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Abstract
Aim: Implantable cardioverter defibrillators (ICDs) are life-saving devices
invented in the 20th century that are now the standard of care for patients at
high risk of ventricular arrhythmia, largely defined by either previous
malignant arrhythmic event or depressed left ventricular ejection fraction
(LVEF). However, nearly half of the current ICD population never receive
appropriate therapy or benefit from their device, while still facing the risks
and complications associated with it. Improvement in our ability to determine
risk of ventricular arrhythmia is needed to allow for better patient selection
for ICD implantation. This thesis examined the use of ECG-based parameters
and their value in ventricular arrhythmia risk stratification in ICD patients.

Methods and Results: Firstly a retrospective cohort of 138 ICD patients was
reviewed. Over an average follow-up of 7 years, 55% of patients received
appropriate shock therapy, and 25% received inappropriate therapy.

In

Chapter 3, manual assessment of 12-lead ECGs was undertaken in a
retrospective cohort of 108 ICD patients. Increased QRS dispersion and
presence of premature ventricular complex over 10sec were found to be
associated with higher risk of appropriate therapy with a mean follow-up of
29±11 months. Manual assessment of paper 12-lead ECGs was limited in
terms of the parameters that could be derived and measurement accuracy. In
Chapter 4 and Chapter 5 the use of digital ECG analysis was explored. In
Chapter 4, custom written software was developed to compute a large
number of ECG parameters that characterise the depolarisation and
repolarisation processes and autonomic function. In Chapter 5, the set of ECG
parameters computed from Chapter 4 was reduced to a smaller subset where
only measures that were relatively independent from conventional ECG
measures and ones that distinguished ICD patients from normal volunteers
were retained. In Chapter 6, the selected subset of ECG measures was
correlated to structural indices of LV global remodelling and scar formation
assessed by cardiac MRI. While some ECG parameters were significantly
related to structural remodelling, others were relatively independent,
implying the ECG is a useful tool in providing unique electrophysiological
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information. In Chapter 7, the ECG measures were related to the primary
endpoint of appropriate therapy in a prospective ICD cohort of 201 patients.
Two novel ECG measures, TWR rel (relative T wave non-dipolar component)
and QMD (QRS morphology dispersion) were found to be independent
predictors of arrhythmic events in addition to clinical variables of LVEF,
secondary prevention and male gender.

Conclusion: ICDs are currently implanted in patients considered at high risk
of ventricular arrhythmia; however, our ability to characterise this risk is
limited. Two digitally derived novel ECG measures were identified that held
incremental prognostic value to the traditional risk markers of LVEF and
secondary prevention indication and these were also independent of
structural indices. This suggested that digital analysis of the ECG provides
information on the electrical vulnerability of the heart to arrhythmia. These
results need to be confirmed with larger prospective cohorts and ideally in
subgroups of patients of specific aetiologies. Combination of multiple risk
factors to assess arrhythmic risk is likely to be the desired approach for better
risk stratification in the future.
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Chapter 1 Introduction and Literature Review
The first human implantable cardioverter defibrillator (ICD) implant took
place on the 4th February 1980 at Johns Hopkins Hospital, pioneered by Dr.
Michel Mirowski and Dr. Morton Mower, after Dr. Mirowski envisioned the
idea in 1970 following the tragic death of his friend and colleague from
ventricular tachycardia [1, 2]. Since then, remarkable development and
technological advances have transformed the original ICD that was bulky,
non-programmable and unreliable at sensing to the modern ICD that is highly
programmable with tiered therapy, discriminatory algorithms and wireless
telemetry all incorporated in a much smaller device.
In the early days, the ICD was only used in selected patients for secondary
prevention, and was initially only approved as treatment of last resort. The
role of the ICD was poorly defined in clinical practice due to lack of
randomised controlled trials [3]. It was not until 15-20 years after the initial
human implant that the use of ICDs expanded, when a number of clinical
trials established its efficacy and survival benefits over pharmacological
management in high-risk populations. These clinical trials shaped the current
international guidelines of ICD implantation. The ICD is now the standard of
care for patients at high risk of ventricular arrhythmias, defined either as
secondary prevention of those who have previously experienced and
survived malignant ventricular arrhythmia, or primary prevention. Primary
prevention largely consists of heart failure (HF) patients with ischaemic or
non-ischaemic aetiology categorised into high risk on the basis of LVEF<35%,
plus other rarer genetic cardiomyopathies and primary channelopathies. A
review of evidence for the current indication of ICD implants is summarised
below.
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Indications for ICD use
Secondary prevention trials
Three major clinical trials conducted on cardiac arrest survivors and those
who experienced symptomatic VT led to the routine use of ICD for secondary
prevention. AVID enrolled 1016 patients who had been resuscitated from VF,
had sustained VT with syncope or had sustained VT with a LVEF <40%, and
concluded that there was a reduction in overall mortality of 31% at 3 years as
compared to those receiving Class-III antiarrhythmic drugs [4]. The other two
randomised controlled trials, CASH [5] and CIDS [6] enrolled 228 and 659
patients respectively with either VT/VF cardiac arrest (CASH) or VF,
sustained VT with LVEF <35% or syncope and inducible VT (CIDS), and
similarly detected a 23% and 20% reduction in all-cause mortality respectively
as compared to amiodarone/metoprolol, but neither of these results reached
statistical significance. Nevertheless, it is now widely acceptable that patients
who have experienced cardiac arrest or symptomatic VT without a reversible
cause should receive an ICD.
2012 ACCF/AHA/HRS guideline: “ICD is indicated in patients who are survivors of
cardiac arrest due to VF or haemodynamically unstable sustained VT after evaluation
to define the cause of the event and to exclude any completely reversible causes”
(Class I, Level of Evidence: A) [7]

