency. The bandwidth of the frequencies during VF has previously been 

shown to  significantly reduce in the presence of acute MI (Indik, Donnerstein 

et al. 2008). The bandwidth reflects the variance in frequencies from cycle to 

cycle. This results from changes in the route of the re-entrant circuit and/ or 

variation in the conduction velocity that the excitation travels around the 

circuit, as the arrhythmia progresses with time. If the re-entrant circuit was 

anchored around the discrete scar we would expect the bandwidth to reduce. 

The fraction of power at the DF is other way of measuring the variation in cycle 

to cycle frequency. It describes the proportion of total power within the power 

spectrum histogram which was present within the frequency bin within which 

the DF occurred. If the re-entrant circuit was stabilised by the scar we would 

expect the fraction of power at DF to increase. Jacobson has previously 

described no change to the spread of the bandwidth during an acute MI and at 

5 days and 8 weeks afterwards (Jacobson, Johnson et al. 2000). The high and 

low cut values of their measure were defined slightly differently to ours but 

both will reflect the spread of frequencies present in the signal and would be 

altered in a similar fashion if the waveform characteristics were to change.   
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We found no significant difference for either the bandwidth or fraction of 

power at DF between patients with either scar type. This suggests that when VF 

is induced electrically the presence of scar tissue did not change the frequency 

variation within the waveforms during the initial period of VF. The excitation 

wave front movement during the initial period of VF will be further 

investigated using three dimensional vector loops in Chapter 7.  

Anchoring of the re-entrant circuit around a discrete scar was also expected to 

reduce the complexity of the waveform appearance. The sample entropy 

describes the rate at which new information is incorporated into the signal 

reflecting changes in the shape of the waveform over time (Lake, Richman et al. 

2002).  A larger value corresponds to greater irregularity in the waveform 

appearance. If the circuit is stabilised, there would be a reduction in the 

generation of new information within the signal and sample entropy would 

decrease.  The autocorrelation peak is the first peak of the r-value when the 

signal is correlated with itself once it has been shifted with respect to time. If the 

re-entrant circuit was stabilised by the presence of scar we would expect the 

waveforms to look similar resulting in an increase in the signal correlation 

which would increase the autocorrelation peak.  Neither, the sample entropy or 

the autocorrelation peak was significantly different in patients with either type 

of scar when compared to those without scar.  
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Ischemia can result in a reduction in left ventricular function (reduced EF) and 

dilatation of the left ventricle (increased LVEDV).  Many of the patients in our 

ischemic scar group also had both reduced EF and an enlarged left ventricle 

(figure 4.3, 4 and 5). This may partially account for correlation found between 

DF and the measures of LV size and function. However, the observed 

relationship still exists when the data is separated into the type of scar. It is 

possible that these have an independent influence on the appearance of the VF 

waveforms. Unfortunately the sample size is too small to determine if this 

relationship is independent from the presence of scar but our subgroup analysis 

suggests that the presence of ischemic scar does not fully account for this 

correlation.  

Acute dilation of the LV appears to have the opposite effect to a chronic 

increase in size (Chorro, Canoves et al. 2000). The DF of induced VF in isolated 

rabbit hearts increased following the inflation of a balloon within the LV. 

Chorro has recently demonstrated that acutely stretching the LV causes an 

acceleration in the VF waveform propagation, causing an increase in DF and 

there was a return to baseline values when the stretch was removed (Chorro, 

Ibanez-Catala et al. 2013). The stretched tissue also showed a reduction in 

spectral concentration. This is a measure demonstrating the frequency 

regularity within the VF signal in a similar way to our measure of proportion of 

power at DF. Reduced spectral concentration suggests the signal is less 
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organised when acutely stretched (Chorro, Ibanez-Catala et al. 2013). We did 

not find a correlation between LV size and our measures of variance in the VF 

waveform frequencies (bandwidth or proportion of power at DF). It is possible 

that these alterations only occur with acute changes in volume and not with a 

chronic disease process.   

A reduction in DF has previously been demonstrated in a tachypacing-induced 

heart failure model in isolated sheep hearts (Moreno, Zaitsev et al. 2005). LV 

dysfunction has also been associated with a prolongation of the VF CL in 

patients undergoing ICD implant (Fenelon, Stambler et al. 2002). Both of these 

are consistent with our finding of a reduction in the DF of VF with poor LV 

function, due to the strong inverse correlation between DF and CL (Chapter 3; 

VF analysis methods).  
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Limitations:   

The small sample size of only 23 patients limits our ability to separate the data 

into subgroups. A much larger study would be required to fully characterise 

the relationship between the structural properties of the heart and VF 

waveform characteristics.  Given the interaction between scar, LVEF and LV 

dimensions, determining how these features independently influence the VF 

waveform frequency would require a very large study. The data presented in 

this chapter is the first study to investigate these relationships, and represent 

more than 6 months of patient recruitment. This is because an MRI is not 

always performed prior to ICD implantation and device testing is also not 

conducted in all patients. A subsequent multicentre study may be required to 

fully explore these relationships.  

 

Another limitation of this work is that we have not quantified the scar burden. 

Using a definition of scar as present or absent is clearly simplistic and therefore 

does not fully represent the extent to which the myocardial electrical properties 

have been altered due to the presence of scar tissue and the surrounding 

boarder zone.  Again much larger numbers would be required to stratify the 

data by the amount of scar present.  

 

 The VF waveforms analysed were induced within the electrophysiology 

laboratory during device testing. Previous work has suggested that induced VF 
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may have different waveform characteristics when compared to spontaneously 

occurring VF (Lever, Newall et al. 2007, Sánchez-Muñoz, Rojo-Álvarez et al. 

2009). This may be due to spontaneously occurring VF having a range of 

triggers including acute ischemia. It is possible that the relationships that we 

have described are altered with varying methods of induction.  
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Clinical Implications: 

In recent years there has been a focus on using VF waveforms in an out-of-

hospital cardiac arrest situation to determine the duration of VF (Brown and 

Dzwonczyk 1996, Eftestol, Sunde et al. 2000)  and influence the treatment 

strategy to either CPR–first or defibrillate-first(Cobb, Fahrenbruch et al. 1999, 

Berg, Hilwig et al. 2002). This approach relies on the re-entrant circuit evolving 

in a predictable manner over time (Weaver, Cobb et al. 1985, Lawrence D 2006).  

This has primarily been demonstrated in animal models that were free of 

previous cardiovascular disease (Brown, Dzwoncyzk et al. 1993, Indik, 

Donnerstein et al. 2004).  The data presented in this chapter demonstrates that 

the underlying state of the LV influences the frequency of the VF. It may 

therefore be appropriate for this type of model to incorporate baseline 

differences in waveform frequency, to allow the accurate interpretation of the 

changes that occur over time.   

Understanding the relationship between cardiac structure and DF may have 

implications for device programming. Current New Zealand guidelines 

(Webber and Stiles 2012) suggest programming the lower border of the VF zone 

to 250ms (4Hz). Our data suggests that VF in patients with ischemic scar, 

reduced LV function and/ or a dilated LV may experience VF slower than 4Hz. 

Ventricular arrhythmias that are slower than 250ms will fall within the VT 

zone, most commonly resulting in the delivery of anti-tachycardia pacing (ATP) 
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prior to the device changing. It is probable that the regularity of the VF 

waveforms (Sivagangabalan, Chik et al. 2013) appearance influences the success 

of ATP therapy. We have not found a relationship between the presence of scar 

or LV size and function and the signal regularity; however, a novel approach to 

measurement of VF signal regularity is investigated in chapter 7 over the initial 

period of VF (Chapter 7, Vector loops).  

Optimal ICD programming will allow the detection and treatment of VF while 

minimising inappropriate therapy.  Traditionally ATP is programmed to occur 

prior to the delivery of a shock for ventricular tachyarrhythmia between 120 

and 200bpm (500 to 300ms) and for shock only at rates faster than this (termed 

the VF zone). If ATP therapy is used within the traditional VF zone, it is only 

applied while the device is charging so as not to delay the shock delivery. 

Recent research has investigated the use of additional busts of ATP for 

ventricular arrhythmias with in a fast VT zone between 240bpm and 300bpm 

(250ms to 200ms) (Sivagangabalan, Chik et al. 2013).  ATP was successful within 

the fast VT zone in around a third of the cases and therefore prevented the 

delivery of a defibrillation shock to the patient – not only preventing the pain 

and psychological implications of a shock but also preventing drain on the 

battery of the device. It is possible that the underlying structure and function of 

the ventricle influences the success rate of ATP. This could be a focus of future 
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research, which may allow the identification of patients that would be most 

appropriate for this programming approach.  
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Chapter 5: Failed defibrillation shocks in ICD patients 

and VF waveform characteristics 

Introduction: 

The concept of a defibrillation threshold implies that shocks above a certain 

energy level would almost always succeed in terminating fibrillation, while 

shocks of a lower energy would almost always fail to defibrillate. Our current 

understanding is that such a defibrillation threshold does not exist, but rather 

there is a large range of energies over which shocks of increasing energy have a 

greater chance of success, and that these can be plotted to create a dose-

response curve for defibrillation (Davy, Fain et al. 1987, Swerdlow, Russo et al. 

2007). Thus, any given shock strength only has a certain probability of success.  

The mechanisms accounting for the probabilistic characteristics of defibrillation 

have not yet been determined (Ideker, Walcott et al. 2005). We have previously 

described a relationship between cardiac structure and VF waveform 

characteristics, both of which may influence defibrillation success (Chapter 4, 

Cardiac structure and VF waveform characteristics). Possible mechanisms 

include random variation in either the size of the myocardial critical mass, or 

the conductive properties of myocardial cells, or changes in the 

electrophysiological properties of the cells and the ventricles as a whole due to 

changing ventricular fibrillation (VF) (Davy, Fain et al. 1987, Singer and Lang 

1992). A number of animal studies have indicated that differences in the 



135 
 

properties of VF alter defibrillation energy requirements (Davy, Fain et al. 1987, 

Hayashi, Lin et al. 2007), and in out of hospital cardiac arrest VF characteristics 

have been linked to outcome (Stewart, Allen et al. 1992, Eftestol, Sunde et al. 

