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Abstract 

 

Background: Ventricular arrhythmia is a prevalent and dangerous cause of sudden cardiac death. 

Implantable cardioverter defibrillators (ICD) are devices that can detect and terminate ventricular 

arrhythmia, but current risk stratification methods offer limited prediction of arrhythmic events 

when selecting patients for ICD implantation. Furthermore, better methods are needed to identify 

ICD patients at greater risk of ventricular arrhythmia than others. Layered Symbolic 

Decomposition frequency (LSDf) is a signal processing metric that quantifies abnormal 

frequency content in signal-averaged electrocardiogram recordings. The aims of this study were 

to 1) determine if LSDf is predictive of adverse outcomes in an ICD patient cohort 2) identify if 

LSDf is related to known electrical parameters.  

Methods and Results: For Aim 1, fifty-two ICD patients were recruited from 2008-2009. These 

were followed for a mean 8.5±0.4 years for the primary outcome of first appropriately treated 

ventricular arrhythmia or death. Thirty-four subjects met the primary outcome. LSDf was 

significantly lower and 12-lead QRS duration was significantly greater in patients meeting the 

primary outcome (12.14±3.97%, n=34vs. 16.45±3.73% n=18; p=0.001) and (111.59±14.96 ms, 

n=34 vs. 97.69±13.51 ms, n=18; p=0.012) respectively. A 13.25% LSDf threshold (0.74 

sensitivity and 0.85 specificity) was selected based on Receiver Operating Characteristic 

analysis. Kaplan-Meier analysis was conducted; patients above the 13.25% threshold 

demonstrated significantly better survival outcomes (p<0.001). Cox multivariate regression 

analysis compared the LSDf threshold (13.25%) to LVEF (28.5%), 12-lead QRSd (100 ms), age, 

% male sex, NYHA classification, and antiarrhythmic usage. LSDf was a predictor of the 

primary outcome (p=0.005) and just ventricular arrhythmia (p=0.002). Subsequent physiological 
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experiments for Aim 2 were conducted to determine if LSDf was related to ventricular 

conduction velocity (n=7), ventricular effective refractory period (n=13), or the presence of 

abnormal substrate (n=10) These patients were recruited from June 2011, March 2018, and April 

2018, respectively. LSDf did not significantly change in normal patients after administration of 

procainamide or ibutilide. Patients undergoing catheter ablation for ventricular arrhythmia had 

significant greater LSDf following ablation (7.78% vs 9.40%, n=10 p<0.001). Electroanatomic 

mapping of low-voltage areas indicated LSDf may have an association with low-voltage areas in 

the ventricles (Spearman r= -0.81).  
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CHAPTER 1: Introduction 

1.1 Sudden cardiac death 

Sudden cardiac death (SCD) refers to a sudden drop in cardiac output resulting in rapid 

organ failure and subsequent death. SCD affects 40,000 Canadians annually, and it currently 

accounts for approximately ≈20% of all mortality in North America (Bezzina et al., 2015). As 

the global population increases, SCD is expected to be the number one cause of mortality by 

2020 (Murray & Lopez, 1997). SCD is not exclusive to the sickly: a recent analysis found that 

approximately 50% of SCD cases occur in individuals without a prior history of heart disease 

(Deo & Albert, 2012). Additionally, 25% of SCD victims are under the age of 30 and may 

appear phenotypically healthy (Maron & Pelliccia, 2006). SCD in competitive athletes is 

particularly problematic, as the death of these individuals has serious negative cultural 

implications and challenges the public perception that young, healthy individuals are immune to 

adverse cardiovascular issues.  

 

1.2 Definition and classification of ventricular arrhythmia 

The most common and dangerous cause of SCD is ventricular arrhythmia. Ventricular 

arrhythmias are abnormal rhythms in the ventricles in the heart that occur as a result of electrical 

dysfunction. The two most dangerous types of ventricular arrhythmia are ventricular tachycardia 

(VT) and ventricular fibrillation (VF). VT is an abnormally fast heart rate at or over 120 beats 

per minute. It is further clinically classified as sustained (lasting over 30 seconds) or non-

sustained (under 30 seconds), with the former classification having more life-threatening 

implications. In contrast to VT, VF is defined as rapidly quivering ventricles as a result of erratic 



2 
 

electrical dysfunction. VF is particularly dangerous as it results in effectively little/no cardiac 

output. While typically only 10% of SCD cases are due to initial presentation of VF, electrical 

dysfunction in sustained VT can further degenerate into a VF phenotype (Baldzizhar et al., 

2016). Furthermore, patients with these ventricular arrhythmias will also experience a wide host 

of other symptoms like syncope, dyspnea, and potential organ damage/failure (Morady et al., 

1985). 

 The underlying disease responsible for ventricular arrhythmia and consequent SCD 

differs between old vs young populations. SCD in younger victims typically arises due to 

inherited disease (Eckart et al., 2011). Primary electrical disorders, such as Long QT syndrome 

(LQTS), short-QT syndrome, and Brugada syndrome, are associated with genes which 

predominantly encode for cardiac ion channel subunits or enzymes/proteins that interact with 

these subunits (George, 2013). Congenital LQTS, the most common inherited channelopathy, 

can arise from both loss of function mutation in potassium channel genes (KCNQ1, KCNH2, 

KCNE1) and gain of function mutations in either calcium (CACNA1C) or sodium channel genes 

(SCN5A, SCN4B) (Marsman et al., 2014). These gene mutations effectively cause prolonged 

ventricular repolarization, thereby increasing the risk of Torsade de Pointes (TdP) and 

consequent ventricular arrhythmia.  

Unlike young individuals, SCD in older victims is mostly due to acquired disease. 

Atherosclerotic coronary artery disease (CAD) is the condition most frequently associated with 

SCD (Leach et al., 1995). The exact mechanism of how CAD causes dysfunction may vary 

across individuals. For example, patients without a prior history of heart disease may die as a 

result of acute coronary thrombosis resulting in VF (Verheugt & Brugada, 1991). However, 

patients with chronic CAD will likely develop a combination of myocardial infarction (MI), 



3 
 

inflammation, and hypertrophic and microvascular remodelling (Mehta et al., 1997; Parekh et 

al., 2008). A single or combination of these factors can result in the presence of a proarrhythmic 

substrate. This substrate can either be anatomic (e.g. Myocardial scar from a previous infarction) 

or hidden at the molecular level (e.g. Gap junction/connexin modulation) or both (Danik et al., 

2004; Roes et al., 2009; Kurtenbach et al., 2014). Given the wide spectrum and prevalence of 

SCD, there is currently a great need to identify ventricular arrhythmia-prone patients and provide 

appropriate preventative intervention.  

 

1.3 Implantable cardioverter defibrillators for sudden cardiac death prevention 

Implantable Cardioverter Defibrillators (ICDs) are small subcutaneous devices implanted 

with leads directly attached to the heart (although some newer ICDs consist entirely of 

subcutaneous materials). An ICD can either have one lead attached to the right ventricle (single 

chamber ICD) or have both leads in the right atrium and right ventricle (dual chamber ICD). This 

is in contrast to cardiac resynchronization therapy devices (CRT-D) which have biventricular 

leads to optimize pacing. ICDs can continuously monitor the heart for abnormal electrical 

activity and deliver appropriate therapy when an arrhythmia is detected (Bennett et al., 2017). If 

abnormal activity (either sustained VT or VF) is identified, then an appropriate therapy is then 

provided. When a VT is detected, an ICD will deliver anti-tachycardia pacing (ATP) to hopefully 

slow the heart’s rhythm. If an ICD detects a VF event, an ICD will deliver a shock in an attempt 

to reset electrical activity and return the heart to normal sinus rhythm. 
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1.4 Efficacy of implantable cardioverter defibrillators 

ICDs are effective at preventing SCD as these devices can both  detect and neutralize 

sustained ventricular arrhythmias within seconds of onset (Bennett et al., 2017). Large scale 

studies have demonstrated that ICDs are effective in both ischemic and non-ischemic 

cardiomyopathy. ICDs have also been shown to be effective in primary prevention (i.e. post-MI 

patients without an arrhythmic event) and secondary prevention (i.e. post-MI patients with an 

arrhythmic event).  

The data supporting ICD implantation for ischemic cardiomyopathy patients is extensive. 

Several large trials including the Multicenter Automatic Defibrillator Implanation (MADIT), the 

MADIT-II, the Multicenter UnSustained Tachycardia Trial (MUSTT) and the Sudden Cardiac 

Death in Heart Failure Trial (SCD-HeFT) have demonstrated that ICD implantation in ischemic 

patients post-MI results in a reduction in total mortality (Moss et al., 1996, 2002; Buxton et al., 

1999; Bardy et al, 2005). In particular, the MADIT-II randomized 1232 ischemic 

cardiomyopathy patients to receive either an ICD or standard medical therapy (routine check-up, 

pharmacological therapy). The investigators found that there was a 5.6% reduction in mortality 

over an average 20-month follow-up. (14.2% for ICD therapy, 19.8% for standard therapy, 

p=0.016) (Moss et al., 2002). Similarly, the investigators of the MUSTT trial found that ischemic 

patients with inducible sustained ventricular arrhythmias confirmed by electrophysiology testing 

benefited from ICD therapy, but not antiarrhythmic therapy (0.24 relative risk reduction, 

p<0.001) (Buxton et al., 1999). 