Primary prevention trials—Ischaemic cardiomyopathy
Ischaemic heart disease (IHD) is the number one underlying pathology
accountable for as much as 80% of sudden cardiac death (SCD), of which the
majority is due to ventricular tachyarrhythmias [8]. The increased risk of
developing VT/VF for people with coronary artery disease can be associated
either with the acute stage of myocardial ischaemia or the development of
chronic ischaemic cardiomyopathy (ICM) post myocardial infarction (MI).
Acute ischaemia increases the risk of VT/VF due to acute changes in ion
channel function and electrolytes, where patients can present with VT/VF as
their first presentation of MI or during the acute phase of infarction (24-48
hours after onset) [9]. This type of VT/VF is less recurrent given ischaemia is
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reversed, and the prediction and prevention of ventricular arrhythmia in this
group relies on the identification of population risk factors and prevention of
coronary artery disease and is not the target population for ICD implantation.
Post-MI, a subgroup of patients would develop myocardial scar and ongoing
left ventricular remodelling leading to chronic ischaemic cardiomyopathy
(ICM) and heart failure characterised by significantly impaired left ventricular
function. A study has estimated the incidence of developing heart failure post
MI to be 41% during an average follow-up of 6.6 years [10]. The pathological
changes of scar formation and ventricular remodelling in ischaemic
cardiomyopathy sets up the anatomical substrate and vulnerability of
developing ventricular arrhythmia and is responsible for the increased
arrhythmic risk in this group of patients.
MADIT [11] and MUSTT [12] were the initial trials examining the use of ICD
in primary prevention ICM patients. MADIT enrolled post-MI patients with
depressed LVEF<35%, non-sustained VT (NSVT) and inducible nonsuppressible VT on electrophysiology (EP) study. MUSTT included patients
with coronary artery disease (CAD), EF<40%, NSVT and inducible VT/VF by
EP study. MADIT concluded over 50% reduction in overall mortality over 27
months. MUSTT observed 5-year 27% reduction in cardiac arrest or
arrhythmic death. Both MADIT-I and MUSTT used inducible VT as part of
their selection process. While VT induction has been traditionally used for
risk assessment of ventricular arrhythmia based on the presumption that
stimulation of the ventricle would evoke any underlying vulnerability and
electrical instability, the value of VT induction is still unclear. A MUSTT substudy showed that even though patients with non-inducible ventricular
arrhythmia had lower risk of sudden death, the absolute mortality rate was
still clinically significant (24% 5-year mortality rate) [13]. An AVID sub-study
showed VT induction did not predict mortality or recurrent VT/VF [14].
Considering the invasive nature and high cost of VT induction, it is no longer
a routine clinical assessment.
Soon after the publication of MADIT, MADIT-II expanded the use of ICD for
primary prevention in ischaemic patients [15]. It enrolled patients with prior
MI and LVEF <30% without requirement of positive VT induction or other
evidence of non-sustained VT. A 31% reduction in relative risk of total
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mortality warranted early termination of the trial after 20 months of followup. This result was confirmed by SCD-HeFT which enrolled NYHA Class IIIII HF patients with LVEF<35% with either ischaemic or non-ischaemic
cardiomyopathy, and concluded a 23% reduction in risk of overall mortality
[16].
The use of ICD for coronary artery disease was further fine-tuned by trials
demonstrating negative results based on different patient selections.
DINAMIT examined the use of ICD in patients with recent MI (within 6 to 40
days), LVEF<35% and impaired autonomic function assessed as depressed
heart rate variability (HRV) or elevated average 24hr heart rate [17]. No
reduction in overall mortality was found despite reduction in arrhythmic
death offset by an increase in non-arrhythmic death; therefore, ICD
implantation was only recommended at least 40 days post MI.
In summary, the identification of patients at high risk from this group has
largely been based on the use of LVEF with the cut-off of 35%.
2012 ACCF/AHA/HRS guideline: “ICD therapy is indicated in patients with LVEF
less than or equal to 35% due to prior MI who are at least 40 days post MI and are in
NYHA functional class II and III” (Class I, Level of Evidence: A) [7]

Primary prevention trials—Non-ischaemic dilated cardiomyopathy
Non-ischaemic dilated cardiomyopathy (DCM) represents the second largest
group of SCD victims. DCM may be the end result of a large range of
pathological conditions that result in myocardial injury. Common causes are
viral myocarditis, alcohol, drugs, familial origin or idiopathic in many cases.
Extensive ventricular remodelling and pathological changes lead to left
ventricular dilatation, dysfunction and fibrosis, which establish the substrate
associated with long-term risk of ventricular arrhythmias.
Trials on non-ischaemic cardiomyopathy patients had more mixed results.
SCD-HeFT is the most influential trial in this context, showing mortality
reduction in both ischaemic and non-ischaemic patients randomised to ICD
[16]. DEFINITE had a pure non-ischaemic DCM patient group with NYHA
Class I-III, LVEF<35% and non-sustained VT or more than 10 premature
ventricular complex (PVC) per hour [18]. Reduction in overall mortality did
4

not reach statistical significance but arrhythmic death was significantly
reduced in the ICD arm compared to standard medical therapy. The CAT trial
enrolled patients of non-ischaemic DCM, NYHA Class II/III and LVEF<30%,
yet was statistically underpowered to reach any conclusion [19]. On the basis
of these trials clinical guidelines recommend that patients with non-ischaemic
DCM and impaired LVEF<35% warrant prophylactic implantation of an ICD.
2012 ACCF/AHA/HRS guideline: “ICD therapy is indicated in patients with nonischaemic DCM who have an LVEF less than or equal to 35% and who are in NYHA
functional class II or III” (Class I, Level of Evidence: B) [7]

Other aetiologies
Other patients groups with high risk of ventricular arrhythmias include
hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular
cardiomyopathy

(ARVC),

other

cardiomyopathies,

and

primary

electrophysiological diseases. Generally, secondary prevention in these
patient groups is well accepted. Prophylactic ICD implant however is
controversial as randomised controlled trials are generally lacking in these
patient populations due to their low incidence rates, and risk factors are
usually derived from observational studies.

HCM
HCM is a genetically inherited cardiomyopathy characterised by left
ventricular hypertrophy accompanied by myocardial changes with myofibril
disarray and interstitial fibrosis. It is estimated to be present in 1/500 adults
and is caused by a variety of genetic mutations encoding the myocardium
sarcomere, and being one of the leading cause of SCD in young victims [20].
Clinical presentation and natural history of HCM is highly variable ranging
from victims presenting with SCD as their first manifestation at an early age
to unaffected patients with no mortality difference to the general population
[21]. There are no randomised controlled trials examining the benefit of
prophylactic ICD in HCM patients, and risk factors have been mainly derived
from observational studies. Previous cardiac arrest forms a clear indication
for ICD implantation for secondary prevention. Major risk factors to assess
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patients for prophylactic implant include strong family history of SCD, heavy
ventricular ectopic burden, non-sustained ventricular arrhythmia, recurrent
syncope, severity of left ventricular hypertrophy and abnormal blood
pressure response to exercise [22].
2012 ACCF/AHA/HRS guideline: ICD implantation is reasonable for patients with
HCM who have 1 or more major risk factors for SCD. (Class IIa, Level of Evidence:
C) [7]

ARVC
ARVC is less common than HCM, characterised by a disease of the right
ventricle (RV) involving fibro-fatty replacement and characteristic ECG
patterns. It is another important cause of SCD in young victims but again
with broad clinical spectrum. Secondary prevention in ARVC is well
accepted; however, risk markers for prophylactic implant are less clear.
Identified clinical risk factors include inducible VT, NSVT, syncope, male
gender, extensive RV involvement and LV involvement [23].
2012 ACCF/AHA/HRS guideline: ICD implantation is reasonable for the prevention
of SCD in patients with ARVD/C who have 1 or more risk factors for SCD. (Class
IIa, Level of Evidence: C) [7]

Primary electrophysiological disorders (congenital channelopathies)
This group represents disorders affecting the electrophysiological properties
of the heart instead of structural changes, including long QT syndrome
(LQTS), Brugada syndrome, and more rarely short QT syndrome and
catecholaminergic polymorphic ventricular tachycardia (CPVT).

Different

genetic mutations of the various ion channels governing the cardiac action
potential lead to derangement in electrophysiological characteristics and
vulnerability to malignant arrhythmias. Again the use of ICD for secondary
prevention is not controversial, and primary prevention is recommended only
in the presence of identified risk factors, such as evidence of recurrent
syncope, strong family history, intolerance or poor compliance to drug
therapy in LQTS, or syncope in Brugada syndrome.
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2012 ACCF/AHA/HRS guideline: ICD implantation is reasonable to reduce SCD in
patients with long QT syndrome who are experiencing syncope and/or VT while
receiving beta-blockers. (Class IIa, Level of Evidence: B)
ICD therapy may be considered for patients with long-QT syndrome and risk factors
for SCD. (Class IIb, Level of Evidence: B)
ICD implantation is reasonable for patients with Brugada syndrome who have had
syncope. (Class IIa, Level of Evidence: C) [7]

Other cardiac pathologies that have been recognised to predispose patients to
high risk ventricular arrhythmias include cardiac sarcoidosis, LV noncompaction, and congenital heart disease. In all these groups secondary
prevention is indicated, but primary prevention is only recommended in the
presence of additional perceived risk factors such as syncope or NSVT.
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Issues with current guidelines
While clinical trials have clearly demonstrated the usefulness of ICD in the
management of ventricular arrhythmias in both the primary and secondary
prevention settings, there still remain a number of issues in terms of correct
identification of patients at high risk of ventricular arrhythmias and
implementation of the current ICD implantation guidelines into clinical
practice.