2000, Reed, Clegg et al. 2003). The energy requirements to terminate VT have 

also been shown to increase with increasing complexity of the arrhythmia 

(Kerber, Kienzle et al. 1992). If the underlying electrophysiological properties of 

VF are indeed linked to energy requirements for defibrillation, then one would 

expect that the VF preceding failed shocks from implantable cardioverter 

defibrillator (ICD) patients would be different in nature from the VF preceding 

successful shocks. This study tested this hypothesis by comparing the 

characteristics of VF episodes from EGM recordings preceding successful and 

failed shocks delivered in ICD patients.  
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Methods: 

We identified patients with either Medtronic or Guidant ICD models suitable 

for EGM extraction, who had received shocks within the VF zone that had 

failed to terminate the arrhythmia. Each episode was reviewed clinically as 

either VF or fast VT, with only VF episodes being included in this study. In each 

case we extracted the stored EGM data preceding the failed shock, and 

following the failed shock preceding the second shock. If the first shock fails to 

defibrillate, the characteristics of the ongoing VF episode (and the potential 

success of the second shock) may be altered.  To address the potential 

confounding effect of first shock on subsequent VF characteristics we looked for 

episodes of VF in these patients where the first shock was successful.  If more 

than one successful first shock had occurred then the episode closest to the 

failed shock was analysed. These characteristics of the VF prior to the successful 

defibrillation were then compared with those of the failed one.  Shock strength 

from first to second therapy (output and polarity) was unchanged. 

 

The VF EGM signal was recorded as a bipolar signal between the tip and the 

ring (12mm spacing) of the right ventricular lead. These signals were exported 

using software provided by the manufacturer for certain device models, and 

imported into custom written software for analysis in LabVIEW (National 
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Instruments). The study was approved by the regional ethics committee under 

the provisions for observational research.  
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Data Analysis 

The EGM data was analysed using a set of previously determined independent 

measures which describe the VF frequency, variation of the frequency and 

variation in the waveform shape or regularity (Chapter 3, Methods).  Spectral 

analysis was performed for each episode of VF. The first 3 seconds of the VF 

episode were passed through a Hanning window and fast Fourier Transform.  

The dominant frequency, bandwidth, (Indik, Donnerstein et al. 2006), fraction 

of power at the DF were calculated as been previously defined (Chapter 3, 

Methods). Spectral resolution was 0.33Hz and the sample bandwidth was 0.5 – 

20Hz. Sample entropy and Autocorrelation peak were also calculated for each 

VF episode as previously described (Chapter 3, Methods).  

 

Statistical analysis 

Data are given as median (range) unless stated otherwise. Paired data for each 

subject were analysed using the Wilcoxon-signed rank test. A P-value of less 

than 0.05 was viewed as statistically significant. Statistical tests were performed 

using SPSS 11.0. 
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Results: 

From a cohort of 611 ICD patients at Auckland City and Wellington hospitals, 

we identified 167 who had received shocks for VF. In 15 of these patients the 

first shock had failed to terminate VF on one occasion. Patient characteristics for 

this group are given in table 5.1.  

 

For 14 of the 15 patients the second shock successfully terminated VF. Examples 

of VF EGMs from one of these patients are shown in figure 5.1. Power spectra 

for the same 2 episodes are shown in figure 5.2. The DF in the event preceding 

the failed shock (A) was significantly higher than preceding the successful 

shock (B) for this individual, and this difference was observed for the group 

overall, with a significantly higher DF preceding failed shocks (Table 5.2). In the 

remaining patient the second shock (and all subsequent shocks) failed, and 

external rescue was required. In this patient the DF preceding the first shock 

was 4.33Hz and preceding the second shock was 5.67Hz. 

 

The frequency bandwidth was wider during the VF episodes preceding a failed 

shock when compared to the episodes preceding a successful shock (Table 5.2), 

suggesting the variation in the frequencies was greater when the initial shock 

failed. However, the fraction of power at the DF of both sets of signals was 

similar.  
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The VF episode preceding the failed shock was significantly less regular than 

preceding the successful shock, as measured both by sample entropy (Table 5.2) 

and by the autocorrelation peak (Table 5.2 and Figure 5.3). In the patient where 

the second shock failed, neither the sample entropy (2.45 and 2.46) nor the 

autocorrelation function (0.25 and 0.25) changed between the first and second 

VF episodes. 
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Table 5.1: Patient Demographics 

Age 62 years (35-73) 

Gender 12 Male, 3 Female 

ICD indication 

      Secondary Prevention 

      Primary Prevention 

 

10 (4IHD, 4DCM, 1 ARVC, 1 idiopathic) 

5 (LV dysfunction, IHD) 

LV Ejection Fraction 30% (20-55) 

Medications at the time of therapy 

     Beta blocker 

     Amiodarone 

     Sotalol 

 

11 

5 

2 
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Figure 5.1: Representative 3 second VF EGM episodes from a single patient. 

Episode A preceded a failed shock, while episode B preceded a successful 

shock. 

 

 

 

 

Figure 5.2: Power spectra for VF EGM signals shown in Figure 5.1. A is the 

power spectrum from the VF that preceded a failed shock, and had a DF = 

6.33Hz, while B is the power spectrum from the VF that preceded a successful 

shock and had a DF = 4.67Hz. 
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Figure 5.3: Autocorrelation functions for the VF EGM signals shown in Figure 5.1. The 

darker line is for the VF that preceded a failed shock, while the lighter grey line is the 

autocorrelation function for the VF that preceded a successful shock. Note that the first 

peak in the function from the VF preceding a successful shock is later (indicating a 

lower frequency of VF) and higher (indicating a greater degree of regularity) that the 

function from the VF preceding a failed shock. 

 

 

Table 5.2: Comparison of characteristics of VF preceding failed and 

successful shocks (consecutive episodes, n = 14) 

 VF preceding 

failed shock 

VF preceding 

successful shock 

P valve 

DF (Hz) 5.16 (4.33-7.00) 4.49 (3.33-5.30) 0.01 

Bandwidth (Hz) 4.6 (1.4-7.6) 2.04 (0.8-5.0) 0.003 

Fraction of power at DF 0.24 (0.06-0.46) 0.21 (0.07-0.41) 0.77 

Sample entropy 2.38 (2.24-2.83) 2.28 (2.11-2.69) 0.001 

Autocorrelation peak 0.62 (0.28-0.82) 0.69 (0.28-0.84) 0.03 
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Five of the 14 patients in this study had other episodes of VF in which the first 

shock successfully terminated the arrhythmia. In four of these cases the VF 

episode terminated by the first shock had a lower dominant frequency, and in 

all five was more regular, in terms of both sample entropy and autocorrelation 

function, than the VF episode where the first shock failed (Table 5.3). The 

bandwidth and fraction of power at DF were similar during the VF prior to 

both failed and successful within this small group of episodes.  

 

Table 5.3: Comparison of characteristics of VF preceding a failed first shock 

and a successful first shock shocks (non-consecutive episodes, n = 5) 

 VF preceding 

failed shock 

VF preceding 

successful shock 

P valve 

DF (Hz) 5.33 (4.33-6.67) 4.67 (4.33-5.00) 0.06 

Bandwidth (Hz) 4.6 (1.6-5.9) 4.2 (2.3-5.2) 0.21 

Fraction of power at DF 0.15 (0.06-0.29) 0.20 (0.07-0.25) 0.41 

Sample entropy 2.33 (2.44-2.63) 2.24 (2.11-2.45) 0.04 

Autocorrelation peak 0.70 (0.28-0.82) 0.75 (0.5-0.85) 0.04 
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Discussion 

This study has demonstrated that the characteristics of VF from EGM 

recordings that preceded failed shocks from an ICD were different from those 

that preceded successful shocks. One implication of this is that VF 

characteristics may reflect ease of defibrillation, and at least partially contribute 

to the apparent probabilistic nature of defibrillation. We have observed that 

even in the brief period during tachycardia diagnosis prior to treatment 

delivery, VF characteristics can be described and associations made with 

arrhythmia outcomes.  This affords further insight into VF behaviour and 

further highlights the utility of analyzing ICD EGMs. 

 

Spectral analysis has been widely used to characterise VF, and the most 

commonly used measure from spectral analysis is the DF (Clayton, Murray et 

al. 1995, Newton, Smith et al. 2004, Nash, Mourad et al. 2006, Panfilov, Lever et 

al. 2009, Sánchez-Muñoz, Rojo-Álvarez et al. 2009). DF is essentially a measure 

of VF cycle length which is determined by re-entrant circuit length and 

conduction velocity. It has been reported that DF increases over the first few 

seconds of VF (Nash, Mourad et al. 2006), then remains relatively stable for 1 to 

2 minutes, before it declines progressively (Clayton, Murray et al. 1995).  In the 

context of out-of-hospital cardiac arrest, there is substantial evidence that 

survival is greater in patients with higher DF (Stewart, Allen et al. 1992, 
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Eftestol, Sunde et al. 2000, Berg, Hilwig et al. 2002, Reed, Clegg et al. 2003). In 

contrast, we have found that higher DF of VF in the first few seconds of the 

event was associated with shock failure. Consistent with our observation is the 

report that longer cycle lengths in VT are associated with greater chance of 

shock success (Kerber, Kienzle et al. 1992). The spread of the frequencies within 

the signals was also greater preceding a failed shock compared to a successful 

one when described using the frequency bandwidth. This suggests that a higher 

level of organisation within the signal may increase the likelihood of VF 

termination.  