While the evidence is not as comprehensive as ischemic disease, ICD’s have also been 

shown to be effective in non-ischemic cardiomyopathy patients. The SCD-HeFT trial, which 

consisted of both ischemic and non-ischemic patients (52% ischemic, 48% non-ischemic), 
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determined that there was significant reduction in mortality by 23% in heart failure patients 

administered a single-lead, shock-only ICD. The Defibrillators in Nonischemic Cardiomyopathy 

Treatment Evaluation (DEFINITE) explored the effects of ICD therapy versus standard therapy 

in 458 non-ischemic dilated cardiomyopathy patients. Following randomization, the DEFINITE 

investigators found that the mortality rate at 2 years follow-up was 14.1% in the standard therapy 

group versus 7.9% in the ICD group.   

For secondary prevention of SCD, an ICD is currently only recommended for low-

function patients with no reversible cause of disease (Bennett et al., 2017). In the Canadian 

Implantable Defibrillator Study (CIDS), 659 patients with previously resuscitated ventricular 

arrhythmia were randomly assigned an ICD or the antiarrhythmic drug amiodarone. While not 

statistically significant, the researchers observed a 33% reduction in arrhythmia-related mortality 

in ICD patients than amiodarone patients (Connolly et al., 2012). A meta-analysis investigating 

the CIDS trial and two similar found that mean survival time in secondary ICD patients was 4.4 

months longer than secondary prevention patients on amiodarone. The study also found that 

secondary prevention patients with ventricular dysfunction benefited more from ICD therapy 

than those with preserved function (Connolly et al., 2000).    

 

1.5 Current ICD implantation guidelines 

 Left ventricular ejection fraction (LVEF) is a measurement of percentage of oxygenated 

blood leaving the heart pumped from the left ventricle. LVEF can be measured through a variety 

of means, including angiography, radionuclide ventriculography or magnetic resonance imaging 

(MRI). However, due to it’s ease and effectiveness, LVEF is most commonly calculated through 
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echocardiography: an ultrasound examination of the heart. Considering LVEF is essentially a 

direct measurement of ventricular function, it is considered to be the standard for assessing the 

heart’s overall health. Large-scale studies have demonstrated that LVEF is a relatively effective 

risk stratification metric for SCD. In the MADIT-II trial, the 742 ICD implantation patients with 

LVEF< 30% and previous MI had lower all-cause mortality of 14.2% compared to conventional 

therapy of 19.8% (Moss et al., 2002). 

 The New York Heart Association (NYHA) classification is a functional classification of 

heart failure based solely on symptom burden and the amount of exertion required to provoke 

symptoms. The NYHA classification utilizes a scoring system of 1 to 4, with a score of 4 

indicating that a patient has symptoms of heart failure (i.e. palpitation, dyspnea) at rest and 

cannot carry out physical activity without significant discomfort (Table 1). Due to the ease of 

ranking and relatively quick prognostic value, the NYHA classification system is widely 

considered one of the most important cardiac markers in clinical practice (Raphael et al., 2007).  

Table 1: Summary of New York Heart Association Classification 

NYHA Score Physical limitations  

I No physical symptoms or limitation of activity 

II Some limitation of ordinary physical activity due to symptoms (e.g. dyspnea, 
angina, palpitations). Comfortable at rest  

III Moderate limitation in less-ordinary activity such as walking short distances 
due to symptoms (dyspnea, angina, palpitations). Comfortable at rest 

IV Unable to perform physical activity without symptoms. Symptoms of heart 
failure at rest, and discomfort increases with elevated activity.  

 

 The combination of LVEF and the NYHA classification system metrics are used in 

clinical practice to assess SCD risk and determine ICD eligibility. In primary prevention patients 

post-MI, current guidelines recommend ICD implantation for patients with LVEF 31-35% and 
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NYHA Class II to III, and in patients with LVEF <30% and NYHA Class I (Zipes et al., 2006; 

Bennett et al., 2017). (Figure 1). Patients with an NYHA score of 4 are not recommended for 

ICD implantation due to poor prognosis. Secondary prevention ICDs are administered only if the 

source of the ventricular arrhythmia does not appear to have a treatable reversible cause.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Algorithm for ICD eligibility for primary prevention  
ICD: Implantable cardioverter defibrillator. LVEF: Left ventricular ejection fraction. MI: 
Myocardial infarction. OMT: Optimal medical therapy.   
 
Figure adapted from the Canadian Cardiovascular Society Implantable Cardioverter Defibrillator 
Guidelines (2016).  
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1.5.1 Dilemmas in current ICD selection methods 

 Even though ICDs are currently considered the gold-standard for SCD prevention, 

current ICD selection criteria fail to identify a subset of at-risk patients who can potentially 

benefit from these life-saving devices. This dilemma is largely due to the reliance of LVEF as a 

sole quantitative measurement of ventricular arrhythmia risk. Several studies have found that 

SCD occurs in patients with preserved LVEF. The investigators of the Maastricht Circulatory 

Arrest Registry found that 51% of SCD patients had LVEF > 40% (Gorgels et al., 2003). 

Another study of 2130 post-MI patients found that 67% of SCD occurred in patients with LVEF 

> 35% (Mäkikallio et al., 2005). Similar results were found in the Oregon Sudden Unexpected 

Death study, where two-thirds of the analyzed SCD cases had LVEF > 35% (Stecker et al., 

2006).  

 Conversely, other studies have found that not all low-LVEF will benefit from ICD 

therapy. Closer examination of the MADIT-II trial found that only 10% of patients with 

LVEF<30% in the conventional therapy group had SCD events (Greenberg et al., 2004). The 

multicenter Cardiac Arrhythmias and Risk Stratification after Acute Myocardial Infarction 

(CARISMA) study additionally found that the ventricular arrhythmia-rate in 312 low-LVEF 

(mean = 31±6%) was only 8% of a two-year follow-up (Huikuri et al., 2009).  

 

1.6 Non-invasive assessment of cardiac electrical function 

As reflected by these previous data, the clinical sensitivity and specificity of LVEF to 

assess propensity for ventricular arrhythmia (and consequent SCD) is currently in question. 

While LVEF provides an overall snapshot of cardiac output, it does not identify subtle electrical 



9 
 

abnormalities that may result in arrhythmogenesis. Recent evidence has shown that an additional 

arrhythmia risk stratification metric that assesses cardiac electrical function may improve ICD-

selection. Specifically, arrhythmia risk stratification metrics involving electrocardiography have 

seen a recent surge in popularity. 

An electrocardiogram (ECG) is a general term for a device that measures and records the 

electrical activity of various locations and/or axis of the heart. This electrical activity occurs as a 

result of depolarization and consequent repolarization in the myocardium with each individual 

heartbeat. A typical ECG will display waveforms representing the chronological processes in a 

heartbeat: the P-wave (atrial depolarization), the QRS wave (ventricular depolarization), and 

then the T-wave (ventricular repolarization) (note: atrial repolarization occurs during the QRS 

wave and is not detectable). Analysis of the QRS wave and T-wave in particular are used most 

commonly to look for ventricular arrhythmia propensity.    

 

1.6.1 Standard 12-lead ECG  

 The most prevalent electrocardiography device is the 12-lead ECG. The 12-lead ECG 

consists of six precordial leads placed at various locations on the chest and 4 extremity leads 

placed on the arms and legs. 12-lead ECG recordings are relatively easy to obtain, as they are 

non-invasive and less than a minute to obtain and examine by a trained interpreter. Several 

studies using different analyses of 12-lead ECG recordings have demonstrated clinical utility in 

SCD-prevention.  

 QRS duration (QRSd) is a straightforward electrocardiography metric that examines the 

width, or the elapsed time, of ventricular contraction (i.e. depolarization). Given that long QRSd 
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is associated with prolonged ventricular depolarization time, it is typically used to identify 

patients with ventricular electrical blockages that may benefit from cardiac resynchronization 

therapy (Stavrakis et al., 2012). However, QRSd has also shown some clinical utility in 

identifying heart failure patients even with physiological normal range. A sub-analysis of the 

Valsartan in Acute Myocardial Infarction (VALIANT) study found that increasing QRSd was 

significantly associated with heart failure and SCD in patients with QRS<120 ms. (p-trend 

<0.05). A recent meta-analysis of four ICD trials did not find QRSd a significant predictor for 

primary prevention (Sipahi et al., 2014). However, the investigators did observe that ICD 

patients with QRSd ≥120 ms had a lower risk of all-cause mortality than patients with QRSd < 

120 ms (41% risk reduction vs 22% risk reduction).  