Large proportion of SCD victims have preserved LVEF
While depressed LVEF has been a good marker of identifying patients at high
risk of ventricular arrhythmias for prophylactic ICD implant, a number of
community studies have demonstrated that many SCD victims did not
actually have severely depressed LVEF. A community study of 492 SCD
victims found that among half of those who had previous history of cardiac
disease, only 26% had overt heart failure [24]. Although higher risk of SCD
was observed with lower EF, a considerable number SCD cases occurred in
patients with preserved LVEF as illustrated in Figure 1-1.

Figure 1-1 Percentage of SCD victims (dark column) and total number of SCD (grey column) according to
ejection fraction in the Maastricht Circulatory Arrest Registry. Santangeli et al. Internal Medicine Journal
2011; 41-1a: 55-60. Reproduced with permission from John Wiley and Sons [25].

Another similar study that reviewed 714 SCD cases found that among those
who had prior assessment of LVEF, only one third of them had severely
reduced LVEF (<35%) that would warrant prophylactic ICD implantation.
[26]
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Another study followed a group of post-MI patients for a median of nearly 3
years. The incident rate of SCD in patients with LVEF<35% was higher than
patients with >35% (7.5% vs. 1.5%), however 67% of absolute number of SCD
occurred in patients with LVEF >35%, as illustrated in Figure 1-2, and these
patients would not qualify for a prophylactic ICD according the current
guideline [27].

Figure 1-2 Incidence and total numbers of SCD in patients with depressed LV systolic function and patients
with preserved LV function. Mäkikallio T H et al. Eur Heart J 2005;26:762-769. Reproduced with permission
from Oxford University Press [27].

Follow-up of 700 post-MI patients over an average of 3.6 years found reduced
LVEF was only weakly predictive of SCD. Average LVEF of SCD victims was
lower than survivors (41% vs. 46%), however was well above the cut-off of the
current guideline [28].
LVEF has limited sensitivity and specificity of 47% and 83.9% in predicting
major arrhythmic events [29]. A sub-analysis of the MUSTT showed that
patients with LVEF ≤30% but no other risk factors had better survival than
patients with LVEF ≥30% but other risk factors [30].
Therefore, LVEF is less than ideal at identifying patients at high risk of
ventricular arrhythmias, and other risk markers are needed to improve the
risk stratification process.

Underutilisation and large number of eligible patients for primary
prevention
LVEF<35% and NYHA Class II/III are established indications for
prophylactic ICD implantation; however, it opened up a large number of
potentially eligible patients. If the current guideline is to be strictly followed,

9

a significant increase in implantation rate would need to be seen. This would
hugely impact on health system resources and economics. According to a
study that extrapolated the number of patients eligible for ICDs based on a
trial registry in United States and Italy, the ratio of actual ICD implant rate to
potential patients eligible is 0.04 and 0.12 respectively in Italy and USA [31].
This represents remarkable underuse of ICDs, but poses unrealistic
expectations for the healthcare system to implant at the theoretical rate. A
study tracked patients admitted with heart failure with LVEF<30% who
potentially met the indication for a prophylactic ICD, and found that only
35% were implanted or planned for implant at time of discharge [32]. Another
study reported 51% implant rate of prophylactic ICD in a group of
prospectively enrolled HF patients with EF<35% [33]. A study from Israel
reported an even lower ICD utilisation rate of 14% in post-MI patients eligible
for prophylactic ICD implantation, again demonstrating the dilemma of
under-utilisation and a large cohort of potentially eligible patients [34].
Therefore, better risk stratification strategies that allow ICD implantation to
be targeted to a smaller cohort of patients at higher risk may allow better use
of ICD implantation and health resources.

Underutilisation and uncertainty in secondary prevention patients
Among

patients

with

indication

for

secondary

prevention,

ICD

underutilisation has also been observed. In a historical cohort of survivors of
cardiac arrest in the United Sates from 1996 to 2001, the ICD implantation rate
gradually increased from 1996 (23.5%) to 2001 (46.3%), but still underutilised
[35]. A more recent report of cardiac arrest survivors from 2002 to 2006 found
that 38.4% received an ICD prior to discharge, suggesting continuous
underutilisation of ICD [36], with 24% reported in a different cohort of SCD
victims from 2002 to 2005 [37]. It cannot be excluded that some of the patients
that did not receive an ICD may have contraindications for an implant, such
as significant co-morbidities, and may not have been accounted for in those
studies.
Locally in New Zealand, a review of all cardiac arrest victims in Wellington
region over a year period revealed 5 out of 144 cases who have already
survived one previous VF arrest with no apparent contraindications for an
10

ICD, but did not receive an ICD implantation who then re-presented with
recurrent VF arrest, suggesting unmet need of ICD implants [38]. This study
also demonstrated 6 patients who met the indication for primary prevention
with no contraindications, but were not implanted with an ICD. There were
also 22 cases in which ICD may be indicated but require further
investigations.
In some of the patients presenting with cardiac arrest, it was due to a
reversible cause, most commonly acute MI. According to the current
guideline, these patients do not have an indication for an ICD implant [7].
This was based on the finding that the occurrence of ventricular arrhythmias
in the setting of acute MI did not carry long-term prognostic value [39-41].
However in real clinical practice, it is often hard to be certain whether acute
MI is the cause of VT/VF, as it is often unknown whether ischaemic
symptoms preceded the arrest and whether elevation of cardiac enzymes or
ECG changes were a result of acute MI or the cardiac arrest itself. Therefore,
clinical decision making regarding the appropriateness of ICD implantation
in this setting can be challenging and additional tools to risk stratify patients
may be helpful.
Syncope presents another challenging area in the decision making regarding
the need for ICD implantation. For those patients who present with presyncope or syncope events without clear documentation of the rhythm at the
time, clinical judgment on whether ventricular arrhythmia is the underlying
cause can be difficult. Screening for underlying cardiac pathology with an
ECG, echocardiogram and a period of monitoring of the cardiac rhythm are
all helpful in the evaluation. Additional evaluation using electrophysiological
study is possible and may reveal an underlying vulnerability to ventricular
arrhythmias or other rhythm disturbances. As recommend by the 2012
ACCF/AHA/HRS guideline: ICD therapy is indicated in patients with syncope of
undetermined origin with clinically relevant, haemodynamically significant sustained
VT or VF induced at electrophysiological study. (Class I, Level of Evidence: B) [7].
However, EP study is invasive, expensive and not always easily accessible. It
would therefore be desirable to have non-invasive tools for risk stratification
that can provide information on an individual risk of ventricular arrhythmias.
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Not everyone benefits
While ICD therapy is underutilised and it is almost impossible to implant
everyone who meets the indication criteria due to resource limitations, not
everyone who receives an ICD actually benefits or receives appropriate
therapy from the device. Clinical trials reported appropriate therapy rates in
secondary prevention patients of 53% over two years in AVID [42] and 70%
over 6.5 years in CIDS [43]. Patients with primary prevention indications
experienced much lower therapy rates of 35% at 3 years in MADIT-II [44] and
22% over 3.8 years in SCD-HeFT [45]. In ICD registries, comparable therapy
rates of 29-51% for secondary prevention patients and 15-37% of primary
prevention patients over 3 to 5 years of follow-up have been reported [46-50].
These figures suggest that approximately half of the patients currently
receiving an ICD never derive any benefit from the device. Furthermore,
appropriate therapy rate inevitably overestimates SCD rates, as a "#$"%&'%(&)!
'#*$+,!-.!/01/2!+3("-4+"!%+,*('&%+4!$5!%6+!4+7(8+!9-#)4!-%6+,9("+!%+,*('&%+!
"3-'%&'+-#")5! &'4! '-%! )+&4! %-! 8&,4(&8! &,,+"%:! 06("! ("! +7(4+'%(&)! .,-*! %6+!
,&'4-*("+4! 8-'%,-))+4! %,(&)"! "#86! &"! ;<=>0?>>@! 96+,+! 4+7(8+! %6+,&35! ,&%+! 9&"!
ABC!&%!A!5+&,"@!6-9+7+,!*-,%&)(%5!,&%+!('!%6+!8-'%,-)!&,*!9&"!-')5!DE:FC!&%!FG!
*-'%6"! HDB@! EEI:! 06+,+.-,+@! an appropriate therapy is not equivalent to a life
saved, implying the actual number of patients being saved by an ICD
implants is only a small proportion of those implanted. As ICD implants are
not without risks, the risk-benefit ratio of implanting an ICD needs to be
considered.