 

In addition to measuring the signal frequency, we have also used to measures 

of VF waveform regularity. One of these is derived from the autocorrelation 

function (Lever, Newall et al. 2007), and the other from sample entropy 

(Richman and Moorman 2000, Lake, Richman et al. 2002). The autocorrelation 

function is measuring the extent to which the pattern of activation of the region 

around the right ventricular lead is activated from cycle to cycle. Greater 

regularity will be associated with a higher match when the signal is advanced 

by one cycle length, and this is what we have chosen to measure. This value 

will be determined both by the extent to which the activating waveform is 

following the same trajectory from cycle to cycle and the regularity of cycle 

length. Sample entropy on the other hand is measuring the extent to which 

shorter segments of the data recur over the whole time series. This will be less 
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influenced by changes in cycle length, and more influenced by the stability of 

the activation rotors around the right ventricular lead from cycle to cycle. Both 

of these measures demonstrated that VF that was less regular prior to shocks 

that failed to terminate the arrhythmia. Previous modelling studies have 

suggested that greater degrees of irregularity in VF would require greater 

energy to defibrillate (Hillebrenner, Eason et al. 2004, Plank, Leon et al. 2005). It 

has also been suggested that greater regularity in the re-entrant arrhythmia is 

associated in some way with longer iso-electric periods following the 

defibrillatory shock, and this enhances the probability of shock success (Plank, 

Leon et al. 2005).  

 

We have characterised VF from episodes where the first shock failed, and 

compared these characteristics with the subsequent episode that in all but one 

case was followed by a successful shock. It is not yet clear what the effects of a 

failed shock are on subsequent VF characteristics. It is possible that the failure 

of the defibrillation shock to terminate VF may be due to either a failure to halt 

re-entrant activity or due to restarting fibrillation in the post-shock period 

(Efimov, Cheng et al. 1998, Efimov, Aguel et al. 2000, Wang, Lee et al. 2001). 

Therefore the VF present after a failed shock may be entirely different from the 

VF that preceded it.  To ensure that we were not purely measuring the effects of 

a failed shock on VF characteristics, we also examined distinct episodes of VF 

where the first shock was successful. In these cases there was also a trend 
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towards lower regularity and higher dominant frequency associated with failed 

shocks however this group had a small sample size.  We also noted that in the 

one case where the second shock also failed, the first shock did not lower the 

frequency of VF or alter the regularity of the signal. 

 

  



149 
 

Limitations 

There are several limitations associated with the current study. The first of these 

is the small sample size. Clinically the first shock efficacy of ICDs is very high 

(Swerdlow, Russo et al. 2007) which means that there are few occasions when 

the first shock fails.  We could only identify 15 cases of that in our patient 

population where this had occurred and the device was suitable for EGM 

extraction for this type of analysis.  

 

Secondly, regardless of the population size, this type of study is observational. 

Although we can state that there is a correlation between certain VF 

characteristics and failed shocks, we cannot establish a causative relationship 

with this type of approach. Further experimental work to test the relationship 

between VF complexity and defibrillation energy requirement is needed. 

 

Finally the fraction of power at DF is a measure similar to the bandwidth in that 

it describes the spread of frequencies within the VF signal. We observed that the 

bandwidth was wider preceding failed shocks when compared to successful 

ones. A larger bandwidth depicts greater variation in the frequencies present, 

therefore suggesting a less organized re-entrant circuit with either variation in 

the route or the conduction speed. We did not observe a difference in the 

fraction of power at DF between the failed and successful shocks. This may 

have occurred for several reasons. The first is that there is no difference despite 
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the differences in the other measures and the second is that the fraction of 

power at DF will be greatly influenced by the size of the frequency bins within 

the power spectrum. These need to be consistent in size in order to allow an 

accurate comparison between samples. We achieved this by analysing 3 

seconds of each episode, which resulted in a frequency resolution of 0.33Hz (the 

width of each histogram bin within the power spectrum). This however is 

relatively large resulting in around 20 percent of the power falling within the 

same bin as the DF. Had the signals been zero padded (Chapter 4 Cardiac 

structure and VF; Chapter 6, Outcomes) the power would have been spread 

across a greater number of frequency bins and may have allowed a difference to 

be observed.  

 

Clinical implications 

If slower and more regular VF is indeed easier to defibrillate than faster less 

regular VF, then interventions that alter the characteristics of VF may increase 

the probability of successful defibrillation with lower energies.  Overdrive 

pacing is one possible intervention. A recent study found that anti-tachycardiac 

pacing (ATP) was able to terminate a very fast ventricular tachycardia (cycle 

length 200 to 250ms) on the first attempt in 36% of cases, but 25% of the 

ventricular arrhythmias were accelerated by the initial ATP (Sivagangabalan, 

Chik et al. 2013), suggesting that overdrive pacing may not be able to entrain 
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the VF circuit under some circumstances. We suggest that further work 

investigating the effects of altering VF characteristics on defibrillation energy 

requirements and ATP success is warranted. 

 

Failure of defibrillation has attracted efforts to increase shock strength or 

somehow change energy delivery.  Whilst high output devices are routinely 

available, device longevity and other issues may make this feature less 

desirable.  It may be necessary to now concentrate on the other side of the 

equation.  By understanding the behaviour of VF events more fully, we may be 

able to design interventions that allow easier termination of VF.  If, for example 

a VF episode behaves in a more regular fashion, there may be the potential for 

the device to initially attempt a lower output defibrillation.  

 

Conclusion 

In conclusion, we have observed that higher dominant frequency and lower 

regularity in VF is associated with shock failure. This implies that the 

electrophysiological properties of VF are an important contributor to the energy 

requirements for defibrillation, and need to be considered when defibrillation 

fails. Moreover, the early behaviour of VF merits further study and may offer 

useful insights that have practical importance in terms of ICD function. 
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Chapter 6: VF waveform characteristics and long term 

patient outcomes 

Introduction: 

In previous work, we (Chapter 4, Cardiac structure) and others (Moreno, 

Zaitsev et al. 2005, Indik, Donnerstein et al. 2007) have demonstrated that VF 

waveform characteristics are linked to the structure and function of the 

ventricle. Our work showed that patients with scarred, dilated or poorly 

functioning left ventricles experienced VF at significantly lower frequencies 

than those with normal structure and function of the left ventricle (Chapter 4, 

Cardiac structure and VF characteristics).  

The structure  of the ventricle is important in determining prognosis. It is 

therefore possible that the VF waveforms contain prognostic information. The 

frequency of VF has previously been linked to survival rates at one year 

following an out of hospital cardiac arrest (Goto, Suzuki et al. 2003) and 

arrhythmia recurrence has been predicted by increased cycle length variation 

during VF induced at ICD testing (Yokoshiki, Kohya et al. 2003). The present 

study has investigated the potential relationship between the characteristics of 

the VF waveform during ICD implant testing and the subsequent occurrence of 

ventricular arrhythmia requiring shock therapy from the device. 
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Methods:  

Intracardiac electrograms (EGM) of VF induced during device testing at ICD 

implant were collected retrospectively from patient files at Wellington hospital. 

Testing was performed under general anaesthesia. VF was induced using a 

‘shock on T wave’ approach. The EGM was sampled at either 64 or 128Hz 

depending on the ICD model. The signals were exported using software 

provided by the device manufacturers, which were either Medtronic or Boston 

Scientific.  The study was approved by the regional ethics committee under the 

provisions for observational research. 

 

The VF recordings were analysed using custom written software in LabVIEW 

(National Instruments). The initial 1.5 to 2 seconds were excluded from analysis 

to remove Wiggers’ stage I VF from the analysis window (Yokoshiki, Kohya et 

al. 2003). The spectral measures were derived from a power spectrum which 

was created using a Hanning window and fast Fourier transform. All samples 

were zero padded prior to analysis to ensure a constant frequency resolution of 

0.0623Hz. This involves the addition of a variable length of zeros at each end of 

the signal to extend the total duration of the sample. A longer sample allows 

narrower sampling bins within the power histogram, resulting in a more 

detailed power spectrum.  
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Our previously defined ideal set of measures, were used to evaluate the VF 

waveform characteristics (Chapter 3, Analysis Methods). The dominant 

frequency (DF) (Stewart, Allen et al. 1992, Indik, Donnerstein et al. 2006, 

Muñoz, Álvarez et al. 2009, Olasveengen, Eftestøl et al. 2009, Panfilov, Lever et 

al. 2009), Bandwidth (Indik, Donnerstein et al. 2006), fraction of power at the 

DF, Hurst exponent (Bassingthwaighte and Raymond 1994); (Sherman, 

Callaway et al. 2000), Sample entropy (Alcaraz and Rieta 2010) and 

Autocorrelation peak were calculated for each EGM recording as described 

within Chapter 3. 

 

The patient notes were examined to obtain retrospective follow up information. 

Patient characteristics and medications at the time of implant were recorded. 

The VF characteristics of patients who received appropriate shock therapy for 

either VF or VT, from the device were compared to those who did not using 

unpaired t tests. Fisher’s exact tests were also used to compare the upper and 

lower third of each statistic to determine if the shock therapy rate differed. 