Another widely studied ECG metric is microvolt T-wave alternans (MTWA). MTWA are 

beat-to-beat variations in T-wave (ventricular repolarization) morphology that can be detected as 

small as one-millionth of a volt (Adam et al., 1984). These beat-to-beat variations analyzed using 

computer software to determine if there is a significant MTWA variation result of ≥ 1.9 µV with 

0.5 cycles per heartbeat (Rosenbaum et al., 1996). A high variation in ventricular repolarization 

is currently thought to be associated with the development of re-entrant mechanisms responsible 

for triggering arrhythmia (Smith & Cohen, 1984). MWTA has been shown to be an effective 

ventricular arrhythmia predictor in both ischemic and non-ischemic patients (Hohnloser et al., 

2003; Chow et al., 2006). Furthermore, MTWA was the most significant predictor of SCD of 

ventricular arrhythmia in a study of 1040 post-MI patients with preserved LVEF (p<0.00001).  

Despite a plethora of novel non-invasive electrical arrhythmia markers, these metrics 

have not seen routine clinical implementation for ICD selection (Epstein et al., 2008; Priori et 

al., 2015; Bennett et al., 2017). We believe this is based predominantly on multiple factors: 1) 
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lack of long-term/reproducibility studies; 2) lack of clinically pragmatic study objectives; and 3) 

technological limitations of the 12-lead ECG. These non-invasive electrical metrics currently 

lack evidence to suggest their use significantly alters patient outcomes to warrant their inclusion 

(Bennett et al., 2017). Furthermore, the 12-lead ECG devices usually have relatively low 

sampling frequencies (100-200 Hz) and are ineffective at eliminating external noise. These 

limitations consequently likely play a role in the questionable reproducibility of 12-lead ECG 

metrics (De Guillebon et al., 2010).   

 

1.6.2 Signal-Averaged Electrocardiography  

A signal-averaged electrocardiogram (SAECG) is an advanced non-invasive procedure that 

can assesses the heart’s electrical content in three-dimensional space. This is because, unlike a typical 

ECG, an SAECG utilizes three (X,Y,Z) leads that provide an orthogonal view of electrical activity. 

SAECG devices also typically record at 10 times the rate commonly used in 12-lead ECGs (≈ 1000 

Hz). This allows SAECG recordings to detect minute fluctuations in the QRS complex that 

otherwise remain undetected. SAECG recordings typically last 7-10 minutes to collect sufficient 

data. Then, in order to eliminate noise and enhance morphological features, QRS complexes 

from the three orthogonal recording leads are combined and averaged to create a single enhanced 

representation called a signal averaged QRS complex (Figure 2) (see Methods for detailed 

SAECG procedure). 
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Figure 2. Signal-averaged electrocardiogram process 

(A): Filtered high-resolution ECG recording from the X, Y, and Z leads. (B): A single QRS complex in the X, 
Y, and Z leads. (C) Amplification and combination of QRS complexes. (D) Signal-averaged QRS segment 
with QRSd and LAS measured 
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One of the most well-documented metrics derived from SAECG recordings is the 

ventricular late potential (VLP). VLPs are small, high-frequency signals that are found in the 

terminal portion of a QRS complex. These signals are undetectable on a 12-lead ECG recording 

but become apparent through SAECG (Simson, 1981). VLPs that occur in a signal with QRSd > 

114 ms, have a root mean square (RMS40) voltage <20 µV in the last 40 ms of QRS, and have 

low amplitude signal (LAS) duration > 38 ms, are considered abnormal and may lead to 

increased propensity for ventricular arrhythmia (Breithardt et al., 1991).    

VLP are thought to physiologically represent areas of scar/low voltage that may be 

arrhythmogenic. VLP assessment through SAECG has demonstrated particular clinical utility in 

the assessment of infiltrative diseases like arrhythmogenic right ventricular cardiomyopathy 

(ARVC). ARVC is a non-ischemic disease that results from fibrofatty invasion and replacement 

of cardiomyocytes thereby causing electrical dysfunction: unfortunately, SCD is often the first 

symptom manifestation. A study by Kamath et al. (2011) using a combination of VLP criteria 

(QRSd>114 ms, RMS40<20 µV, LAS > 38 ms) found that both sensitivity and specificity 

increased for the diagnosis of ARVC. 

SAECG alone demonstrates low arrhythmia risk stratification in post-MI patients. Savard 

et al. found that SAECG testing, while statistically significant (p<0.0001), only demonstrated an 

approximate 5% absolute relative risk reduction of ventricular arrhythmia/death in 2461 post-MI 

patients over a mean 17±8-month follow-up. However, in the MUSTT trial, the combination of 

SAECG (QRSd >114 ms) and LVEF < 30% was able to identify a high-risk population in 1268 

post-MI patients. Despite this finding, SAECG is still not routinely used to assess arrhythmia-

risk for ICD implantation. This is a largely due to a lack of long-term evidence and 

standardization that supports its inclusion as a routine metric.   
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1.7 Time-frequency analysis of the signal-averaged QRS complex 

 The high-resolution capabilities of SAECG invites more advanced types of electrical 

signal analysis, such as time-frequency analysis. Briefly, a time domain representation displays 

how an electrical signal will vary over a given time. Conversely, frequency domain 

representation displays how much of signal is composed of a specific frequency or frequency 

band. An even more specialized type of analysis is time-frequency analysis, which involves the 

combination of both the time and frequency domain to observe specific frequency components of 

a signal over a given time. These analyses are often portrayed in the form of a spectrogram 

where x-axis is time, the y-axis is the measurement of frequency, and the z-axis/colour represents 

the amplitude of a signal (Figure 3) (Reinhardt et al., 1996)   

 

 

 

 

 

 

 

 

 

Figure 3. Time-frequency spectrogram of signal-averaged QRS interval.  
Time (ms) on the x axis, Frequency (Hz) on the y-axis, and signal amplitude on the z-axis. 
Frequency domain analysis was performed using wavelet decomposition.  
 
Figure adapted from Reinhardt et al. (1996). Predictive value of wavelet correlation 
functions of signal-averaged electrocardiogram in patients after anterior versus inferior 
myocardial infarction. J Am Coll Cardiol 27, 53–59. 
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 A basis function is typically required to convert time-domain electrical recordings into 

their respective frequency domain counterparts. A basis function is a mathematical polynomial 

expression which can be used to describe frequency components of a more complex signal. For 

example, in the signal f(t) below:  

 

 

 

 

 

 

A sin wave basis function can be used to decompose the signal f(t) into three frequency 

components of h1(t), h2(t), and h3(t). This particular method is called the Fast Fourier Transform 

(FFT), which essentially uses a sin wave as a basis function. Following this decomposition, the 

relative contribution of each component can then be determined. SAECG frequency analysis 

using FFT is the most researched and documented method in the literature. The classic study by 

Cain et al found that FFT analysis of a signal averaged QRS interval could differentiate patients 

with prior MI and VT between patients with just prior MI and normal controls (Cain et al., 

1984). Specifically, Cain et al found that the quantification of high frequency, low amplitude 

signals in the 40 Hz band of the last 40 ms of the QRS interval. However, similar experiments 

conducted in non-ischemic cardiomyopathy patients did not have significant results (Grimm et 

al., 2006). 

f(t) 

h3(t) 

h2(t) 

h1(t) 
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 Wavelet transformation is another type of frequency domain analysis that has shown 

promise for SAECG analysis. Unlike FFT, wavelet-based time-frequency involves the use of 

shorter time segments at high frequencies components and longer time segments at low 

frequencies components. Theoretically, this allows wavelet transformation to be more accurate 

when analyzing a varied (i.e. biological) signal (Milon, 2017). The first application of wavelet 

transformation to SAECG was first described by Morlet et al. (1993). The investigators found 

that this analysis could differentiate between post-MI VT patients, post-MI non-VT patients, and 

normal controls with 0.9 specificity and 0.85 sensitivity. A following study by Couderc et al. 

(2000) found that, when compared to traditional time domain methods, an orthogonal wavelet 

time-frequency method stratifying post-MI patients with and without VT improved sensitivity 

and specificity by 22% and 25%, respectively  

 

1.8 Layered Symbolic Decomposition 

 The Layered Symbolic Decomposition (LSD) algorithm is a novel time-scale 

decomposition method created for the sole purpose of analyzing biological signals. Time-scale 

analyses, unlike time-frequency analysis, can be applied to non-stationary data like biological 

signals. Unlike current frequency-domain methods, LSD does depend on a basis function (e.g. 

Fourier/wavelet transformation) to analyze frequency signal components (Torbey et al., 2015). 

Instead, the LSD algorithm breaks down a signal into its frequency components using a tree data 

structure. After a signal is decomposed, a time-frequency representation is created to quantify the 

contribution of specific frequency bands over a given duration.  
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Previous work by Torbey et al (2015) revealed that LSD analysis can analyze both test 

signals and SAECG recordings with high accuracy and reproducibility. A follow-up analysis was 

then conducted in the SAECG recordings of 75 ICD recipients. LSD analysis of the entire signal-

averaged QRS interval outperformed other time-frequency analyses like FFT, wavelet, and 

Hilbert-Huang transform. Specifically, the 40-300 Hz band from LSD frequency (LSDf) analysis 

had the highest sensitivity/specificity of assessing patients for prior VT/VF with an area-under-

curve (AUC) of 97.6% in Receiver Operating Characteristic (ROC) analysis (p<0.001). The 

authors concluded that LSD can reliably be applied to SAECG recordings, and the LSDf metric 

shows great potential as an arrhythmia risk stratification tool for an ICD population (Figure 4). 