Complications of ICD
Intraoperative, perioperative risk and in-hospital complications
Potential intra- and peri-operative complications include cardiac arrest,
cardiac

perforation,

coronary

venous

dissection,

pneumothorax,

haemothorax, lead dislodgement, diaphragmatic pacing, haematoma, cardiac
tamponade, wound infection, endocarditis and septicaemia. Although
relatively infrequent, these complications still have an occurrence rate of
0.5%-2% [51]. Mortality from ICD implants is relatively rare, but meta-
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analysis of clinical trials still revealed an in-hospital mortality of 0.2% in
contemporary non-thoracotomy ICDs [52].

Inappropriate shocks
Following the initial implant, there is ongoing risk of inappropriate shock,
infections, lead failure and device malfunction.
The proportion of patients affected by inappropriate shocks ranged from 9%
in AVID over 2 years of follow-up [42], 13% in MADIT-II over 2 years [53], to
18% over 5 years in a mixed cohort of ICD recipients [52]. The most common
causes of inappropriate therapy are atrial fibrillation, atrial flutter, sinus
tachycardia and less frequently abnormal sensing and lead malfunction.
Inappropriate shocks are painful to patients and cause considerable emotional
distress. Receiving shocks heightens the patient’s anxiety, uncertainty and
fear for the future. Patients may restrict their daily activity to avoid perceived
triggers of shocks and consequently leads to limited social contact and
depression [54]. Such depression can then form a vicious cycle, and
association between depression and higher incidence of shock therapy has
been demonstrated in the literature [55]. In addition, receiving inappropriate
shocks have also been associated with increased risk of mortality.
Controversies remain regarding the cause of the observed association, as in
whether it was mediated by disease progression of heart failure and higher
prevalence of atrial fibrillation that increases the occurrence of inappropriate
shock, or whether there is direct mechanistic link of myocardial damage
caused by the shock or psychological effects leading to worse prognosis [5254]. Nevertheless, the potential harm associated with an ICD needs to be
considered alongside the potential benefits. Furthermore, inappropriate
shocks consume battery power of the device and lead to shorter device
lifespan that is undesired.

Lead-related and device –related complications
The second most common complication during follow-up is lead malfunction
including lead fracture, lead failure and lead dislodgement. Consequences of
these can be serious and involved, causing inappropriate shocks, re-
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operations with new lead insertion or lead extraction that carries its own
morbidity and mortality risks [56]. Although there is no clear increased
mortality associated with leads that are more prone to fracture and failure as
exampled by the Fidelis lead [57], there are certainly increased psychological
concerns associated with having a lead under advisory or receiving multiple
shocks [58]. Similarly device malfunction and recall can lead to inappropriate
therapy and early generator replacement which predispose the patients to
unnecessary procedural risk and anxiety [59].

Infection
Infections in ICD patients range from pocket infection to more extensive
involvement such as endocarditis, septicaemia and vegetation on the lead.
The annual incidence of infection has been reported as 1%, with higher risk
up to 7% after device replacement. Associated hospitalisation, extensive drug
therapy, system removal and lead extraction all cause considerable morbidity
and mortality [60].
Overall, 31% of ICD recipients experienced one or more of the complications
stated above over a mean follow-up of 4 years [51]. Ideally we want to select
patients who are likely to benefit from a device and minimise any
unnecessary implants to reduce the number of patients exposed to potential
harm.

Cost-effectiveness
One of the possible reasons for the underutilisation of ICD therapy was the
cost associated with it and resources allocation, as regional variation was
observed with high rate of implantation in larger hospitals [33, 36]. ICD
implants involve a considerable amount of initial investment in the device
with ongoing cost associated with clinical follow-ups and management of
complications. There is no single value assigned to the cost-effectiveness of
ICD therapy, as it depends on the patient population studied, extent of
relative mortality reduction, cost of ICD implants, device longevity, frequency
of generator replacements and time length used in the analysis. Analysis of
randomised controlled trials yielded variable cost-effectiveness ratio, ranging
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from USD $68,000 to $235,000 per year-of-life gained [61, 62], but generally
staying below $100,000 per QALY (quality-adjusted life-year) if extending the
efficacy of ICD to seven or more years, and on this basis the ICD was
considered moderately cost-effective [63]. One of the key messages from these
cost-effective analyses is not the dollar value derived, but the fact that if we
can better select patients, cost-effectiveness will improve and we can use our
limited resources in an effective way.

Summary
In summary, improved risk stratification for ventricular arrhythmia is needed
to better select patients for ICD implantation for a number of reasons
summarised below.
The current LVEF based guideline for selecting patients for prophylactic ICD
implant is suboptimal. A considerable proportion of those who experience life
threatening ventricular arrhythmia do not have depressed LVEF and
therefore need to be identified in other ways. There is a large number of heart
failure patients who meet the current criteria for ICD implantation; however,
our health system does not have the resources required to meet this need. On
the other hand the therapy rates in primary prevention cohorts remain
relatively low with half to two third of patients currently implanted who do
not actually benefit from their device.
Patient selection for secondary prevention although less controversial, still
has unsolved issues as well. Tools to improve risk stratification and decision
making are required for those that present with ventricular arrhythmias of
uncertain cause, and for those who present with syncope of unknown cause.
Although the device therapy rate is higher among secondary prevention
patients than primary prevention patients, there were still approximately a
third of patients do not experience a recurrence of malignant arrhythmia
during long-term follow-up. In addition, there are still a considerable number
of patients with secondary prevention indication for an ICD who are not
implanted with one.
Overall, approximately only half of current ICD recipients receive appropriate
therapy while still being exposed to the risks associated with implant and
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ongoing risk with the device. There is considerable economic burden
associated with suboptimal patient selection, and cost–effectiveness could
only be improved with better patient selection.
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Additional techniques of risk stratification for ventricular
arrhythmias
Physiologically LVEF is a global measure of the mechanical function of the
heart, reflecting the global severity of the disease and structural remodelling.
However, VT/VF is an electrical disorder of the heart contributed by both
structural changes of the myocardium (such as scarring) and deranged
electrophysiological functions (such as cardiac depolarisation, repolarisation
abnormality and autonomic dysfunction). For ventricular arrhythmia to
happen, it is an interplay of multiple factors, including anatomical and
functional substrates to be modulated by transient events that lead to the
initiation of arrhythmia as illustrated in Figure 1-3 [8]. Often a single
abnormality would not be sufficient to predispose to a malignant event, and
would often require multiple predispositions to be present and interact at the
right timing for the initiation and maintenance of arrhythmia. Therefore, it is
unlikely that a single marker would identify all patients at risk and supports
the notion of multiple combined markers for risk stratification to assess the
different aspects of predisposing vulnerability to arrhythmias.