Survival curves were created comparing the appropriate shock free survival of 

the highest and lowest half of each waveform characteristic. Statistical tests 

were performed using Graph Pad Prism software.  
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Results  

Data was retrospectively collected from 54 patients. Patient demographics at 

the time of ICD implant are shown in table 6.1. Follow up was over a median 

period of 81 months with a range of 62 to 119 months. Twenty three of the 54 

patients (43%) received an appropriate shock from their ICD during the follow 

up period.  
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Table 6.1: Patient demographics at ICD implant 

 All patients 

(n=54) 

Shock (n=23) No shock 

(n=31) 

Age (average; range) 

 

57 years  

(16-77 years) 

57 years  

(20-77 years) 

57 years  

(16-77 years) 

Gender n (%) 41 males (76) 

 

18 males (78) 23 males (74) 

Cardiac disease n (%) 

    Coronary artery disease 

    Non-ischemic DCM 

    Idiopathic VT/ VF 

    Long QT syndrome 

    Sarcoid 

    ARVC 

    Secondary ICD indication 

    Ejection Fraction <35% 

 

25 (46) 

18 (33) 

4  (7) 

1 (2) 

1 (2) 

1 (2) 

38 (70) 

21 (39) 

 

 

12 (52) 

8 (35) 

0 (0) 

1 (4) 

1 (4) 

0 (0) 

14 (61) 

13 (57) 

 

13 (42) 

10 (32) 

4 (13) 

0 (0) 

0 (0) 

1 (3) 

24 (77) 

8 (26) 

ICD indication 

   Primary prevention 

   Secondary prevention 

      Previous VF 

      Previous VT 

 

16 (30) 

 

14 (26) 

24 (44) 

 

7 (30) 

 

5(22) 

11(47) 

 

9 (29) 

 

9 (29) 

13 (42) 

Medication at ICD implant  

n (%) 

    Beta blocker 

    Class III agents 

    Digoxin 

    ACE inhibitors 

    Diuretics  

 

 

37 (69) 

10 (19) 

5 (9) 

30 (56) 

34 (63) 

 

 

 

13 (57) 

3 (13) 

0 (0) 

11 (48) 

15 (65) 

 

 

24 (77) 

7 (23) 

5 (16) 

19 (61) 

19 (61) 
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Table 6.2: ICD settings at the time of implant 

 All patients 

(n=54) 

Shock 

(n=23) 

No shock 

(n=31) 

VF zone 

 

 Number with zone programmed 

      n(%) 

 

Lower zone boundary (bpm) 

     Mean ± SD 

 

 

 

 

54 (100) 

 

213±26 

 

 

 

23 (100) 

 

208±25 

 

 

 

31(100) 

 

217±28 

VT1 zone 

 

Number with zone programmed 

      n(%) 

 

Lower zone boundary (bpm) 

     Mean ± SD 

 

 

 

 

45 (83) 

 

 

159±12 

 

 

 

21(91) 

 

 

1160±14 

 

 

 

24 (77) 

 

 

158±10 

VT2 zone 

 

Number with zone programmed 

      n(%) 

 

Lower zone boundary (bpm) 

     Mean ± SD 

 

 

 

 

 15 (28) 

 

 

187±10 

 

 

 

6(26) 

 

 

188±8 

 

 

 

 9(29) 

 

 

192±6 

ATP  

Number with ATP enabled 

      n(%) 

 

 

36 (67) 

 

19 (82) 

 

 

17 (55) 
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The statistical characteristics of VF at the time of ICD implant in those 

experiencing ventricular arrhythmias requiring shock treatment were not 

significantly different from those that did not. The mean dominant frequency in 

patients that required shock therapy, 4.82Hz, was not significantly different 

from that of those that did not require a shock, 4.78Hz. The bandwidth was also 

not significantly different with the shock group mean at 3.67Hz, while the no 

shock group was 4.06Hz.  These are displayed in figure 6.1 and table 6.2. 
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Figure 6.1: The mean dominant frequency (DF) and bandwidth (BW) for both 

the shock (blue) and no shock groups (green). The standard deviation is shown 

as an error bar.  
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The mean fraction of power at DF in patients that received shock treatment was 

0.1233Hz, which was similar to those that did not, 0.1155Hz. The mean rescaled 

range of VF in the no shock group was 0.1661, while the shock group was 

0.1716. The mean sample entropy in the no shock group was 0.3871 and the 

shock group had a mean of 0.4875. The autocorrelation peak in those that 

received a shock was 0.6530 and 0.6306 in those that did not require shock 

treatment. The mean values with standard deviations are shown in table 6.2.  

 

Table 6.3: The VF waveform characteristics for the shock and no shock 

groups, shown as mean± standard deviation.  

 Shock  No shock P value 

DF (Hz) 4.822 ± 0.1938 4.778 ± 0.1257 0.8426 

Bandwidth (Hz) 3.670 ± 0.5892 4.061 ± 0.4486 0.5934 

Fraction of power at DF 0.1233 ± 0.01995 0.1155 ± 0.02741 0.8311 

Rescaled range 0.1716 ± 0.01617 0.1661 ± 0.008507 0.7495 

Sample entropy 0.4875 ± 0.09973 0.3871 ± 0.07139 0.4036 

Autocorrelation peak 0.6306 ± 0.04833 0.6530 ± 0.03113 0.6868 
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The data was ranked for each characteristic measure from lowest to highest. 

The cohort was then divided into thirds, resulting in groups of 18 patients.  No 

significant differences were found when the frequency of appropriate shock 

therapy was compared between the top and bottom third of each waveform 

measure (table 6.3). 

 

Table 6.4: Contingency tables for the extreme thirds of each of the VF 

characteristics showing the number of patients that required shock therapy. 

The P value was obtained by comparison of the two using Fisher’s exact test. 

 Shock No shock P value 

High DF 
9 9 

1.00 

Low DF 
9 9 

High bandwidth 
9 9 

1.00 

Low bandwidth 
8 10 

High fraction of power at DF 
6 12 

0.4998 

 

Low fraction of power at DF 
9 9 

High RS range 
8 10 

1.000 

Low RS range 
7 11 

High Sample entropy 
7 11 

1.000 

Low sample entropy 
8 10 

High autocorrelation peak 
8 10 

1.000 

Low autocorrelation peak 
7 11 
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Survival curves showing appropriate shock free survival of the higher half and 

lower half of each waveform characteristic are shown in figures 2 to 7. There 

were 27 patients in each group. No divergence in survival was found for DF 

(fig2), bandwidth (figure 6.3), fraction of power at DF (figure 6.4), Hurst 

exponent (figure 6.5), sample entropy (fig 6.6) or autocorrelation peak (figure 

6.7) suggesting these are not predictive of the need for shock therapy. 
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Figure 6.2: The shock free survival of the patients with high DF (higher half) compared to those with low DF (lower half).  
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Figure 6.3: Shock free survival of patients that had VF with a wide bandwidth (top half) compared to those with a narrow bandwidth 

(bottom half) at the time of ICD implant. 
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Figure 6.4: Shock free survival of patients that had VF with a high fraction of power at DF (top half) compared to those with a low 

fraction of power at DF (bottom half) at the time of ICD implant.
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Figure 6.5: Shock free survival of patients that had VF with a high Hurst exponent (top half) compared to those with a low Hurst 

exponent (bottom half) at the time of ICD implant.  
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Fig 6.6: Shock free survival of patients that had VF with a high sample entropy (top half) compared to those with a low sample entropy 

(bottom half) at the time of ICD implant. 



167 
 

T im e   (d a y s )

S
h

o
c

k
 f

r
e

e
 s

u
r
v

iv
a

l 
 (

%
)

0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0

0

5 0

1 0 0 lo w  a u to c o rre la tio n  p e a k

h ig h  a u to c o rre la tio n  p e a k

 

Figure 6.7: Shock free survival of patients that had VF with a high autocorrelation peak (top half) compared to those with a low 

autocorrelation peak (bottom half) at the time of ICD implant.  
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Discussion  

The organisation of the VF waveforms may be influenced by the underlying 

properties of the ventricles. In Chapter 4, Cardiac structure and VF, we 

demonstrated that the presence of scar, reduced ejection fraction and increased 

LV dimensions are all associated with a reduction in the DF of induced VF. We 

expected that the ventricular properties would influence the occurrence of 

ventricular arrhythmias and therefore thought it was possible that the VF 

waveform characteristics could be related to arrhythmia occurrence. However 

we have not found an association between the VF waveform characteristics at 

ICD implant and the occurrence of subsequent arrhythmic events which require 

shock therapy from the device.  

 

A higher DF of VF was found in patients that survived a year following an out 

of hospital cardiac arrest  (Goto, Suzuki et al. 2003). This was found to be true 

when the characteristics of those surviving to a year was compared with either 

those that failed to have a return of spontaneous circulation or those that were 

resuscitated from the initial arrest but did not survive for a year afterwards. 

This study analysed VF occurring spontaneously. Our investigation analysed 

VF induced during ICD testing. Differences in the waveform characteristics of 

induced and spontaneously occurring VF have been documented (Lever, 

Newall et al. 2007, Sánchez-Muñoz, Rojo-Álvarez et al. 2009). It is possible that 

induced VF may have less of a relationship to underlying properties of the 
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ventricles than spontaneous VF and may explain why we have not found a 

relationship between the VF waveform characteristics and the need for 

appropriate shock therapy from the patient’s ICD.  

 

Goto et al analysed the electrical characteristics from surface ECGs (Goto, 

Suzuki et al. 2003).  In the present study we have used intracardiac electrograms 

(EGMs). These are recordings of localised electrical activity occurring within the 

area surrounding the ICD lead tip within the right ventricle. The key advantage 

of using EGM recordings is that they allow the initial phase of VF to be 

recorded prior to the arrival of medical staff that can record a surface ECG. The 

DF of VF calculated using EGM recordings is reproducible (Panfilov, Lever et 

al. 2009) but given that only a small area of the ventricle is represented it is 

probable that EGM recordings contain less information content than surface 

lead recordings. In Chapter 5 we demonstrated EGM recordings contained 

enough information to result in a difference in VF waveform characteristics 

prior to defibrillation shocks that terminated the arrhythmia and those that 

failed to do so (Chapter 5, Failed Shocks).  

 

Our finding of no relationship is also in contrast with a study which 

demonstrated that an increase in cycle length variation during induced VF at 

ICD implant was predictive of subsequent arrhythmia occurrence (Yokoshiki, 

Kohya et al. 2003). We have not specifically measured cycle length or its 
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variation. However during previous work we have demonstrated that there is a 

strong inverse correlation between these measures (Chapter 3, methods) and 

those derived from the power spectrum after fast Fourier transform analysis. 