However, the LSD algorithm has not yet been validated in a prospective long-term model 

assessing its ventricular arrhythmia risk-stratification capability. The LSDf metric has also not 

yet been compared to other studied metrics, such as LVEF, NYHA, and QRSd. Lastly, a 

physiological mechanism explaining how LSDf works as a ventricular arrhythmia assessment 

tool has not yet been explored. 
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Healthy Patient ICD Patient: No Events ICD Patient: ≥1 Event 

Figure 4: LSD time-frequency spectrograms of three QRS complexes 
LSD applied to three SAECG recordings to produce spectrograms of a healthy control (left), an ICD patient 
with no history of ventricular arrhythmia (middle), and an ICD patient with multiple ventricular arrhythmia 
events (right) based on LSD. Time (ms) on the x-axis, frequency (Hz) on the y-axis, and relative amplitude 
as colour scale.   
 
Adapted from Torbey S, Akl SG & Redfearn D (2015). Time-Scale Analysis of Signals Without Basis 
Functions: Application to Sudden Cardiac Arrest Prediction. Int J Unconv Comput 11, 375–394. 
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1.9 Aims and Hypotheses   

Given the limitations of LVEF for ICD selection, we believed the LSD algorithm 

combined with SAECG recordings may provide additional insight as a ventricular arrhythmia 

risk stratification tool. The outcome this research will provide insight into a potential new tool 

that may better assess ventricular arrhythmia risk in ICD patients. The implementation of this 

novel technology may lead to the implementation of additional screening tools and provide 

insight into non-invasive cardiac electrical assessment. Based on the preceding discussions, we 

hypothesize that LSDf is a viable risk stratification metric in a univariate and multivariate model. 

We also hypothesize that LSDf is related to other cardiac electrical parameters like ventricular 

conduction velocity, effective refractory period, or local arrhythmogenic substrate. The aims of 

this project were two-fold:  

Aim 1: To evaluate LSDf in a prospective ICD cohort as a potential ventricular arrhythmia and 

SCD risk stratification metric.  

Aim 2: To identify a potential physiological mechanism explaining how/why the LSD algorithm 

evaluates arrhythmia risk.  

 To evaluate these aims, multiple clinical trials involving human participants with/without 

heart disease were required. All trials were conducted in keeping with international quality 

standards which have been adopted by Health Canada. Both SAECG recording and LSDf 

analysis were performed on all participants in project. Their methodologies will be described 

first. 
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CHAPTER 2: Materials and Methods 

 

2.1 Signal-averaged electrocardiography recording protocol  

An orthogonal high resolution (1000Hz, 12-bit) ECG was recorded for 10 minutes for all 

patients in native rhythm with the Spiderview High Resolution Recording (Sorin). Following 

careful skin preparation with alcohol, a modified orthogonal lead system was applied comprising 

of three bipolar leads referenced to an isolated ground placed on the right shoulder (X: Manubrium 

sternum [positive] to Xiphisternum. Y: V4 [positive] to V4R. Z: V2[positive] to a position directly 

opposite on the posterior chest wall) (Figure 5). Patients were instructed to remain in a supine 

position to minimize any noise that would be picked up from muscle movement. They were also 

asked to close their eyes, remain as still as possible, and remain silent for the duration of the 

recording. All high-resolution recordings were performed by a trained ECG technologist.  
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Following recording, the digitised data was stored on a secure Kingston General Hospital 

(KGH) network database for subsequent processing blinded to future patient outcomes. 

Approximately 600 beats were stored for subsequent analysis. One lead exhibiting the most 

obvious QRS complex was used as a template to align subsequent QRS complexes for signal 

Figure 5: Orthogonal ECG lead placement 
Standard three-lead orthogonal lead placement (top) for signal-averaged electrocardiography 
using the ELA Medical Spiderview High-Resolution monitor (Sorin) (bottom).  
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averaging. The signal averaging resulted in three averaged orthogonal QRS complexes (𝑋(𝑡) , 

𝑌(𝑡)  , 𝑍(𝑡) ) in a 3D Cartesian coordinate system. The vector magnitude of these complexes 

is a representative of ventricular activity and was used to extract time and frequency domain 

parameters (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Signal-averaged QRS complex  

A sample SAECG final recording of the QRS complex. QRS duration (highlighted in red) is 
automatically selected with digital calipers. 
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2.2 Layered symbolic decomposition analysis  

Following signal averaging, resultant vector magnitudes of the QRS segment underwent 

LSDf analysis. The LSD algorithm analyses a biological signal in several layers by generating a 

tree data structure. LSD generates a tree data structure where the root represents a high-level view 

of the large-scale (i.e. lowest frequency) trend line persisting throughout the signal while the leaves 

describe the smallest scale (i.e. highest frequency) activity occurring in an SAECG recording. In 

other words, the root represents a view of the lowest frequency components, and the subsequent 

leaves represent the highest frequency components in the signal. Time-scale analysis was then 

conducted for each signal-averaged QRS segment following LSD tree data formation. A grid-fit 

algorithm was applied to each individual recording so that the amplitude (i.e. from the SAECG 

recording) could be determined at any given time or frequency point. Once a time-frequency 

representation was created, the energy of specific frequency bands over a given signal duration are 

visualized through spectral analysis See (Torbey et al., 2015) for a comprehensive description of 

the LSD algorithm procedure. 

 Prior research during algorithm development suggested that a specific LSDf band 

corresponding to signal features in the 40-300 Hz frequency band calculated by: 

𝐿𝑆𝐷( ) (%) = 100 ∗
∑     

∑     
                  

was most effective at discriminating between normal and abnormal SAECG recordings. This LSDf 

band measures the contribution of energy (i.e. Amplitude) from the 40-300 Hz band compared to 

the rest of the signal. This specific LSDf metric was previously found to have the greatest 

arrhythmia risk-stratification potential.      
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2.3 Aim 1: Evaluating LSDf in prospective ICD patient cohort  

 A single-center prospective study was conducted at the Kingston Health Sciences Centre. 

The methodology of this study was approved by the Queen’s University Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board (see Appendix).   

 

2.3.1 Patient population  

Ischemic and non-ischemic cardiomyopathy patients undergoing routine ICD follow-up at 

the KGH device clinic were prospectively recruited to this study between November 10th, 2008 

and June 4th, 2009. Patients on continuous cardiac pacing or patients diagnosed with bundle branch 

block were excluded. Following informed written consent, a standard SAECG was performed (as 

described above). Demographic data was recorded at time of inclusion to the study. Data was 

collected on LVEF by transthoracic echo no more than 12 months old, NYHA classification, 

history of ischemic heart disease and additional medical therapy. An additional normal control 

population was selected to provide comparison to the at-risk population. This cohort consisted of 

subjects with no family history of cardiomyopathy, had no current indication of ischemic or non-

ischemic heart disease, and were hemodynamically stable. No monetary incentive was provided 

for either patient cohort.  

2.3.2 Follow-up and outcome definition 

The primary outcome of this study was defined as an appropriate ICD therapy for 

ventricular arrhythmic events or mortality. Ventricular arrhythmia events were defined as VT or 

VF, sustained for over 30 seconds and receiving appropriate treatment from the ICD. 

Appropriately treated events were identified by an experienced cardiologist as either appropriate 
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ATP or appropriate shock for either VT or VF. Inappropriate therapies for events such as atrial 

fibrillation or non-sustained VT were excluded.  

Patients were monitored for treated arrhythmic events or death using electronic records 

on the Patient Care System (PCS) at Kingston General Hospital.  Device files containing 

physician diagnosis and ICD recordings were examined to determine the first occurrence of a 

treated ventricular arrhythmic event since study inclusion. Follow-up was conducted from 

inclusion until the study completion date of October 1st, 2017. Time from inclusion to primary 

outcome or end of study, whichever was sooner, was recorded.  

 

2.3.3 Statistical Analysis  

The Shapiro-Wilk test was used to assess normality, while Levene’s test was used to assess 

equal variance between compared groups. If the conditions of these two tests were met, then 

parametric analysis was conducted. Otherwise, non-parametric analysis was utilized. Differences 

in clinical characteristics (age at consent, LVEF, QRSd, LSDf) were compared using parametric 

(independent t-tests) or non-parametric (Mann-Whitney U test) methods. Categorical clinical 

characteristics (male sex %, ICD indication, NYHA, drug therapy) were compared using 2x2 Chi-

square tests for proportions with continuity correction.   

Receiver operating characteristic (ROC) curves were created for LSDf, LVEF, and QRSd 

stratification methods. The Area Under the Curve (AUC) was calculated to assess the overall 

predictive value of each metric. For each metric, a point on the curve with optimal specificity and 

sensitivity was selected to be used as a threshold for further survival analysis. Kaplan-Meier 

analysis was conducted to compare survival rates between patients above and below the selected 
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LSDf threshold. Kaplan-Meier analysis was also conducted to compare survival rates between 

patients stratified as high-risk/low-risk by QRSd and LVEF thresholds from ROC data. Cox 

multivariate regression analysis was finally used to evaluate the predictive value of LSDf, QRSd, 

LVEF, age at screening, sex, NYHA classification, and Class III antiarrhythmic usage. A 2-sided 

p-value < 0.05 was considered statistically significant. IBM SPSS Statistics software was used for 

all analyses mentioned.  