Figure 1-3 Venn diagram showing interaction of various anatomic/functional and transient factors that
modulate potential arrhythmogenic mechanisms capable of causing sudden cardiac death. Zipes D, Wellens
H. Circulation 1998;98:2334-2351. Reproduced with permission from Wolters Kluwer Health [8].
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There have been a number of approaches identified that reflect the various
aspects of underlying vulnerability for additional risk stratification, including
the use of ECG markers, cardiac MRI imaging of scar, Holter monitoring of
NSVT and HRV assessment, exercise testing assessment of microvolt T wave
alternans

(mTWA),

cardiac

sympathetic

imaging

using

MIBG

(Metaiodobenzylguanidine) and serum biomarkers etc. Among these the 12lead ECG is an attractive tool as it is easily accessible and low-cost while
providing information on the electrical state of the heart. The aim of this
thesis was to explore the use of ECG markers to assess their value in
predicting arrhythmic events in an ICD population.
An overview on the mechanism of ventricular arrhythmia is given below,
followed by literature review of proposed ECG markers for risk stratification
of ventricular arrhythmia.
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Mechanism of ventricular arrhythmia
Reentry is the most common mechanism of ventricular tachyarrhythmias [64].
It is defined as an impulse repeatedly re-excites the heart prematurely
without dying out after the initial activation. Essentially reentry occurs when
there is conduction block in part of the tissue and slowed conduction in other
part which slows down the propagation of the excitation wave, delaying it
enough to which it is able to travel retrogradely through the blocked pathway
and re-excites the proximal tissue that is already out of refractory. For reentry
to sustain, the length of the circuit must be equal or more than the wavelength
(which equals the product of refractory period and conduction velocity), so
that the proximal part of the tissue is out of refractory period to be able to be
retrogradely re-excited, thus existence of an excitable gap (Figure 1-4).
Therefore, any reduction in conduction velocity or change in refractory period
would facilitate reentry [65].
Formula of Reentry:
Wavelength=refractory period * conduction velocity < length of circuit

Figure 1-4 Excitable gap in reentrant arrhythmia. Ziad F. Issa , John M. Miller , Douglas P. Zipes.
CHAPTER 1 - Electrophysiological Mechanisms of Cardiac Arrhythmias. Clinical Arrhythmology and
Electrophysiology A Companion to Braunwald's Heart Disease, 2009, 1 – 26. Reproduced with permission
from Elsevier [66].

A number of changes of the underlying myocardium have been recognised to
provide the necessary conditions for re-entrant arrhythmias to occur. This can
be in the form of anatomical scar, or functional substrate due to heterogeneity
of action potential duration (APD) properties of the cells, or the coexistence of
both.
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Anatomical reentry
Anatomical reentry is mediated by anatomical substrates, where the presence
of scar tissue impedes on the conduction velocity. Under normal excitation,
conduction is slowed through the scar tissue, but not entirely blocked and the
impulse still reaches the distal area meeting the impulse conducting through
neighbouring tissue. In the presence of an initiating event, most commonly a
premature beat, the scar tissue would still be in refractory due to slowed
conduction from the previous activation, and therefore unidirectional block of
the impulse of the premature beat ensues, with unblocked conduction
through the neighbouring tissue. This impulse would then propagate
retrogradely through the unidirectional blocked arm that is now no longer
refractory to re-excite the proximal tissue. This circular movement of impulse
can continue around a stable anatomical obstacle and lead to sustained VT
[65]. This classic model of anatomical reentry is illustrated in Figure 1-5.

Figure 1-5 Illustration of classical model of anatomical reentry. Jalife et al. Basic Mechanisms of Cardiac
arrhythmias 2009. Reproduced with permission from John Wiley and Sons [65].
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In cardiac pathology, anatomical substrate is often the result of structural
remodelling of the ventricle with scar formation and fibrosis [67]. In
ischaemic heart disease, scar tissue is found in corresponding coronary artery
territories due to ischaemic insult. In non-ischaemic cardiomyopathy, diffuse
fibrosis is found in mid-wall or epicardial distribution not corresponding to
coronary territories. In HCM, muscle disarray and fibrosis are the structural
changes often with extensive scarring. In ARVC, loss of myocytes with fibrofatty replacement and interstitial fibrosis constitute the pathological process
responsible for ventricular tachyarrhythmia arising from the right ventricle
[8].

In addition to these distinct anatomical scarring and fibrosis, there are cellular
and ionic changes associated with global remodelling of LV hypertrophy,
dilatation

and

mechanical

dysfunction,

which

lead

to

distorted

electrophysiological properties of cardiac repolarisation and impulse
conduction leading to functional electrophysiological heterogeneity providing
substrate for functional reentry [68, 69].

Functional reentry
Dispersion of repolarisation
Physiologically the heart is not composed of homogenous tissue, but rather
has its own physiological dispersion of action potential duration and
repolarisation. Three distinct cell types have been identified, namely
epicardial, mid-myocardial (M-cell), and endocardial cells that have different
action potential profile especially the repolarisation phases. Epicardial is
usually the first to repolarise while M-cells are usually the last to do so as
illustrated in Figure 1-6 [70]. As a result, the different timing of repolarisation
results in voltage gradient that is detected as the T-wave. Physiologically both
apico-basal (consequence of dispersion of depolarisation timing and ion
channel difference) and transmural gradients (consequence of the three cell
types) are believed to contribute to the spatial repolarisation dispersion
gradient and T wave genesis in the human heart [71, 72].
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Figure 1-6 Three types of cardiac myocytes. Antzelevitch, C et al. Mechanisms of Cardiac Arrhythmia, in
Electrical Diseases of the Heart, I. Gussak, et al., Editors. 2008, Springer London. p. 65-132. Reproduced with
permission [70].

Under pathological situations, the repolarisation gradients and spatial
heterogeneity of repolarisation are enhanced. A premature impulse can be
blocked by a region with long refractory period and continue in neighbouring
regions that are out of the refractory period, creating functional reentry.
Unlike in anatomical reentry where the impulse revolves around an
anatomical obstacle, functional reentry involves the wavefront circling
around a functionally determined refractory core that is unexcitable [70].
Enhancement of this gradient has been associated with arrhythmogenesis and
such dispersion of repolarisation was proposed to be a unifying mechanism
of many arrhythmias associated with various disease aetiologies [64]. Animal
studies have demonstrated the role of dispersion of repolarisation in the
initiation of arrhythmia, where it facilitates conduction block and initiates
reentry [73, 74]. The role of spatial dispersion of repolarisation is also
implicated in the arrhythmogenesis of LQTS and Brugada syndrome [75, 76].
In heart failure, there is extensive electrophysiological remodelling and
substantial changes in cellular ion-channel expression and distribution in the
cardiac myocytes that contribute to electrical heterogeneity. Prolongation of
action potential duration (APD) has long been recognised as the hallmark of
cellular changes in heart failure [71], contributed by depressed repolarisation
K+ current caused by reduced function of Ito, Ikr, Iks, increased Na/Ca
exchanger plus many other ionic changes [77]. What is more important is the
spatial heterogeneity of APD prolongation in the failing heart, which
increases dispersion of repolarisation, creating an exaggerated gradient [64,
22