The standard deviation of CL describes the change in rate or frequency within 

the VF signal which we have also measured using the bandwidth and the 

fraction of power at DF. We found no relationship between any of the 

waveform characteristics that we examined and the need for subsequent 

appropriate shock therapy.  

 

There has been a significant shift in the patient population receiving ICDs since 

Yokoshiki published his research in 2003. All patients within his study had 

secondary ICD indications given they survived a cardiac arrest due to either VT 

or VF (Yokoshiki, Kohya et al. 2003). In our cohort of patients 33 of the 54 

patients (61%) has a primary ICD indication and had therefore not had a 

previous cardiac arrest. The follow up period of our patients was significantly 

longer with a median period of 81 months compared to 20 months. It is possible 

that the waveform characteristics are only predictive of ventricular arrhythmia 

occurrence in the short term. Over time the structure and function of the 

ventricle may have deteriorated which could result in altered VF waveforms if 

the arrhythmia was subsequently induced. This would explain the difference 

between Yokoshiki’s results and ours given the longer follow up within our 

study. However, there was no significant divergence the in survival curves 
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when comparing the highest and lowest half of each waveform characteristic 

using appropriate shock as an end point, suggesting that there was not a 

divergence in our population at an earlier point in time.  
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Limitations  

We have used appropriate shock therapy as a way of measuring ventricular 

arrhythmia occurrence. Anti-tachycardia pacing (ATP) is another type of 

therapy that can be delivered by an ICD. It can be used as an independent 

therapy usually from slower ventricular arrhythmias, or while the ICD is 

charging to deliver shock therapy. The occurrence of ATP was not always 

documented within the patient records and therefore we were not able to 

acquire this data accurately. The collection of data using a retrospective review 

of the patient notes has contributed to this occurring. It is possible that 

ventricular arrhythmias were terminated by ATP therapy within our cohort and 

we have not accounted for their occurrence. This has probably led to 

underrepresentation of arrhythmia burden within the study follow up period 

and resulted in some of the patients classified as ‘no shock’ when in fact they 

experienced a significant ventricular arrhythmia. The waveform characteristics 

of these patients may have caused the ‘no shock group’ to appear more similar 

to the shock group than they actually are.  

 

Conclusion 

We have been unable to demonstrate an association between the VF waveform 

characteristics at the time of ICD implant and the occurrence of subsequent 

arrhythmic events which require shock therapy from the device.  
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Chapter 7: 3D vector loops 

Introduction:  

VF waveform characteristics have commonly been described within a single 

ECG lead. Information regarding the mean electrical axis and its alteration 

during each cardiac cycle can be derived from the 12 lead ECG.  It is therefore 

likely that additional information may be obtained through the analysis of 

multiple leads, however this can create a vast amount of data, the interpretation 

of which can be complicated. We demonstrated in Chapter 2 that additional 

information is obtained when multiple leads are analysed, however we could 

not find a reduced lead set that incorporated the greatest variation.  

Vectorcardiography can be used to describe the movement of the electrical 

excitation through the myocardium in three dimensions during each cardiac 

cycle (Frank 1956 , Rubulis, Jensen et al. 2004). Selected information from the 

standard 12 lead ECG can be used to approximate these three dimensional 

vector loop (Kors, Talmon et al. 1986) thereby describing the progression of the 

electrical excitation during each VF cycle and how these alter over time. This 

has the potential to incorporate information from the 12 lead ECG but in a more 

succinct manner.  

Three dimensional vector loops are a potentially new method to describe the 

signal regularity during VF by incorporating information from a standard 12 
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lead surface ECG. These have previously been used to describe the activation 

patterns during sinus rhythm (Zabel, Acar et al. 2000, Hanatkova, Ryan et al. 

2001, Rubulis, Bergfeldt et al. 2010) and atrial fibrillation (Ng, Sahakian et al. 

2004, Richter, Stridh et al. 2008) but to our knowledge have not previously been 

applied to VF. We have therefore investigated vectorcardiography as a method 

of analysis which describes the change in the electrical propagation of the signal 

in three dimensions and the variation in this over time during the initial stages 

of VF.   
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Methods: 

Standard 12 lead surface ECGs were collected during the ICD implant 

procedure. Device testing was conducted under general anaesthesia and VF 

was induced using a shock on T wave approach. All recordings were conducted 

using a Philips Xper Information Management Physiomonitoring 5 (Eindhoven, 

Netherlands) at sampling frequency of 125 Hz. The surface ECG leads were 

used to construct the three dimensional path with which the mean electrical 

excitation travelled during each VF cycle using a custom written VI in 

LabVIEW (National Instruments, 2009). The movement in each of the three 

planes (x, y and z) were compared over 10 cycles of VF immediately prior to the 

defibrillation shock. Shannon entropy was used to measure of waveform 

similarity and correlation analysis was used to determine the regularity of the 

signal between cycles over time. The study was approved by the regional ethics 

committee under the provisions for observational research. 

 

A three dimensional projection describes movement within the width, height 

and depth. Changes in position can be recording with respect to all of these 

planes and are generally termed x, y and z respectively.  Frank originally 

described spatial vectorcardiography using a specified lead system to measure 

the movement of the electrical wave front within three dimensions (Frank 1956 

). Various methods of approximating these projections using the standard 



176 
 

surface lead placements have been investigated however, the method described 

by Kors has been shown to resemble the Frank vector projections most 

accurately (Kors, van Herpen et al. 1990) therefore we use this to estimate each 

of the planes. Three dimensional projections of the electrical excitation were 

estimated in each of the x, y and z planes using the standard 12 lead recording.  

A proportion of the voltage from each of the 12 leads was combined at each 

point in time to create the three projections. The weighting applied to each of 

the surface leads during the reconstruction of each of the planes is listed in table 

7.1. 

 

 

Table 7.1: The reconstruction matrix for the X, Y and Z planes using leads I, II 

and V1-6 of a standard 12 lead ECG. 

 I II V1 V2 V3 V4 V5 V6 

X 0.38 -0.07 -0.13 0.05 -0.01 0.14 0.06 0.54 

Y -0.07 0.93 0.06 -0.02 -0.05 0.06 -0.17 0.13 

Z 0.11 -0.23 -0.43 -0.06 -0.14 -0.20 -0.11 0.31 
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Shannon Entropy analysis: 

Shannon entropy measures the predictability of the signal to describe the 

degree of self similarity. The peak of each VF cycle was identified. The change 

in movement within in each of the planes was converted from time to phase, to 

allow the measurement of the activation pattern regularity rather than the cycle 

duration (Lever, Newall et al. 2007). Each individual cycle was then re-sampled 

at 20 evenly distributed points. The voltage, at each of these 20 points, was 

plotted within a 10 bin histogram. The scale of the histogram was determined 

by the maximum and minimum voltage across the 10 cycles for a given vector 

projection. From the histogram bin occupancy we calculated Shannon Entropy 

(SH) as 



SH  Pbx log(Pb)
b1

N

  

where P is the actual histogram bin probability, b the bin number and N the 

number of histogram bins. The mean value across the 20 points was calculated 

for each vector as a measure of regularity. Values are given to 4 significant 

figures.    

If each cycle within a recording was identical, then each of the 20 points within 

a cycle would subsequently fall into the same histogram bin, giving a Shannon 

entropy of 0. If all of the cycles were completely different, then each of the 20 

points would tend to fall into different histogram bins, and the Shannon 
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entropy would be greater than 0.  Therefore lower Shannon entropy suggests 

higher levels of regularity within the signal.  

 

To give context to the sample entropy values a simulation was conducted. This 

investigated how addition of varying levels of Gaussian white noise affects the 

mean Shannon entropy. Low levels of noise, resulting in a relatively regular 

waveform, had low Shannon entropy. The Shannon entropy increased as the 

amplitude of the white noise increased. This data is presented in figure 7.1. 

 

 

Figure 7.1: The relationship between mean Shannon entropy and various 

amplitudes of Gaussian white noise combined with a sine wave.  
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Cycle-to-cycle correlation analysis: 

As an alternative approach to measure the regularity of the signals over time, 

cycle to cycle signal correlation determined for each episode of VF. For each 

cycle (n) we determined the point-by-point correlation with cycle (n+1) using 

Pearson’s correlation. This calculation was then repeated for n+2 to n+10. We 

expected those with low Shannon entropy values to have high levels of cycle to 

cycle correlation while those with high Shannon entropy and therefore less 

underlying organisation were expected to have lower cycle to cycle correlation.  
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Results: 

12 lead ECG recordings during VF were recorded in 38 patients undergoing 

ICD implant testing at Wellington Hospital. The average age of these patients 

was 60 years (range 16 - 82 years) (table 7.2). A prior VF or VT arrest had 

occurred in 23 of this group resulting in a secondary ICD indication. The 

remaining 15 patients had a primary indication for the implantation of an ICD.  