 

2.4 Aim 2: Identifying a potential cardiac electrical mechanism explaining LSDf efficacy  

 The next step following validation of LSDf in a prospective ICD cohort was the 

investigation of a possible explanation for arrhythmia risk-stratification efficacy as reported by 

previous research.(Torbey et al., 2015) Based on the results of Aim 1, LSDf analysis of SAECG 

recordings appeared to have little/no relationship with ventricular function (i.e.. LVEF). As such, 

we concluded that LSDf likely assesses cardiac electrical health. As such, we proposed three 

separate experiments to test the relationship of LSDf and other known electrical parameters that 

contribute to arrhythmogenesis:  

1) Conduction velocity: the speed at which electrical signals move through the ventricles to 

stimulate contraction.  

2) Effective refractory period: the amount of time following contraction when a subsequent 

ventricular depolarization event cannot occur.  

3) Myocardial substrate: the presence of local areas of slow conduction which trigger 

arrhythmogenesis.   
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2.5. Evaluating the relationship between conduction velocity and LSDf 

  The “Procainamide Effects on Ventricular Electrophysiology Non-invasive Testing” 

(PREVENT) was a single-center interventional trial at KGH. Procainamide is a class I 

antiarrhythmic drug formally used for the treatment of supraventricular tachycardia and atrial 

fibrillation. Procainamide selectively targets fast-inward sodium channel INa which effectively 

slows conduction velocity. Due to this property, procainamide is widely administered to patients 

who are suspected to have inherited rhythm disorders, like Brugada syndrome, as a drug 

challenge test. The PREVENT study employed a similar procedure to evaluate how 

pharmacologically induced ventricular conduction delay would affect LSDf.  

2.5.1 Study population and recruitment  

 Patients at the KGH cardiac catherization laboratory were asked to participate in the 

PREVENT study from April 23rd, 2018 onward. Hemodynamically stable patients with 

uninhibited ventricular function were included in this study (see Table 1 for complete criteria). 

Furthermore, patients taking medication with known pharmacological interactions with 

procainamide or with hypersensitivity to procainamide were excluded from this study. Potential 

candidates for this study were approached in the KGH cardiac catherization laboratory at least 1 

hour before their scheduled appointment. At this time, the study methodology was explained and 

the potential risks of procainamide infusion and SAECG testing were outlined. Patients were 

accepted into the study upon both written and verbal consent.   

2.5.2 SAECG and procainamide infusion protocol  

 A SAECG recording was performed immediately after receiving consent as per 

previously described standards (see section 2.2). Following data transfer, study participants 
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underwent procainamide infusion of 15 mg/kg (up to a maximum of 1 gram) in 250 mL 0.9 

sodium chloride solution over 30 minutes. A second SAECG recording was then obtained after 

an additional 30 minutes following infusion to allow sufficient time for pharmacokinetic 

distribution of the drug. A trained ECG technologist and cardiac nurse were present for the entire 

duration of procainamide infusion and observation period. After a final assessment by an 

attending physician, subjects were thanked for their participation and discharged. LSDf was 

determined for both pre- and post-procainamide SAECG recordings. In addition to LSDf, QRSd 

(a global measurement of ventricular conduction velocity) was also determined for each SAECG 

recording before and after procainamide infusion.  

2.5.3 Statistical analysis  

 The Shapiro-Wilk test was used to assess normality, while Levene’s test was used to 

assess equal variance between compared groups. If the conditions of these two tests were met, 

then parametric analysis was conducted. Otherwise, non-parametric analysis was utilized. A 

comparison of LSDf and QRSd between pre- and post-procainamide SAECG recordings was 

conducted using parametric (paired T-test) or non-parametric (Wilcoxon signed-rank test) 

methods. A two-sided p-value of p<0.05 was considered statistically significant. Statistical 

analysis was conducted using IBM SPSS Statistics software, and before-after plots were created 

using GraphPad Prism 8.  

 

2.6 Evaluating the relationship between effective refractory period and LSDf 

 The “Non-invasive assessment of cardiac Electrophysiology using contemporary 

acquisition and Signal processing Techniques” (NEST) study was a single center interventional 
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study. Ibutilide is a class III antiarrhythmic drug that effectively extends the effective refractory 

period (ERP) of the cardiac action potential. Rather than blockade of a slow potassium current, 

ibutilide instead activates a slow inward sodium current to extend ventricular repolarization. As a 

result, consequent ventricular depolarization cannot occur during this time.  

2.6.1 Study population and recruitment 

 Hemodynamically stable patients with uninhibited ventricular function were included in 

this study. Patients at the KGH cardiac catherization laboratory scheduled for an 

electrophysiology study for atrial flutter/fibrillation were asked to participate in the NEST study. 

Furthermore, patients taking medication with known pharmacological interactions with ibutilide 

or with hypersensitivity to ibutilide were excluded from this study. Potential candidates for this 

study were approached in the KGH cardiac catherization laboratory at least 1 hour before their 

scheduled appointment. At this time, the study methodology was explained and the potential 

risks of ibutilide infusion and SAECG testing were outlined. Patients were accepted into the 

study upon both written and verbal consent.   

 

2.6.2 SAECG and ibutilide infusion protocol  

A SAECG recording was performed immediately after receiving consent as per previously 

described standards (see section 2.2). Following the first recording, study participants underwent 

ibutilide infusion of a total 2 mg (maximum) over 20 minutes. A second SAECG recording was 

then obtained after an additional 1 hour following infusion to allow sufficient time for 

pharmacokinetic distribution of the drug. A trained ECG technologist and cardiac nurse were 

present for the entire duration of ibutilide infusion and observation period. After a final 
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assessment by an attending physician, subjects were thanked for their participation and 

discharged. LSDf was determined for both pre- and post-ibutilide SAECG recordings. In 

addition to LSDf, QRSd was also determined for each SAECG recording before and after 

ibutilide infusion. 

2.6.3 Statistical analysis  

 The Shapiro-Wilk test was used to assess normality, while Levene’s test was used to 

assess equal variance between compared groups. If the conditions of these two tests were met, 

then parametric analysis was conducted. Otherwise, non-parametric analysis was utilized. A 

comparison of LSDf and QRSd between pre- and post-ibutilide SAECG recordings was 

conducted using parametric (paired T-test) or non-parametric (Wilcoxon signed-rank test) 

methods. A two-sided p-value of p<0.05 was considered statistically significant. Statistical 

analysis was conducted using IBM SPSS Statistics software, and before-after plots were created 

using GraphPad Prism 8.  

2.7 Evaluating the relationship between ventricular substrate and LSDf 

 The “Spectral-analysis of Electrocardiograms to assess Fractionation” (SELF) study was 

a single centre interventional trial. The population of interest were ischemic VT patients 

undergoing electrophysiology testing and catheter ablation for the identification and removal of 

arrhythmogenic ventricular substrate. During ablation, a cardiac electrophysiologist creates 

electroanatomic maps of inside of the heart to identify arrhythmogenic areas of slowed 

myocardial conduction. These areas are then ablated, leaving behind scar tissue as a barrier for 

abnormal electrical activity.  
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2.7.1 Study population and recruitment  

 Patients at the KGH cardiac catherization laboratory were asked to participate in the 

SELF study. Ischemic VT patients scheduled for VT ablation were approached for this study. 

Non-ischemic VT patients or patients undergoing cardiac resynchronization therapy were 

excluded form this study. Patients had to be hemodynamically stable and capable of providing 

consent. Patients already enrolled in another clinical study were not included, and no monetary 

incentive was provided.   

 Patients already in the catherization lab were approached approximately 30 min prior to 

their scheduled procedure. At this time, a researcher would approach the patient and outline the 

purpose, methodology, and risks of the study in lay language. Patients were allowed ample time 

to read the protocol and consent form. Patients were successfully enrolled upon both verbal and 

written consent.  

 

2.7.2 SAECG protocol and electroanatomic mapping 

 A SAECG recording was performed immediately after receiving consent as per 

previously described standards (see section 2.2). Following data transfer, study participants 

underwent their scheduled VT ablation procedure by a cardiologist. A second SAECG recording 

was then obtained after a minimum of three hours following the ablation procedure to allow for 

sufficient patient recovery time. An ECG technologist and cardiac nurse were present for the 

entire duration of the recovery and SAECG recording. After a final assessment by an attending 

physician, subjects were thanked for their participation and discharged. LSDf was determined for 

both pre- and post-ablation SAECG recordings.  
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 Bipolar peak-to-peak voltage data of patients enrolled in the SELF study were then 

exported from the electrophysiology Precision Ensite system onto a secure KGH network 

database. These data were used to then create electroanatomic maps of the left and right 

ventricles in MATLAB (MathWorks). Voltage areas were colour coded to create a visual 

representation of different voltage areas where the colour range was set for maximal voltage of 

1.5 mV. The proportion of low voltage areas under 0.5 mV were then quantified in proportion to 

the rest of the electroanatomic map. This voltage range was based on the work of (Soejima et al., 

2002) who found that bipolar peak-to-peak mapping of the ventricles to identify < 0.5 mV areas 

could identify areas of electrically unexcitable scar responsible for ventricular arrhythmia.   