68]. Experimentally in the canine wedge model of HF, differential
prolongation of APD across the ventricular wall led to increased transmural
spatial APD gradient that contributed directly to functional conduction block.
As illustrated in Figure 1-7, in control canine wedge the premature stimulus
traversed through the transmural wall without conduction block or inducing
arrhythmia. In HF canine wedge, the premature stimulus encountered
intramural conduction block where there was the largest spatial gradient of
repolarisation, and was followed by initiation of VT [78]. Endocardial and
epicardial recordings comparing patients with and without a history of
ventricular arrhythmias also revealed evidence of greater endocardial and
epicardial repolarisation timing heterogeneity along the apico-basal gradient
that may function to provide the substrate for functional reentry [79].
Ventricular free-wall wedge study of failing human heart found prolongation
of APD; however, observed decreased transmural APD gradient in the failing
heart [80]. However, the authors concluded it to be due to methodological
limitations, and it is generally accepted that dispersion of repolarisation is a
major contributor to increased risk of ventricular arrhythmias

Figure 1-7 Action potentials and ECGs recorded from myocardial layers of control and HF canine wedges
before and after delivery of a closely coupled premature stimulus. Akar F, Rosenbaum D. Circulation
Research 2003;93:638-645. Reproduced with permission from Wolters Kluwer Health [81].
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Dispersion of conduction velocity
Conduction velocity dispersion with differential regional activation of the
myocardium further exaggerates dispersion of APD and refractoriness, and
this is commonly seen in diseased hearts with increased interstitial fibrosis,
loss of gap junctions and reduced cell-to-cell coupling [68]. Normally impulse
propagation through the myocardium is determined by activation of Na+
channels, orientation of cardiac myocytes, cellular coupling and extracellular
matrix composition. Ionic change of Na+ current in heart failure is
controversial [82]. Instead, changes in extracellular matrix and cellular
coupling are the major contributors to altered conduction in heart failure.
Collagen deposition is increased leading to diffuse fibrosis that poses greater
electrical resistivity for impulse propagation, enhance the possibility of
unidirectional block relating to reentry [83]. Cellular coupling is a
fundamental property of the cardiac tissue that ensures rapid impulse
conduction throughout the ventricles for synchronous contraction. Gap
junctions, also known as connexins are specialised transmembrane protein
responsible

for

the

electrochemical

communication

between

cells.

Pathologically substantial remodelling of gap junctions with reduced density
and altered distribution of connexins has been demonstrated in a number of
cardiac pathologies including ischaemic, hypertrophied and non-ischaemic
cardiomyopathy, causing conduction disorder that enhance the propensity to
re-entrant arrhythmias [69, 84].

Dynamic instability, deranged restitution property
Another property of the heart that contributes to magnified spatial dispersion
of refractoriness is temporal dynamic instability of APD. APD restitution
describes the relationship between APD and previous diastolic interval (DI).
It is speculated that when APD restitution slope is >1, any perturbation of the
DI such as by an ectopic beat will lead to a positive feedback cycle with
disproportionate cyclic prolongation and shortening of APD in response to DI
change, leads to APD alternans. Concordant APD alternans can lead to
arrhythmia by the development of regional 2:1 heart block, where unblocked
wave from adjacent region can re-enter blocked region [85]. APD alternans
can become spatially discordant and reentry is facilitated due to greatly
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amplified dispersion in APD (=dispersion of refractoriness) as illustrated in
Figure 1-8. If the slope is <1, any APD alternans would be transient and
dampen down over successive beats without increased risk of initiating
arrhythmia [85]. Clinically, steeper or altered restitution property with
associated occurrence of APD alternans has been observed in patients with
structural

heart

disease

[86]

and

increased

ventricular

arrhythmia

vulnerability (Figure 1-9) [79, 87].

Figure 1-8 Discordant alternans leading to VF action potential propagation between 2 ventricular sites (A to
B) is shown with transition from concordant to discordant alternans and development of ventricular
fibrillation (VF). Shaded areas indicate dispersion of repolarization between sites. *Premature beats. L = long
action potential duration; S = short action potential duration. J Am Coll Cardiol. 2011;58(13):1309-1324.
doi:10.1016/j.jacc.2011.06.029. Reproduced with permission under Elsevier user license [88].

Figure 1-9 Restitution curves in a low-risk (top) and a high-risk (bottom) patient. Selvaraj R J et al. Am J
Physiol Heart Circ Physiol 2007;292:H1262-H1268. Reproduced with permission from The American
Physiological Society [87].
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Autonomic modulation
The arrhythmogenic properties of the diseased heart do not remain
stationary. Dynamic modulation, largely by the autonomic system plays a
vital role. There is general consensus on the link between increased
sympathetic tone, reduced vagal tone and arrhythmia risk [89]. The
mechanistic link is complex, including sympathetic effects on ion channels
that govern APD as well as inducing myocyte hypertrophy and collagen
deposition [69]. Neural remodelling in diseased heart leads to spatial
heterogeneous changes in sympathetic innervations that could lead to
heterogeneous changes in APD which amplifies the dispersion of
repolarisation that forms the basis of arrhythmia development [68]. In a study
of human hearts explanted from patients with severe heart failure, regional
cardiac hyperinnervation was associated with a history of ventricular
arrhythmia in both ischaemic and non-ischaemic aetiologies [90]. Regional
denervation

assessed

using

non-invasive

iodine-123-

metaiodobenzylguanidine (MIBG) imaging has been demonstrated in post-MI
patients with spontaneous ventricular arrhythmias, and non-ischaemic
patients with VT [91, 92]. The slope of APD restitution curve is also
modulated by the sympathetic nervous system causing steeper restitution
curve which was strongly related to arrhythmia development [93].
Increasing the vagal tone on the other hand is supposedly protective against
arrhythmia, but with the underlying mechanism yet to be clarified. Tonic
vagal activity and reflexive vagal tone represent two different entities, where
clinical studies have showed both depressed 24hr HRV (tonic vagal activity)
and baroreflex sensitivity (reflexive vagal response) in heart failure patients to
be predictive of ventricular tachyarrhythmia [94].

Summary
In summary, structural remodelling (hypertrophy, fibrosis, scar formation),
electrophysiological remodelling (dispersion of repolarisation, slowed
conduction, restitution abnormality) and neural remodelling (autonomic
dysfunction) are the main contributors to ventricular arrhythmia [82].
Techniques or tools to detect these abnormalities clinically would therefore be
potentially good risk markers for propensity of ventricular arrhythmias.
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A number of testing modalities are available to examine these abnormities,
including imaging for structural changes, ECG for detecting electrical
abnormalities and HRV as surrogate markers for autonomic dysfunction. The
aim of this thesis was to explore the use of ECG for any potentially useful risk
markers for ventricular arrhythmia in an ICD population. A number of such
ECG markers have been proposed in the literature to carry such information,
including conventional ones and more recently developed markers using
elaborate digital analysis and mathematical transformation. A literature
review on the current evidence of non-invasive risk markers using ECG is
provided next.
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Literature review on non-invasive risk stratification using ECG
Over 100 years ago in 1887, Augustus Waller recorded the first human
electrocardiograph

(Figure

1-10)

[95].

In

1903,

Einthoven’s

string

galvanometer founded the first practical use of electrocardiograph and
designated the nomenclature of the PQRST wave (Figure 1-11). Nowadays,
12-lead ECG is one of the most commonly performed clinical tests in every
hospital. Essentially, the inscription of ECG is the result of the electrical
activity of the heart determined by the summation of action potentials of the
myocardial cells.