An impaired left ventricular ejection fraction (LV EF <35%) was documented in 

18 patients. At the time of implant testing 35 patients were prescribed a beta 

blockers, 3 a Class III antiarrhythmic (all amiodarone), and 4 patients were 

prescribed digoxin.  
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Table 7.2: Patient demographics 

Age mean (range) years 

 

60 (16 – 82) 

Gender 

 

30 (79%) Male 

ICD indication 

 

15(39%) Primary  

14 (37%) Previous VF arrest 

9 (24%) Previous VT arrest 

Medication at the time of ICD testing 

               Beta blocker 

               Class III agent 

               Digoxin 

 

 

35 (92%) 

3 (8%) 

4 (11%) 

Median LVEF (Inter-quartile range) 

 

LV Ejection Fraction <35%  

 

34% (27%-57%) 

 

18 (47%) 

Cardiac disease 

   IHD  

   ICM 

   HCM 

   Non-ischemic DCM 

   Long QT syndrome 

   Sarcoid 

   ARVC 

   Myocarditis 

   Idiopathic VF/ VT 

 

 

15 (39%) 

13 (34%) 

1 (3%) 

8 (21%) 

2 (5%) 

2 (5%) 

1 (3%) 

2 (5%) 

4 (11%) 
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Shannon entropy 

There was a considerable variation in the Shannon entropy both between 

patients and between the x, y and z axis within a patient. The Shannon entropy 

for each the x, y and z axis are shown in figure 7.2.  Some patients had 

consistently low Shannon entropy for each of the three planes, 5 patients has a 

Shannon entropy less than 0.5 in all three planes, while in an additional 7 

patients it was less than 0.6 in all three (figure 7.2). Low Shannon entropy 

values suggest a high level of regularity in the re-entrant circuit during the 

initial section of VF that was analysed. There were 3 patients who had Shannon 

entropy above 0.6 in all three planes suggestive of a less organised rhythm. 

These values fit with the simulation that was conducted (figure 7.1). When a 

sine wave was combined with low amplitudes of Gaussian white noise low (0.1 

and 0.2) Shannon entropy remained below 0.5. When higher levels of white 

noise were added the Shannon entropy increased, with those greater than 0.7 

resulting in Shannon entropy above 0.6. 
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Figure 7.2: The mean Shannon entropy over 10 cycles for each the x, y and z axis. Each dot represents an individual patient.  
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Figure 7.3: Mean Shannon entropy over 10 VF cycles in each of the x, y and z axis for the 38 individual patients.
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Cycle-to-cycle correlation analysis 

 

Recordings with lower Shannon entropy were noted to have higher cycle-to-

cycle correlations than those with high Shannon entropy. Three examples of 

each extreme shall be presented to demonstrate this. The three recordings with 

low mean Shannon entropy demonstrated a high level of correlation across the 

10 or more cycles that were compared. The correlation was higher in two of the 

three planes for all 3 of the presented recordings. Patient 28 and patient 33 both 

have 2 planes that have all correlation values above 0.8 suggesting a high level 

of correlation, the third plane had cycle to cycle correlations all higher than 0.6 

(figure 7.4 and 7.5). Patient 12 has more variation in the correlation, however 

there is a similar pattern of organisation with the x and z planes both showing 

high levels of correlation, mostly above 0.8 but the y plane was less organised 

with correlations as low as 0.2 (figure 7.6).  

 

Correlations within the recordings that had high mean Shannon entropy were 

far more variable. Patient 13 had large changes in the cycle to cycle correlation 

with both the y and z planes getting close to zero for several cycles (figure 7.6). 

There was a higher level of correlation in the x plane with all values greater 

than 0.7. Patient 17 had low correlations in all plane, x had a lowest inverse 

correlation of 0.2, the y plane had a lowest inverse correlation of 0.4 and the z 

plane correlation almost reached zero (fig 7.7). Patient 37 has a lowest 
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correlation of 0.4 for the x plane, while the y and z planes almost reach zero 

(figure 7.9).    
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Figure 7.4: Top row: Phase overlays of each of the 11 cycles that were analysed in the x, y and z planes for Patient 28. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Figure 7.5: Top row: Phase overlays of each of the 10 cycles that were analysed in the x, y and z planes for Patient 33. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Figure 7.6: Top row: Phase overlays of each of the 10 cycles that were analysed in the x, y and z planes for Patient 12. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Figure 7.7: Top row: Phase overlays of each of the 10 cycles that were analysed in the x, y and z planes for Patient 13. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Fig 7.8: Top row: Phase overlays of each of the 11 cycles that were analysed in the x, y and z planes for Patient 17. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Figure 7.9: Top row: Phase overlays of each of the 12 cycles that were analysed in the x, y and z planes for Patient 37. Bottom row: The 

corresponding cycle to cycle correlations in each the x, y and z planes.  
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Figure 7.10: 3D projection of patient an example of a highly organised VF signal, data for the 

same patient as shown in Figure 7.5. 
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Figure 7.11: 3D projection of patient an example of less organised VF signal, data from the 

same patient as shown in Fig 7.7.   
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Discussion 

12 lead ECG represents the average movement of electrical excitation during each 

cycle. During Chapter 2 we demonstrated that one lead cannot fully represent the 

information present in multiple leads. This study has investigated the use of 

approximating three dimensional projections in the x, y and z axis using Kors 

methods. Three of the standard 12 ECG leads were used to create 3D projections of 

the excitation wave front through the myocardium during each VF cycle. This 

method of three dimensional projections has been used to assess sinus rhythm (Shi, 

Ferrier et al. 2014) and has been shown to more accurately represent the Frank 

vectorcardiogram than the Dower transformation (Kors, van Herpen et al. 1990). 

Both atrial fibrillation (Ng, Sahakian et al. 2004, Richter, Stridh et al. 2008) and atrial 

flutter (Ng, Sahakian et al. 2003) waveforms have been characterised using the 

Dower transformation but neither of these methods have previously been applied to 

VF waveforms.  

 

We have used Shannon entropy to measure the regularity of the waveform shape 

within each of the three planes. We found a large variation in the regularity Shannon 

entropy some signals had consistently high or low values, while others varied. Five 

recordings had Shannon entropy less than 0.5 in all three planes, suggesting a high 

level of regularity in these signals. Three recordings had a Shannon entropy greater 

than 0.6 in all three planes, indicating these are less organised waveforms than those 



196 
 

with lower values. In a selection of patients with consistently high or low Sample 

entropy we measured the cycle to cycle correlation to determine if there was much 

change in the movement within each plane with time. In general those that had low 

Shannon entropy also had a high cycle to cycle correlation for at least 10 cycles. 

Those that had high Shannon entropy also had large variation in the correlation of 

the cycle appearances suggesting these waveforms were produced from a less 

consistent route of the re-entrant circuit. 

 

Coherent activation during early VF has previously been demonstrated using 

spectral analysis (Clayton, Murray et al. 1994). There was a reduction in the width of 

the spectral peak, which describes the frequency regularity within the signal in a 

manner similar to the bandwidth, during the first 30 seconds of the arrhythmia. We 

have found some VF waveforms have a highly regular pattern during the initial 

phase of VF, while others have far less underlying organisation. It is possible that the 

regularity of the VF waveform influences the success of treatment with anti-

tachycardia pacing (ATP). 

 

 ICDs are implanted in patients at high risk of experiencing ventricular arrhythmias. 

A defibrillation shock is most commonly used to terminate VF however ATP is an 

emerging therapy that may offer an alternative termination method. ICD 
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programming is based upon the ventricular rate, with faster rates being treated more 

aggressively with shocks and slower rates (usually ventricular tachycardia) initially 

being targeting with ATP. Programming guidelines have recently incorporated the 

use of ATP while the device is charging to treat higher rate arrhythmias (Webber 

and Stiles 2012). The major risk with programming multiple attempts at ATP for fast 

ventricular arrhythmias is that it if it is unsuccessful the arrhythmia duration will 

prolong and is likely to result in syncope. However, defibrillation shocks are not 

only painful but are thought to cause considerable damage to the myocardium (Xie, 

Weil et al. 1997, Epstein, Kay et al. 1998), therefore reducing the number of shocks 

(both appropriate and inappropriate) that a patient is exposed to will not only 

prolong the battery life of the device but may reduce the incidence of associated 

problems such as the progression of heart failure (Poole, Johnson et al. 2008).  

Current recommendations suggest programming two or three treatment zones. 

Between 180bpm and 250bpm is considered the VT zone (Webber and Stiles 2012). 

The faster half of this zone may be called the fast VT zone.  Multiple busts of ATP 

can be attempted within this zone prior to the device charging to deliver a shock. A 

ventricular rate above 250bpm falls within the traditional VF zone, where ATP will 

only be used while the device is charging so as not to delay shock delivery. The 

introduction of a very fast VT zone (240bpm to 300bpm) has recent been evaluated 

(Sivagangabalan, Chik et al. 2013). Two burst of ATP were programmed within this 

zone prior to a low energy shock followed by a high energy shock. Approximately a 
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third of all episodes of very fast VT were terminated by the first attempt of ATP, 

demonstrating that ATP is a possible treatment strategy for ventricular arrhythmias 

at this rate. The 2nd burst of ATP only terminated 4% of the fast VT suggesting that 

there is no advantage to programming two bursts. Syncope rates were not increased 

by this approach to ICD programming.  

 

It appears that an episode of fast VT (or VF within the defined rates) is either able to 

be entrained by pacing or it is not. We propose that the organisation of the VF 

waveforms may influence the ability of the re-entrant circuit to be entrained by the 

pacing stimulus. We propose that VF that is more regular with regards to the route 

of the re-entrant circuit is more likely to be entrained than those that are more 

irregular. In the current study we have demonstrated a large variation in the level of 

organisation underlying the excitation of the ventricle during VF.  Some rhythms 

were shown to have highly regular movement within three dimensions with high 

correlations between cycles up to 9 beats apart, which others had much more 

variance in their three dimensional movement and low levels of correlation.  

 

If there is a relationship between signal regularity and ATP success it may be 

possible to customise programming parameters to an individual patient. 

Programming ATP within a very fast VT zone for patients that have more regular VF 
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and using more traditional programming approaches (such as ATP while charging 

for all rates above 250bpm) for those with VF that displays less regularity. This 

would be expected to further reduce the risk of syncope as a result of arrhythmia 

prolongation. Obviously further research would be required to investigate the 

potential relationship between VF waveform regularity and ATP success.  
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Limitations 

The Frank vectorcardiogram is only estimated using the 12 lead ECG. The original 

recordings by Frank (Frank 1956 ) used specifically located electrodes to gain the x, y 

and z leads. We had used the Kors method to approximate the three dimensional 

projection of electrical excitation as this has been shown to most accurately depict 

the Frank vectorcardiogram (Kors, van Herpen et al. 1990). It is likely that there are 

slight discrepancies between our estimation and the actual waveform movement in 

three dimensions.  