 

2.7.3 Statistical analysis  

 The Shapiro-Wilk test was used to assess normality, while Levene’s test was used to 

assess equal variance between compared groups. If the conditions of these two tests were met, 

then parametric analysis was conducted. Otherwise, non-parametric analysis was utilized. A 

comparison of LSDf between pre- and post-ablation SAECG recordings was conducted using 

parametric (paired T-test) or non-parametric (Wilcoxon signed-rank test) methods. Non-

parametric Spearman correlation was then conducted to examine an association between LSDf 

and low voltage electroanatomic zones from electrophysiology study. A two-sided p-value of 

p<0.05 was considered statistically significant. Statistical analysis was conducted using IBM 

SPSS Statistics software, and before-after plots were created using GraphPad Prism 8. 
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CHAPTER 3: Results  

3.1 Aim 1 Results  

3.1.1 Patient Characteristics 

 Fifty-two ICD patients were enrolled between November 10th, 2008, and June 24th, 2009.  

The mean age of these patients was 66.14 ± 10.16 years at baseline. The patient cohort was 

followed for a period of 9.55 ± 0.18 years. Patients were predominantly male (n=45, 86.5%) and 

were diagnosed with ischemic cardiomyopathy (n=36, 69.2%). During follow-up, 34 patients 

exhibited the primary outcome (28 with ventricular arrhythmia, 6 expired). The mean time to 

primary outcome was 4.58 ± 3.17 years from baseline recordings. ICD indication, percentage of 

ischemic disease, medication, NYHA classification, and LVEF were not significantly different 

among outcome and outcome-free patients (Table 2). LSDf was significantly lower (12.14±3.97%, 

n=34 vs 16.45±3.73%, n=18; p=0.001), and QRSd was significantly greater (111.59±14.96 ms, 

n=34 vs. 97.69±13.51 ms, n=18; p=0.012) in patients meeting the primary outcome (Figure 7). 

The normal control cohort consisted of 46 healthy individuals. Mean age and proportion of 

male patients did not significantly differ between the ICD and control cohorts. Mean LSDf in the 

controls was significantly greater than the overall ICD patient cohort (16.79±3.09%, n=46 vs. 

13.22±4.31%, n=52; p<0.001). Upon further inspection, mean LSDf in controls was also 

significantly greater than primary outcome patients (16.79±3.09%, n=46 vs 12.14±3.97%, n=34; 

p<0.001) but not different from patients without a primary outcome (16.79±3.09%, n=46 vs 

16.45±3.73, n=18; p=0.745).  
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Table 2: Clinical characteristics of the ICD cohort 

 

 

 

 

 

 No Outcome (n=18) Outcome (n=34) All Patients (n=52) p-value 

Age at Consent (years) 60.8 (11.9) 66.6 (9.4) 65.16 (10.3)  0.076 

Male Sex 9 (69.2%) 36 (92.3%) 45 (86.5%) 0.101 

Primary Prevention 7 (53.8%) 26 (66.7%) 33 (63.5%) 0.618  

Ischemic Disease  8 (61.5%) 28 (71.8%) 36 (69.2%) 0.729 

NYHA Score     0.622 

            I 8 (61.5%) 18 (46.2%) 26 (50%)  

            II 4 (30.8%) 16 (41.0%) 20 (38.5%)  

            III 1 (7.7%) 5 (12.8%) 6 (11.5%)  

Mean LVEF (%) 35.46 (12.46) 28.38 (13.07) 30.15 (13.17) 0.094 

Mean QRSd (ms) 97.69 (13.51) 111.59 (14.96) 108.12 (15.71) 0.005* 

Mean LSDf (%) 16.45 (3.73) 12.14 (3.97) 13.22 (4.31) 0.001* 

     

Pharmacological 
Treatment 

    

Class III Antiarrhythmics 1 (7.7%) 11 (28.2%) 12 (23.1%) 0.254 

Beta Blockers 10 (76.9%) 24 (61.5%%) 34 (65.4%%) 0.501 

ACE Inhibitor  7 (53.8%) 26 (66.7%) 33 (63.5%) 0.618 

Statins 9 (69.2%) 29 (74.4%) 38 (73.1%) 1.0 

Blood Thinners 4 (30.8%) 14 (35.9%) 18 (34.6%) 1.0 

Anti-Platelets 7 (53.8%) 16 (41.0%) 23 (44.2%) 0.629 
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3.1.2 Receiver Operating Characteristic Analysis  

 Receiver Operating Characteristic (ROC) analysis was conducted to assess the ability of 

LSDf, LVEF, and QRSd to predict appropriate therapy for ventricular arrhythmia (i.e. Shocks or 

ATP) or mortality in the ICD patient cohort following screening (Figure 8). The area under curve 

(AUC) was 0.815 for LSDf (p=0.001), 0.707 for LVEF (p=0.027), and 0.747 for QRSd (p=0.080) 

(Table 3). For further survival analysis, a value of 13.25% for LSDf was selected as threshold 

based on suitable sensitivity of 0.74 and specificity of 0.85. An LVEF of 28.5% was selected based 

on 0.64 sensitivity and 0.77 specificity, and a QRSd of 100 ms was selected based on 0.8 sensitivity 

and 0.62 specificity.  

 

Figure 7: LSD time-frequency spectrograms of two ICD patients  

Left: An ICD patient with a treated ventricular arrhythmia event had an LSDf of 13.0%. Right: An ICD 
patient with no events had an LSDf of 19%. Time (ms) on the x-axis, frequency (Hz) on the y-axis, and 
amplitude (mV) as colour scale (middle legend).  
 

 

Amplitude (mV) 
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Figure 8: Receiver operating characteristic curves 

LSDf (a), LVEF (b), and QRSd (c) ability to predict adverse outcomes (ventricular arrhythmia, mortality). 
An LSDf threshold of 13.25%, an LVEF of 28.5%, and a QRSd of 100 ms was selected based on optimal 
sensitivity and specificity (0.74 and 0.85, respectively).  
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Table 3: Receiver Operating Characteristic results for adverse outcomes 

 

 

 

 

 

 

3.1.3 Survival Analysis 

Kaplan-Meier survival analysis was conducted to assess the ability of LSDf to predict the 

occurrence the primary outcome (treated ventricular arrhythmia, death) (Figure 9). ICD patients 

were stratified into two groups using the previously calculated LSDf threshold (i.e. > 13.25% 

threshold, ≤ 13.25% threshold). Patients above the LSDf threshold demonstrated significantly 

better survival (i.e. longer time till outcome) than those below the LSDf threshold, as determined 

by Log-Rank (Mantel-Cox) equality test in survival distributions (p<0.001). QRSd and LVEF were 

also evaluated through Kaplan-Meier survival analysis using the previously calculated thresholds 

(QRSd > 100 ms, LVEF ≤ 28.5%). Patients with a QRSd < 100 ms had significantly longer time 

to the primary outcome than patients with QRSd ≥ 100 ms (p=0.004). Kaplan-Meier analysis of 

LVEF did not demonstrate a significant difference in survival among patients above/below 28.5% 

(p=0.05). Visual inspection of the LSDf Kaplan-Meier survival curves indicated that a large 

portion of LSDf ≤ 13.25% patients experienced ICD therapy or death within two years of follow-

up (Figure 9a). Upon closer inspection, it was observed that 53% of patients with low LSDf 

experienced ICD therapy or death within two years of their implant, versus 9% in the high LSDf 

group.  

 
Area Under 
Curve 
(AUC) 

p-value 
95.0% CI for AUC 

Lower Upper 

LSDf (%) 0.815 0.001 0.695 0.934 

LVEF (%) 0.706 0.027 0.556 0.856 

QRSd (ms) 0.747 0.080 0.590 0.903 

CI: Confidence Interval, LSDf: Layered Symbolic Decomposition Frequency, 
LVEF: Left Ventricular Ejection Fraction QRSd: QRS duration (* = p<0.05)  
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Figure 9: Kaplan-Meier survival curves 

Patients stratified by 13.25% LSDf (a), 28.5% LVEF (b), and 100 ms QRSd (c) thresholds. All 
thresholds were determined through receiver operating characteristic analysis (*Statistically 
significant p < 0.05) 
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Cox survival analysis was performed to assess univariate and multivariate survival models 

of the following metrics: LSDf ≤ 13.25%, LVEF ≤ 28.5%, QRSd ≥ 100 ms, Screening Age, Sex, 

NYHA, and Class III antiarrhythmic usage (Table 4). In univariate analysis, the LSDf threshold, 

the QRSd threshold, and Age at Screening were significant predictors of the primary outcomes 

(ventricular arrhythmia, death). The 13.25% LSDf threshold was found to be the most significant 

(p<0.001), with a hazard ratio of 3.71 if below the threshold.   