Figure 1-10 First Human ECG recording in 1887. Reproduced with permission from Journal of Community
Hospital Internal Medicine Perspectives 2012, 2: 14383 [96].

Figure 1-11 Timeline of development of ECG. Reproduced with permission from Journal of Community
Hospital Internal Medicine Perspectives 2012, 2: 14383 [96].

28

A number of ECG markers have been proposed to carry prognostic value for
arrhythmic events and other adverse clinical outcomes in various patient
groups. Linking back to the pathophysiology of ventricular arrhythmia, ECG
parameters reflecting deranged electrophysiological properties can be
categorised into those reflecting repolarisation heterogeneity, conduction
abnormality, restitution abnormality with alternans formation and autonomic
dysfunction.

Measures of dispersion of repolarisation
As elucidated in the previous section, dispersion of ventricular repolarisation
is one of the major contributors to the development of ventricular
arrhythmias. Searching for ECG markers that reflect such underlying
dispersion of repolarisation has been an area of active investigation. A
number of ECG markers have been proposed. QT interval and QT dispersion
being the ones that have been used for the longest time, however had a
number of methodological difficulties and mixed clinical results. Other novel
measures

have

then

been

suggested,

such

as

TpTe

interval,

vectorcardiography QRS-T angles and singular value decomposition (SVD)
measures of repolarisation heterogeneity. Microvolt T wave alternans
(mTWA) for restitution abnormality was among the ones most extensively
investigated. An overview of each measure will be given below describing
what they are, evidence of their mechanistic link to arrhythmia and relevant
clinical findings.

Prolongation of the QT interval
QT interval encompasses both depolarisation and repolarisation, and is a
reflection of the summed ventricular action potential duration. QT interval is
heart rate dependent, and correction is commonly made with Bazett’s [97] or
Fridericia’s formula [98]. Normal QTc interval is defined as less than 440450ms, where it is shorter in men than women. QTc interval above 450-470ms
is generally regarded as abnormal.
The mechanistic link between prolonged QT interval and ventricular
arrhythmia has been demonstrated in models of LQTS, where prolonged QT
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interval was shown to be a result of increased dispersion of repolarisation
timing of the myocardium that facilitates arrhythmia development [99-101].
Heart failure patients are known to have similar electrophysiological
remodelling with prolongation of APD causing dispersion of repolarisation
timing, therefore share similar phenotypic characteristics, and acquired long
QT was believed to a pathological sign of underlying repolarisation
dispersion [64].
Clinical studies on the utility of prolonged QT interval as a prognostic marker
has however concluded mixed results. Prospective population study of 1839
45-74 years old American Indians with unknown cardiovascular disease
found QTc a strong predictor of all-cause mortality after multivariate analysis
based on 460ms cut-off after a mean follow up of 3.7±0.9 years [102]. Another
population study found QT prolongation (>450ms in men, >470ms in women)
was independently associated with three-fold increase of SCD over an
average follow-up of 6.7±2.3 years [103]. Although QT interval seemed to be
related with adverse outcome on a population level, its use in patient groups
is less clear. A follow-up study of 865 acute MI survivors found significantly
longer QTc in those who died as compared to survivors, yielding a sensitivity
of 77%, specificity of 84% of 1-year all-cause mortality with a cut-off point of
440ms [104]. On the contrary, a study on 280 MI survivors found none of the
ECG measurements including QT, JT interval, QTd, JTd, TpTe and total Twave area to be related to all-cause mortality or arrhythmic event over
average of 32±10 months follow-up [105]. The literature on QT interval is
extensive and a review of literature found similar numbers of studies with
positive and negative or equivocal results [106]. Specifically in an ICD
population, QTc had no prognostic value in arrhythmic therapy over 19±10
months follow-up [107].
In addition to the mixed clinical results, there have been a number of issues
raised with QT interval. Accuracy of QT interval measurement has been an
ongoing issue with the determination of T-wave offset presenting challenges
of reproducibility and consistency [108]. The RR-dependence of QT interval
has led to 20 or more proposed correction formulae, and debate remains as to
which is the best one to use [109]. Also QT interval encompasses QRS
duration and a considerable proportion of patients with advanced cardiac
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disease have QRS prolongation and bundle branch block, making QT
assessment less applicable in those patients.

QT dispersion
QT dispersion is defined as the difference between maximum and minimum
QT interval across the 12 leads ECG. It was proposed to be a simple marker of
spatial dispersion of ventricular repolarisation, with earlier experimental data
showing moderate correlation between dispersion of epicardial monophasic
action potential recording and QT dispersion measured from surface ECG in
the rabbit heart [110] and human heart [111]. However, this was challenged
by data showing QT dispersion was related to vectorcardiography T-wave
loop morphology parameters and therefore was believed to be just a mere
reflection of the different projections of T-wave loop on different surface ECG
leads, a rather crude measure of non-specific T wave changes instead of
reflecting regional information [112, 113].
Extensive clinical research has been conducted on QT dispersion. Normal QT
dispersion is variable between 30-60ms. Increased arrhythmic risk was
defined largely as >60-80ms; however, there was still significant overlap
between healthy individuals and cardiac patients [114]. Clinical results in
relation to outcome were controversial, as reviewed and summarised by
Malik et al. and illustrated in Figure 1-12, where it has not been consistently
shown to carry prognostic value in relation to ventricular arrhythmias [114].
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Figure 1-12 Mean±SDs of QT dispersion in patients with (closed circles) and without (open circles) serious
ventricular arrhythmias. ∗p < 0.05. Reproduced with permission under Elsevier user license [114].

Since then, further studies have failed to demonstrate any prognostic value of
QT dispersion in HF patients [115, 116], HCM patients [117, 118], DCM
patients [119], and negligible role in the general population [120], despite
some positive results in predicting SCD in healthy men over 58 years of
follow-up [121] and sudden death and hospitalisation in HCM patients over
1.6±1 years follow-up [122]. In groups of ICD patients, QT dispersion was not
found to be predictive of appropriate therapy either over average follow-up
of 15-19 months [107, 123].
The challenge of correct identification of T-wave offset has an even larger
impact on QT dispersion, as any small error in QT measurement would cause
false positive or negative QT dispersion measurements [114]. Different studies
employed different measurement methods of manual or automatic detection,
and there was no consensus or standardisation of methodology. Therefore,
like QT interval, although originally proposed to be measure of spatial
dispersion of ventricular repolarisation, it did not develop into a useful
clinical tool. However, the clinical importance of repolarisation abnormality
was well recognised and there were ongoing efforts to develop measures that
quantify such abnormality.

32

TpTe interval
Late repolarisation interval is measured between T wave peak and T wave
end (TpTe). Experimental study on canine left ventricular wedge preparation
showed that TpTe interval represents transmural dispersion of repolarisation
caused by different APD of endocardial, mid-myocardial (M-cells) and
epicardial cells as illustrated in Figure 1-13 [124]. As already discussed in the
last section, there are three types of myocytes transmurally that exhibit
intrinsically different action potential properties physiologically. The
epicardial cells exhibit the shortest APD and the M cells exhibit the longest
APD, which together generate a transmural repolarisation timing gradient.
The time of T peak was suggested to represent the end of phase 3 of
epicardial cells and T end represents the end of repolarisation of the M-cell.
The timing of the TpTe interval was thus contributed by this transmural
gradient.

Figure 1-13 Illustration of TpTe interval representing transmural dispersion of repolarisation. Reproduced
with permission from Wolters Kluwer Health [101].