 

Mean Shannon entropy valves are dependent on the number of cycles analysed. To 

limit the effect on the results we choose to analyse 10 cycles for each patient, 

however the particular cycles chosen will have some influence on the values 

obtained. Baseline wander was present within all recordings following the induction 

shock, to minimise the influence of this the 10 cycles prior to the termination shock 

were selected. Some samples still contained a small amount of baseline wander 

which will have artificially reduced the Shannon entropy for that particular signal. 

This will most commonly have influenced one or two of the three planes that were 

analysed increasing the Shannon entropy, resulting in the appearance of a less 

organised signal than was actually present.  
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Cycle to cycle correlation calculations may have also been influenced by the presence 

of baseline wander within the signal recording. This would artificially reduce the 

values obtained. 

 

Signal correlations are only presented for three low Shannon entropy recordings and 

three high Shannon entropy recordings. It would have been ideal to present this data 

for all 38 patients however this was not logistically possible because it is the 

individual cycle to cycle correlations that we are most interested in. If average values 

had been presented for example over the 10 or more cycles that were analysed 

valuable insight into the consistency of the cycle to cycle correlation may have been 

lost. The limited data presented suggests that there is a high level of correlation that 

remains over the initial period of VF in at least two of the three planes for samples 

with low Shannon entropy and which is not present in those with high Shannon 

entropy values. This supports that idea that low Shannon entropy indicates a high 

level of organisation within the VF recording.  

 

Conclusion 

The regularity of VF waveforms measured in three dimensions using an 

approximated vectorcardiogram is variable. Some recordings exhibit a high level of 

regularity (low Shannon entropy and high cycle to cycle correlations) while others 

were far less organised (high Shannon entropy and low or inconsistent cycle to cycle 
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correlations). Whether highly regular VF is more amendable to pace entrainment, 

and could be used as a guide to therapy warrants further investigation. 

 

  



203 
 

Chapter 8: Discussion 

This thesis has explored methods for the analysis of VF waveforms by comparing the 

information content within each of a standard 12 lead ECG (Chapter 2: 12 lead ECG) 

and describing the correlation of information obtained from some of the more 

commonly used measures to analyse the waveforms (Chapter 3:Methods). We then 

used the set of independent measures described in Chapter 3 and related VF 

waveform properties to the structure and function of the LV (Chapter 4: Cardiac 

structure). The same measures were used to describe the waveform characteristics 

that are associated with ICD shock success (Chapter 5: Failed shocks). We were 

unable to find a relationship between VF waveform characteristics at ICD implant 

and future ventricular arrhythmic events (Chapter 6; Outcomes). We then described 

a novel method for describing the VF waveform regularity over time using three 

dimensional vector loops (Chapter 7: 3D vector loops).  
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The most effective way to analyse the VF waveform recordings 

In Chapter 2 we demonstrated that the VF waveform characteristics within a 

standard 12 lead ECG are not uniform. This suggests that the analysis of multiple 

leads will result in the collection of additional information allowing the VF 

waveforms to be described in additional detail. We were unable to identify a limited 

set of ‘representative’ leads suggesting that the best option may be to include a full 

12 lead set for analysis.  

 

Using partial spectral analysis we found that lead II contained the majority of the 

information that could be gained from analysis of additional leads. However there 

was slight variation in the absolute values for each lead. For example, DF is 

commonly used to describe the frequency of the VF waveforms. It is determined by 

both the conduction velocity and the length of the VF circuit. The lead containing the 

highest DF varied between the 20 patients it this study. On average the difference 

between the highest and lowest DF for each patient was 0.3359Hz, demonstrating 

some variation between the absolute values in each lead. A limited lead set may not 

describe this variation fully. The DF has previously been compared between lead I, 

aVF and V2 of a standard ECG (Clayton, Murray et al. 1995). A similar DF was 

found in all three leads in 58% of cases, an additional 37% had similar DF in 2 of the 

three leads suggesting at lead some consistency between these leads. Spectral 

measures have previously been noted to be similar in all 12 surface leads, however 

data from individual leads was not published  (Latcu, Meste et al. 2011). Frequency 
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measures have been shown to be similar across the six limb leads  (Indik, Peters et al. 

2008). 

 

Frequency regularity describes the change in signal frequency with respect to time 

due to the evolution of either the conduction velocity or the route of the re-entrant 

cycle and has not previously been compared between leads. We found the variation 

in the proportion of power at DF was considerably less than that of the bandwidth 

suggesting this may be a more reliable measure if a limited lead set is used. The 

coherence describes the similarity in the waveform appearance between two signals. 

In general we found high levels of coherence between lead II and the other leads, 

averaging 94%. The lowest coherence with lead II was one of the chest leads in 11 of 

the 20 patients, the lowest value obtained was 19%, however on average we found 

higher levels than a previous study which reported an overall level of 31% when 

comparing V1 and lead I (Clayton and Murray 1999). The waveform phase was also 

compared which demonstrated that on average the excitation occurs slightly earlier 

in the other leads when compared to lead II. In 14 of the 20 patients the largest phase 

difference with lead II was aVR.  

 

The complexity of VF waveforms has been shown to evolve with time, it is therefore 

important that we capture this complexity when describing waveform 

characteristics. In Chapter 3 we compared a range of commonly used VF waveform 

analysis tools to gauge the independent nature of the information that they extracted 
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from the waveforms. Many studies have only reported frequency measures which 

limit the description to rate information, thereby describing the duration taken for 

the excitation wave front to complete the re-entrant circuit (reflecting both 

conduction velocity and the circuit length).  

 

This was the first systematic comparison that has been made between the 

information content of waveform analysis tools.  Following this we propose that it 

would be best to use a range of measures that describe the rate, regularity in the rate 

and the regularity of the waveform shape.  The set of measures that we decided to 

use for the later chapters encompassed all of these aspects by including the DF, 

bandwidth, proportion of power at DF, sample entropy and autocorrelation peak.   
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The relationship of VF waveform characteristics with cardiac 

structure, defibrillation outcome and the long term occurrence of 

ventricular tachyarrhythmia 

The electrophysiological properties of the myocardium are likely to be influenced by 

the underlying structure the LV. Therefore it is possible that these also influence the 

VF waveform characteristics.  We investigated this potential relationship in Chapter 

4 by comparing the VF waveform characteristics in patients with identifiable scar on 

cardiac MRI. DF was found to be significantly reduced in the presence of scar, 

especially ischemic scar. Structure and function of the LV are closely linked therefore 

a relationship was also found between DF and LVEF and LV size.  There was no 

relationship found between the presence of scar, LV size or function and the other 

waveform characteristics that were examined, which describe the regularity of the 

frequency and the waveform shape.  

 

The DF reflects both the length of the re-entrant circuit and the conduction velocity 

of the excitation wave front around this circuit. It is likely that the conduction 

velocity is reduced within the border zone of established scar (de Bakker, van 

Capelle et al. 1993) due to high proportions of fibrous tissue (Ursell, Gardner et al. 

1985) and altered orientation of the myocardial fibers extending the distance the 

excitation must travel to complete the circuit. In a dog model a correlation was 

demonstrated between scar size and a cycle length of spontaneous VT (Woie, 
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Eftestol et al. 2011). We did not quantify the scar burden but the concept of a larger 

scar resulting in a longer CL fits with the presence of scar causing a reduction in the 

DF due to their strong inverse correlation, which we confirmed in Chapter 3.  

 

In an out of hospital context the VF waveform characteristics on a surface ECG have 

been found to influence the success of transthorasic defibrillation, with higher DF 

relating to greater success (Stewart, Allen et al. 1992, Eftestol, Sunde et al. 2000, Berg, 

Hilwig et al. 2002, Reed, Clegg et al. 2003) . This is thought to be mostly due to the 

duration of VF and the evolution of its characteristics with time. The DF has been 

shown to increase over the first few seconds of VF (Nash, Mourad et al. 2006), then 

stabilizes for 1 to 2 minutes before progressively decreasing(Clayton, Murray et al. 

1995). In Chapter 5 we observed that a higher dominant frequency and lower 

regularity of VF waveforms was associated with ICD shock failure. This suggests the 

electrophysiological properties of VF waveforms contribute to the defibrillation 

energy requirements. This is an initial observation and we do not fully understand 

the relationship between VF waveforms and defibrillation failure, however 

considering the waveform characteristics may give additional insight into the VF 

mechanism when defibrillation fails. We would expect that the more VF is driven by 

a rotor with a stable location and speed, the more regular its waveform appearance 

and the easier it is to defibrillate. These links are yet to be proven and warrant 

further investigation. 
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Consistent with our observation is an association between longer cycle lengths in VT 

and increased probability of shock success (Kerber, Kienzle et al. 1992). If additional 

research confirms that slower more regular VF is easier to defibrillate, interventions, 

such as ATP, may be able to influence these characteristics prior to performing 

defibrillation. ATP has been shown to terminate around a third of ventricular 

arrhythmias between 240bpm and 300bpm (Sivagangabalan, Chik et al. 2013) 

eliminating the need for defibrillation. It would be useful to know if the VF following 

ATP becomes more regular. It is common for a burst of ATP to be applied while an 

ICD is charging for a shock (Webber and Stiles 2012). In some cases the VF circuit is 

entrained by the pacing which may make the rhythm more regular and if VF is not 

terminated by the ATP it may influence the success of the subsequent shock. 

However, in some cases the rate of the VF is accelerated by ATP (Sivagangabalan, 

Chik et al. 2013). Therefore it would be useful to know if regularity and rate 

independently influence defibrillation success and if so which has the greatest 

influence.  