In a multivariate model comparing all metrics (Multivariate Analysis 1), only LSDf and 

Age at Screening were significant predictors. The LSDf threshold was a more significant predictor 

(p=0.007) with a hazard ratio of 3.63 if below the threshold. A second multivariate model was 

created using only ventricular arrhythmic events as the outcome (Multivariate Analysis 2). LSDf 

threshold proved to be a significant independent predictor of ventricular arrhythmia (p=0.006), 

with a hazard ratio of 4.99 if below the threshold. 

Table 4: Cox Regression Analysis 

 

 

 

 
Univariate Analysis 
(Primary Outcome) 

Multivariate Analysis 1 
(Primary Outcome) 

Multivariate Analysis 2 
(Ventricular Arrhythmia) 

 HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value 

LSDf (13.25%) 3.71 (1.82-7.56) <0.001* 3.63 (1.43-9.22) .007* 4.99 (1.59-15.66) 0.006* 

LVEF (28.5%) 2.12 (1.07-4.20) 0.304 1.36 (0.63-2.95) .438 1.45 (0.62-3.40) 0.397 

QRSd (100 ms) 2.82 (1.29-6.16) 0.013* 1.08 (0.37-3.12) .889 1.84 (0.44-7.78) 0.406 

Age at Screening 1.03 (1.00-1.06) 0.048* 1.03 (1.00-1.07) .043* 1.03 (1.00-1.07) 0.094 

Male Sex 2.73 (0.84-8.85) 0.096 1.18 (0.27-5.12) .822 2.96 (0.53-16.45) 0.216 

NYHA Score 1.11 (0.72-1.70) 0.638 0.90 (0.55-1.46) .655 0.84 (0.51-1.41) 0.515 

Class III 
Antiarrhythmics 

1.65 (0.82-3.33) 0.161 1.03 (0.46-2.28) .948 1.17 (0.52-2.63) 0.711 

 
 

     CI: Confidence Interval, HR: Hazard Ratio, LSDf: Layered Symbolic Decomposition Frequency, NYHA: New 
York Heart Association, QRSd: QRS duration. (* = p<0.05)  
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3.2 Aim 2 Results  

3.2.1 Ventricular conduction velocity  

 Nine patients were recruited to the PREVENT trial from April 23rd, 2018 to March 1st, 

2019. None of the recruited patients had contraindications to procainamide. Two patients were 

removed from the study due to prior enrollment in other clinical trials leaving a total of 7 

patients. 10-minute SAECG recordings from before and after procainamide infusion were 

obtained and LSDf analysis was performed.  Signal-averaged QRSd was additionally determined 

using digital calipers of the SAECG recordings. There was no significant difference found in 

mean LSDf between following procainamide infusion in these patients (14.20% vs. 13.92%, n=7, 

p=0.66). However, mean signal-averaged QRSd was found to significantly increase in patients 

following procainamide infusion (96.5 ms vs. 109.8 ms, n=7, p<0.01). Mean of difference in 

QRSd increase was 13.1 ± 4.5 ms following procainamide infusion (Figure 10).  

 

3.2.2 Effective refractory period  

 Fifteen patients were recruited to the NEST trial from June 23rd, 2011 to June 18th, 2012. 

Two patients were removed from the study due to prior enrollment in other clinical trials leaving 

a total of 13 patients. 10-minute SAECG recordings from before and after procainamide infusion 

were obtained and LSDf analysis was performed.  Signal-averaged QRSd was additionally 

determined using digital calipers of the SAECG recordings. No significant differences were 

found in mean LSDf (15.27% vs 16.02 %, n=15, p=0.09) or mean QRSd (90.5 ms vs 89.1 ms, 

n=15, p=0.27) following ibutilide infusion (Figure 10).  
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Figure 10: Before and after procainamide (a) and ibutilide infusion (b) 

n=7 patients were administered procainamide. A significant difference in QRSd was found after 
procainamide infusion (p<0.01). n=13 patients were administered ibutilide. No significant 
difference was found in either LSDf or QRSd following ibutilide infusion.  

 

 

 

✱
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3.2.3 Ventricular substrate and electroanatomic mapping 

 A total of 13 ischemic VT patients were recruited to the SELF study from March 7th, 

2018, to April 5th, 2019. Three patients were excluded because of already being enrolled in 

another clinical study or a positive inherited cardiac rhythm disorder leaving 10 VT patients. 10-

minute SAECG recordings from before and after ablation were obtained and LSDf analysis was 

performed. Mean LSDf was found to significantly increase following VT ablation (7.78% vs 

9.40%, n=10, p<0.001). Mean of difference in LSDf was 1.62 ± 1.50% between pre- and post-

ablation SAECG recordings (Figure 11).  

 Peak-to-peak electrogram data from electrophysiology EnSite system were exported onto 

a secure KGH database for further analysis. Electroanatomic voltage maps of the ventricles were 

then created in MATLAB (MathWorks) using colour mapping from 0 mV to >1.5 mV (Figure 

12). Two patient datasets could not be exported from the EnSite system leaving n=8 

electroanatomic maps. The proportion of low voltage (<0.5 mV) was then calculated for each 

electroanatomic map. A significant rank-order correlation was found between the proportion of 

<0.5 mV zones and LSDf (%) (r = -0.81, p<0.05)   
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Figure 11: Before and after ablation (top) and correlation of low voltage zones with LSDf 
(bottom) 

n=10 patients were included in the SELF study. LSDf post-ablation was significantly greater 
than LSDf pre-ablation (p<0.001). A significant correlation between the proportion of low 
voltage zones and LSDf (%) was determined with a Spearman r value of -0.81 (n=8).  

 

✱

r = -0.81 
p < 0.05  
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Figure 12: Electroanatomic voltage mapping of the ventricles 

Example electroanatomic voltage map of a subjected included in the SELF study. Low areas are 
indicated by dark blue, whereas higher voltage areas are indicated by dark red segments. The 
proportion of low voltage areas under 0.5 mV were quantified for each electroanatomic map.  
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Chapter 4: DISCUSSION 

 

4.1 Main findings  

 This is the first study to demonstrate basis function-less frequency analysis of SAECG 

recordings as a viable risk stratification tool in ICD patients. LSDf was significantly predictive 

of ventricular arrhythmia and death in a de novo ICD patient cohort followed for 9.5 years. An 

LSDf threshold of 13.25% demonstrated superior sensitivity and specificity compared to LVEF 

and QRSd. In multivariate survival analysis, only LSDf was a significant independent predictor 

of ventricular arrhythmia compared to other metrics. Three clinical trials were conducted to 

elucidate a potential physiological mechanism explaining LSDf efficacy. LSDf did not 

significantly change following the administration of procainamide (i.e. to slow ventricular 

conduction velocity) or ibutilide (i.e. to extend ERP) in patients with preserved ventricular 

function. However, LSDf did significantly change following catheter ablation in ischemic VT 

patients. Upon closer examination of electroanatomic maps from EP study, absolute LSDf 

appears to be related to the presence of low voltage areas in the ventricles.  

 

4.2 Validation of an SAECG-based metric 

 Improved diagnostic tools in prediction of SCD are needed both in patients known to be 

at risk and in less well understood clinical scenarios such as post-myocardial infarction, non-

prodromal syncope, and preserved ejection fraction heart failure (Bennett et al., 2017). In 

addition, inherited cardiomyopathies such as channelopathies and hypertrophic cardiomyopathy 

might benefit from addition risk markers (Hocini et al., 2014). Imaging techniques are of 
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increasing value but are both expensive and time consuming (Priori et al., 2015). Surface ECG 

based technologies are comparatively inexpensive and accessible, affording a potential for 

screening of large groups of at‐risk patients. SAECG testing is not routinely implemented at 

healthcare centers and is currently exclusively used at speciality clinics to assess inherited 

rhythm disorders. However, our data support a high-resolution electrocardiogram‐based 

approach to identification of ICD recipients at higher risk of therapy or death. With recent 

technological advances, there has been a surge in interest of analysis of high-resolution 

electrocardiograms. Furthermore, while much research has investigated the terminal region of 

the QRS complex (i.e. ventricular late potentials), little research has been conducted assessing 

the abnormal morphology of the entire complex. Similar to this study, Das et al. found that 

quantification of abnormal morphology (QRS peaks) in high-resolution recordings shows great 

risk stratification potential in both ischemic and non-ischemic cardiomyopathy patients (Das et 

al., 2017). Tsutsumi et al. found that a metric quantifying frequency powers within the QRS 

complex improved the sensitivity and specificity for predicting ventricular arrhythmia when 

combined with VLPs (Tsutsumi et al., 2011).  