 

Given that VF structure and function influence the VF waveform properties (Chapter 

4, Cardiac Structure) we thought it was possible that the VF waveform 

characteristics could be related to future arrhythmia occurrence. We retrospectively 

studied a cohort of ICD patients using the need for ICD shock therapy as a surrogate 

for ventricular arrhythmia occurrence (Chapter 6, Outcomes) but were unable to find 
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a relationship between the VF waveform properties at ICD implant with the need for 

shock therapy.  

 

 

Cycle length variation during VF induced at ICD implant was predictive of 

arrhythmia occurrence (Yokoshiki, Kohya et al. 2003). While we have not measured 

cycle length or its variation, this is a measure describing the rate regularity in a way 

similar to bandwidth or proportion of power at DF. Our patient cohort different 

from those in this study who were all had a secondary ICD indication where as 61% 

of our patients had not had a previous ventricular arrhythmic arrest. We also had a 

significantly longer median follow up period of 81 months compared to 20 months. 

One possible reason for not finding a relationship is that the state of the ventricle 

changes over time. For example it is common for the LVEF to reduce and for the LV 

to dilate as heart failure progresses. In Chapter 4, we demonstrated a relationship 

between LV function and size, therefore the waveform characteristics are likely to 

have evolved with the progression of disease. These changes to the LV will probably 

alter the likely hood of arrhythmia occurrence, therefore reducing the ability of VF 

waveform characteristics to predict future arrhythmias. If VF was induced several 

years later in someone with progressive heart failure it is likely that this would have 

different characteristics than at the time of implant.  
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A novel approach to assessing electrical activation patterns during 

VF 

In Chapter 7 we observed a large variation in the regularity of VF waveforms within 

a three dimensional projection. With some recordings demonstrating a high level of 

regularity (low Shannon entropy and high cycle-to-cycle correlations) while others 

were far less organized. We propose that signals that are more regular would be 

more susceptible to ATP termination of VF and therefore rhythm regularity may be 

able to guide ICD programming, with the use of ATP increased in those that success 

is more favourable.  
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Limitations of this work 

The majority of this work has been performed using induced episodes of VF at the 

time of ICD implant, either through a surface 12 lead ECG or EGM recordings down 

loaded from the ICD. The only exception to this is Chapter 5; Failed shocks, which 

examined the spontaneous VF that occurred directly before shock therapy was 

delivered. Induced episodes were used primarily because this data is more readily 

available than spontaneous data. VF episodes are extremely difficult to predict 

therefore it is rare for a patient to have a 12 lead ECG recorded during spontaneous 

VF. Differences in the VF waveform characteristics have been demonstrated between 

spontaneous and induced VF episodes (Lever, Newall et al. 2007, Sánchez-Muñoz, 

Rojo-Álvarez et al. 2009) suggesting that our findings may not translate to 

spontaneous events.  The mode of induction has also been shown to cause variation 

in the waveform characteristics (Taneja, Goldberger et al. 2000), to eliminate this as a 

source of variation all episodes of VF that were examined were induced using a 

shock on T wave protocol. 

 

All of the work presented is observational. We can state there are correlations 

between VF characteristics and the various situations investigated however we 

cannot establish a causative relationship and would need additional experimental 

work to achieve this.  
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EGM recordings have been used for many of our experiments (Chapter 3, 5and 6). 

The relationship between surface ECG and EGM recordings is unclear. EGMs record 

the electrical excitation at the tip of the ICD lead, usually located within the apex of 

the right ventricle. These localised recordings may not fully represent the electrical 

properties of the whole ventricle. Recordings are also limited to one channel which 

we demonstrated in Chapter 2 was not ideal, even when using surface ECG 

recordings. However, EGM recordings of VF are readily available and provide 

insight into the early stages of VF during which surface recordings are not usually 

available.  It would be useful for the information obtained from EGM recordings to 

be compared to that from surface recordings to gauge the similarity in the waveform 

characteristics that is obtained.  

 

The sample size in several of our studies is relatively small which has limited our 

ability to perform subgroup analysis. This would have been particularly useful in 

Chapter 4 where it would have been ideal to determine the independent influence of 

scar, LVEF and LV dimensions on VF waveform characteristics. However, prior to 

performing a large study it is important to first investigate the potential relationship. 

Our study was the first to demonstrate a relationship between the structure and 

function of the LV as determined by MRI and VF waveform characteristics. Not all 

patients receiving an ICD also have a cardiac MRI.  Given the 23 patients in our 

study represented more than 6 months of patient recruitment at Wellington 
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Hospital, a muti-centre approach would be required to enrol enough patients in a 

timely fashion.  

 

A potential limitation of the outcomes study in Chapter 6 is that we used shock 

therapy as a measure of ventricular arrhythmia occurrence. ATP is an alternative 

therapy which has been shown to terminate both VT and slow VF. The current 

programming approach is to primarily use ATP for ventricular arrhythmias slower 

than 250bpm. However, ATP may be applied while the ICD is charging to deliver a 

shock in rhythms faster than this. If ATP terminated the arrhythmia prior to shock 

delivery then it would not have been counted as an event in our study. Information 

within the patient notes was limited with regards to ATP attempts therefore due to 

the retrospective nature of the data collection we were unable to influence this. Due 

to this study design we were able to have a mean follow up period of 81 months.  
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Implications: 

Optimal ICD programming allows effective detection and treatment of VF with 

minimal inappropriate therapy. Current programming guidelines suggest that shock 

therapy should be the primary treatment for ventricular rates above 240bpm. ATP 

may be applied while the device is charging but should not delay delivery of the 

shock  (Webber and Stiles 2012). ATP at rates between 240bpm and 300bpm have 

recently been shown to terminate a ventricular arrhythmia in around a third of cases 

(Sivagangabalan, Chik et al. 2013). Suggesting it is possible to treat faster 

arrhythmias with ATP successfully. We have also found a potential relationship 

between LV structure and function (Chapter 4, MRI) which may allow ICD zones to 

be further optimised. VF in a dilated, poorly functioning LV with ischemic scar is 

likely to be slower than that in a structurally normal heart. These patients are the 

most likely not to undergo ICD testing at implant, it may therefore be appropriate to 

program their devices slightly differently to those with normally functioning hearts.  

 

In Chapter 5, we observed higher DF and less regularity preceding a failed 

defibrillation shock compared to successful ones.  This suggests that both the rate 

and regularity of the signal influence our ability to successfully terminate it. It is 

possible that this concept translates to ATP therapy as well. We propose that slower, 

more regular VF is more susceptible to pacing entrainment, making ATP more likely 

to terminate VF with these characteristics. In Chapter 7, we described a large 
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variation in signal regularity when the waveforms were projected in three 

dimensions, some of the signals exhibited characteristics of being relatively regular 

(low Shannon entropy and high signal-to-signal correlation) while others were far 

less organized. It may be possible to optimise ICD programming using the VF 

characteristics of the VF induced during device testing, however this would require 

further investigation. 
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Future directions: 

The ability of an EGM recording to fully represent the electrical excitation that is 

occurring across the entire ventricle is unclear. By recording simultaneous EGM and 

ECG recordings a comparison could be made between these recording methods with 

regards to their information content. This could easily be incorporated as part of an 

ICD implant testing process. It may be possible to obtain the EGM data associated 

with standard 12 lead ECG recordings of VF analysed in Chapter 4 or Chapter 7. 

Correlations could be calculated between the EGM VF waveform characteristics and 

those from the surface ECG leads to determine the degree of commonality between 

the two signals.   

 

A larger study to investigate the relationship between LV size, function and scar 

burden would allow the link between each of these anatomical characteristics and 

VF waveform appearance to be made. In Chapter 4, we demonstrated the presence 

of scar, increased LV size and/or reduced LV function reduced the DF of VF. 

However, these anatomical changes are all linked with the progression of cardiac 

disease. It would be useful to determine if they independently contribute to the 

reduction in VF frequency. A limiting factor during data collection for this study was 

the number of patients that underwent both cardiac MRI and device testing. 

Patients meeting the inclusion criteria could be more easily identified following the 

introduction of a New Zealand ICD database. Once identified the VF EGM recording 
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could be downloaded at the patient’s next clinic appointment. With a larger sample 

size the effect of scar size could also be investigated to investigate if the waveforms 

are altered to a greater degree when a larger scar is present.  

 

An animal model, such as a sheep, could be used to explore the relationship between 

VF waveform organisation and the ability to entrain the rhythm with ATP Following 

induction of VF a burst pacing protocol (similar to ATP delivered by an ICD) could 

be delivered. The waveform characteristics of a modified 12 lead ECG could be 

compared between VF events that were terminated with pacing and those that were 

not. If following ATP VF persisted, the characteristics before and after the burst of 

pacing could also be compared. Three dimensional loops and the regularity 

measures of sample entropy and cycle-to-cycle correlation could be applied to the 

recordings as in Chapter 7. The set of spectral and non-spectral measured defined in 

Chapter 3 could also be used to describe the waveform characteristics.  
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Conclusion: 

This thesis examined the information content of VF waveform recordings. During 

the initial work we demonstrated that in order to obtain optimal information 

multiple analysis tools should be employed over multiple leads to allow the VF 

frequency, variation in frequency and variation in waveform shape to be 

determined. We then used these tools to establish a relationship between the VF 

waveform frequency and the structure and function of the LV. Correlations between 

ICD shock success and VF waveform frequency and regularity was also determined. 

Finally we presented a novel approach to VF waveform analysis using 3 dimensional 

vector reconstruction of the VF wave front propagation.  

 

The findings from this work support the idea that VF waveform characteristics can 

be used to predict successful defibrillation and provide the foundation for future 

investigations into clinically meaningful applications. These may allow lower 

defibrillation outputs when slower, more regular VF is present or the use of pacing 

entrainment to increase VF waveform regularity which should favour defibrillation 

success.  
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