 

4.3 Clinical utility  

 Based on both univariate and multivariate analyses, LSDf appears to be effective at 

identifying ICD patients who will experience earlier, potentially life-threatening, ventricular 

arrhythmia. Furthermore, the ability of LSDf to identify these patients was largely observed 

within two years of ICD implantation. The identification of this patient cohort may provide 

several useful clinical opportunities. For one, a higher-risk ICD cohort may benefit from 

additional pharmacological therapy. ICD therapy is widely considered superior to antiarrhythmic 
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drug therapy for the management of ventricular arrhythmias (Kuck et al., 2000). However, some 

evidence has suggested that there is a subset of ICD patients who benefit from additional 

therapy. Researchers of the Antiarrhythmics Versus Implantable Defibrillators Study found that a 

subset of ICD patients had fewer ICD therapy frequency following antiarrhythmic medication 

(primarily amiodarone) administration (Steinberg et al., 2001). Conversely, a large multicenter 

randomized control trial found that additional VT ablation was superior to escalation of 

antiarrhythmic drugs at lowering the rate of adverse outcomes (death, VT storm, ICD shock) in 

ischemic ICD patients (Sapp et al., 2016). If LSDf is effective at identifying an especially high-

risk ICD cohort, then perhaps this metric could be used to identify candidates earlier for 

additional therapy. 

 LSDf appears to also have potential at identifying patients with low LVEF but low risk of 

ventricular arrhythmia. These patients undergo a costly uncomfortable implantation procedure, 

are susceptible to risks of ICD implantation (e.g. infection, inflammation, inappropriate therapy), 

but do not benefit from the lifesaving functions an ICD provides. This puts an unnecessary cost 

on both the individual patient and the medical system. Judging from ROC analysis (Figure 8), 

LSDf had relatively high specificity in this ICD patient cohort. These data is consistent with 

other forms of SAECG time-frequency analysis which also demonstrated high specificity in 

identifying at-risk patients (Morlet et al., 1993). Another signal analysis method called Intrinsic 

Time-scale Decomposition also demonstrated similar specificity values (Jin et al., 2017). 

Considering the ICD cohort of this study was selected based on traditional parameters (LVEF 

and NYHA), these data suggest that LSDf has the potential to be used an additional metric to 

improve specificity but would require very large cohort studies to show benefit for standard-of-

care. 



48 
 

 It should be noted that routine risk stratification metrics in clinical practice often accept 

high sensitivity at the expense of specificity. This is in part due to the altruistic nature of 

medicine, where physicians would rather effectively identify the most at-risk patients possible 

even if it means that some false-positive patients are also included. This is especially true for 

ICD risk management, where these devices have the potential to extend life expectancy in post-

MI patients by up to 5 years (Manolis et al., 2017). In this study, LSDf demonstrated greater 

risk-stratification potential than other metrics for an ICD cohort with compromised ventricular 

function. However, LSDf should also be assessed in a study population with preserved 

ventricular function (i.e. normal LVEF) to elucidate its general specificity. 

 

4.4 Physiological implications  

 LSDf appears to be related to the presence of abnormal arrhythmogenic substrate but not 

ventricular conduction velocity, QRSd, or ERP. Considering LSDf appears to operate 

independent of QRSd, LSDf for assessing arrhythmia risk may be applicable to patient cohorts 

where QRSd cannot be determined such as patients on continuous pacing/CRT devices. We 

propose that this is likely a result of how the LSD algorithm quantifies abnormal morphology 

from the SAECG. In the presence of abnormal substrate, an electrocardiogram recording will 

accordingly portray subtle voltage deflections within the QRS segment as a result of abnormal 

ventricular conduction. These deflections are miniscule before processing, but then become 

accentuated during the signal-averaging process. Patients with significant amounts of abnormal 

substrate then display abnormal frequency content in their SAECG which can then be quantified 

with LSDf. Similar studies have found that SAECG metrics are correlated with nonconductive 

ventricular scarring in post-MI patients (Takase & Nagata, 2009). Given that LSDf appeared to 
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be effective in both ischemic and non-ischemic ICD patients, it is possible that LSDf can be used 

for different types of arrhythmogenic substrate etiology. Another study that quantified abnormal 

frequency of the QRS complex found that a novel time-frequency metric were related to 

increased histological fibroblast density leading to increased arrhythmia propensity (Tsutsumi et 

al., 2014). 

4.5 Potential relationship to fragmented QRS 

 Other ECG-based metrics have proposed similar relationships to abnormal myocardial 

substrate. Perhaps the most comparable metric to LSDf is fragmented QRS (fQRS). fQRS is 

currently based qualitatively on visual inspection by a cardiologist to identify abnormal notches, 

or additional R waves, within the QRS complex (Das et al., 2007). Similar to LSDf, fQRS has 

been shown to correlate to the presence of arrhythmogenic myocardial scar tissue confirmed 

through ventriculography and echocardiography (Das et al., 2008). However, the clinical utility 

of fQRS for myocardial scar detection has been criticized, with one study finding low sensitivity 

and specificity in a patient population of 1156 CAD or suspected CAD patients (Wang et al., 

2010). 

 It is conceivable that LSDf provides a quantitative orthogonal measurement of fQRS. 

Like fQRS, LSDf appears to be associated with low voltage areas of myocardium and potential 

scar tissue. The presence of additional R waves becomes more visually apparent in SAECG, and 

the LSD algorithm provides a means of quantifying abnormal frequency signals from the 

additional R waves. Other recent studies have attempted to quantify the level of fQRS rather than 

rely on a qualitative diagnosis. Korhonen et al utilized a fQRS fractionation index that quantified 

the number of extrema within the QRS complex (Korhonen et al., 2010). They found that this 

fractionation index proved superior to QRSd at predicting heart failure and SCD in 158 MI 
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patients. Similar to this study, Jin et al applied a novel time-scale decomposition method to the 

precordial leads of a 12-lead ECG (Jin et al., 2017). While this method has not shown any long-

term predictive value, the researchers demonstrated that this quantification method had high 

specificity and sensitivity at stratifying healthy and diseased patients. Future studies that attempt 

to experiment with different forms of fQRS quantification may be wise to try their methods on 

SAECG recordings, as the combination of high sampling frequency, orthogonal placement, and 

signal-averaging permit more detailed analysis without the presence of excess noise.  

 

4.6 Limitations 

 The limited number of patients in our ICD cohort was highly selected by both LVEF and 

surface QRSd using Canadian guidelines for primary prevention and cardiac resynchronization. 

This is likely why LVEF and QRS displayed suboptimal risk stratification, as nearly all ICD 

patients were already below their established thresholds. Future studies should evaluate LSDf in 

survival models of patients with preserved ventricular function. SAECG is currently not a routine 

diagnostic procedure in most clinical settings. Furthermore, SAECG testing is not always 

practical considering it requires 10 minutes of static recording. A potential future project of our 

laboratory is to test LSD analysis in standard 12‐lead ECG data, but the limitations of low-

resolution ECG may preclude the effectiveness of the LSD algorithm. Additionally, we were 

unable to determine the cause of death during patient follow‐up due to patient privacy 

agreements. We would have ideally liked to only incorporate cardiac‐related causes of death in 

our analyses (i.e. heart attack, arrhythmia, stroke) but perhaps this can be assessed by future 

studies. 
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4.7 Future directions 

 These preliminary data were derived from a small cohort, and advances in heart failure 

therapy and revascularization have occurred since the onset of the study. Further validation in a 

larger ICD cohort to elucidate the true efficacy of LSDf in a contemporary cohort. In addition to 

solely ICD patients, LSDf should be extended to all post-MI patients to determine if LSDf 

demonstrates SCD risk stratification potential in patients with preserved ventricular function. 

Furthermore, reproducibility studies are required to determine how a patient’s LSDf score will 

change over extended durations following ICD intervention or pharmacological intervention. An 

interventional study would be possible once LSDf is more established. This can include 

providing an antiarrhythmic drug, such as amiodarone, to high SCD-risk ICD patients with low 

LSDf scores in an attempt to offset their propensity of ventricular arrhythmia.  

 While our trials indicate that LSDf may be associated with low voltage ventricular 

scarring, more VT patients are currently being recruited to improve our sample size. Other 

methods of quantifying abnormal ventricular substrate such as ventriculography, 

echocardiography, and MRI should also be used to confirm a relationship with LSDf. Cellular 

techniques such as histopathological or immunohistochemical analysis could be used to detect 

myocardial pathology at the molecular level. As discussed previously, a potential relationship 

between LSDf and fQRS should be investigated further. Computer simulations of known 

fragmented electrocardiograms could be analyzed to determine if LSDf correlates with the level 

of fragmentation. It this is the case, then perhaps the LSD algorithm could be fine-tuned to 

specifically target frequencies that best correlate with fragmentation. The relationship between 

these two metrics could be assessed using statistical agreement analysis, such as a Bland-Altman 

plot, for positive myocardial substrate.  
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4.8 Conclusion 

 This study demonstrated that LSDf, a novel time-frequency analysis of SAECG 

recordings, has potential as a ventricular arrhythmia risk stratification tool in ICD patients. 

Moreover, the efficacy of LSDf appears to be due to its relationship with the presence of 

abnormal ventricular substrate, such as myocardial scar tissue, and is independent of QRSd and 

ERP. With these data, LSDf shows potential at identifying high-risk ICD patients that may 

require additional treatment such as escalated pharmacotherapy or catheter ablation to mitigate 

outcomes of shock or death.  
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