However, caution needs to be taken when extrapolating such result to surface
ECG and whole heart model. Xia et al. demonstrated in vivo pig heart that
TpTe was more of a reflection of global dispersion of repolarisation. T peak
corresponded to earliest end of repolarisation rather than end of
repolarisation of epicardium, and T end corresponds to latest end of
repolarisation. Therefore, it was concluded that TpTe represents global
repolarisation gradient, not just limited to the transmural gradient [125]. This
was supported by another study on open chest canine intact hearts,
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demonstrating TpTe reflects total spatial repolarisation gradient including
gradients along the transmural as well as apical-basal axis as shown in Figure
1-14 [126]. Another study of canine heart reported similar finding where no
correlation between TpTe and transmural dispersion of repolarisation was
found, and rather it was an index of total dispersion repolarisation of the
whole

heart

[127].

The

mechanistic

link

of

TpTe

to

underlying

pathophysiology and the significance of M cells and transmural repolarisation
gradient are under ongoing debate [128-130]. Nevertheless, TpTe may reflect
underlying increased spatial dispersion of repolarisation as a marker of
arrhythmogenic risk [131].

Figure 1-14 Surface ECG and intracardiac recording. TpTe on the surface ECG correspond to the interval
between shortest repolarisation time and longest repolarisation time on the electrogram as pointed by the
errors. Daisuke Izumi et al. Heart Rhythm, Volume 9, Issue 5, 2012, 796 – 803. Reproduced with permission
from Elsevier [126].

Clinical studies have shown independent association of TpTe with SCD in a
population–based study comparing SCD victims and controls of patients with
coronary artery disease [132]. TpTe prolongation of >100ms was associated
with increased risk of subsequent all-cause mortality in STEMI patients
treated with primary PCI during 22±7 months of follow-up [133]. Increased
TpTe interval was also found to be associated with VT/VF inducibility in
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Brugada syndrome [134] and Brugada patients with recurrent arrhythmic
events [135]. Specifically in an ICD cohort of 327 patients with LVEF<35%,
global TpTe across V2-V5 was shown to be independently predictive of both
ICD therapy and all-cause mortality over 17±12 months prospective followup [136]. In another group of 76 post-MI patients receiving primary and
secondary prevention ICD implantation, those who received therapy over
23±19 months follow-up was found to have longer TpTe (maximum value
from 12-lead) than those without (116 vs. 102ms) [137]. However in another
cohort of 64 ICD recipients of both primary and secondary prevention,
average TpTe was not predictive of therapy over mean follow-up of 19±10
months [107]. Overall, the evidence suggests that TpTe may be of prognostic
value, but further studies are needed to establish its use.

Vectorcardiography measures
Vectorcardiography is a branch of electrocardiography, where the electrical
activity of the heart is represented vectorially in 3-D space as the QRS and T
loops, representing the cardiac excitation and recovery process (Figure 1-15).
In recent years, there have been a number of clinical studies demonstrating
abnormal vectorcardiography measures, namely abnormal T axis and
widened QRS-T angle, to be associated with increased risk of mortality as
well as arrhythmic events.

!
QRS loop

!

T loop

!
Figure 1-15 Vectorcardiography showing QRS and T loops.
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T wave axis characterises the spatial direction of cardiac recovery and
deviated T axis was perceived as a global measure of repolarisation
abnormality [138]. QRS-T angle measures the angle between the QRS and T
vectors, either on the frontal plane or spatially in 3D space, and wider QRS-T
angle has also been attributed to be a measure of electrophysiological
disturbance. Physiologically, a small QRS-T angle exists because the
repolarisation process does not follow exactly the same direction as
depolarisation and there is physiological heterogeneity in the action potential
profile of ventricular myocytes. Wider QRS-T angle was believed to be due to
increased

electrical

heterogeneity

where

the

normal

depolarisation-

repolarisation relationship is lost with discordance of depolarisation and
repolarisation, and it can be either caused by change in depolarisation or
repolarisation or both [139]. Causes that are known to be associated with
widened QRS-T angle include left ventricular hypertrophy, bundle branch
block, and pacing [140].
Study of 412 primary prevention ICD patients with IHD and LVEF <40%
found spatial QRS-T angle <100° to exhibit a positive predictive value of 98%
for appropriate therapy free follow-up over 22±17 months [139]. In a group of
ICD patients with non-ischaemic cardiomyopathy from the DEFINITE trial,
frontal QRS-T angle >90° was an independent predictor of combined outcome
of total mortality, ICD shock and resuscitated cardiac arrest. Interestingly
temporal change of QRS-T angle were found to be related to changes in LVEF
and QRS duration over the 2-year follow-up [140]. In a group of heart failure
patients, frontal QRS-T angle was a powerful predictor of hospitalisation and
mortality over mean follow-up of 1.6 years [141]. A number of population
studies also demonstrated association between adverse clinical outcome and
deranged QRS-T angle. Spatial QRS angle >135° was a predicator of cardiac
death in a general population of men and women aged 55 years and above
over mean follow-up of 6.7 years [142]. Frontal QRS-T angle >100° was
associated with arrhythmic death and all cause mortality in a large middleaged population with 30±11 years of follow-up [143]. Also abnormal T wave
axis has been shown to be an independent strong risk indicator for cardiac
events in the elderly over 3-6 years of follow-up [138].
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Therefore, QRS-T angle seemed to be a pathological sign; however, what
causes widened QRS-T angle and the exact underlying pathological meaning
of QRS-T angle is still unclear and warrants more investigation as well as
more studies to clarify the clinical use of QRS-T angle.

Ventricular gradient
Ventricular gradient (VG) was a concept conceived in the 1930s by Wilson et
al. [144]. It was initially defined as net QT integral in an ECG lead, calculated
as the total area under the curve over QT interval. It was proposed to be a
pure measure of heterogeneity of APD of myocytes independent of activation
sequence (primary T wave change), as opposed to secondary T wave changes
caused by change in depolarisation sequence [145].
Alternatively, the ventricular gradient can be presented vectorially as the
vector sum of the QRS and T vectors on vectorcardiography as shown in
Figure 1-16 [145]. There have been theoretical proofs of the ventricular
gradient being an index of ventricular APD heterogeneity independent of
activation or depolarisation changes [146, 147]; however, validation by
experimental study is lacking.
A study on body surface mapping of QT integral by modelling has found
paradoxically reduced instead of increased QT integral in association with
increased repolarisation gradient and arrhythmic propensity [148]. Clinical
studies in a group of primary prevention ICD patients measured absolute QT
integral, which is a slightly different metric to originally proposed ventricular
gradient, and found that reduced QT integral to be associated with risk of
ventricular arrhythmia over 18 months mean follow-up [149, 150]. A possible
explanation of this was the cancellation effect of electrical force, where it has
been previously shown that 75% of electrical force is cancelled during
depolarisation and 92-99% cancelled during repolarisation [149, 151, 152].
Therefore, if there is spatial inhomogeneity of repolarisation gradients with
repolarisation gradients existing in multiple random directions that cancel out
each other, a reduced QT integral may well be observed and such electrical
state would predispose to heightened arrhythmic risk. There has only been
one other clinical study investigating ventricular gradient, where reduced
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ventricular gradient was associated with presence of pulmonary hypertension
and predictive of mortality [153].
Thus, the concept and clinical use of ventricular gradient is still at early stage.
Its actual electrophysiological link needs to be defined and its clinical utility
needs to be examined with further studies.

Figure 1-16 Ventricular gradient defined as vector sum of integral QRS and T vectors (iQRS, iT).
SVG=spatial ventricular gradient. Roderick W.C. Scherptong et al. Journal of Electrocardiology, Volume 41,
Issue 6, 2008, 648 – 655. Reproduced with permission from Elsevier [154].

Singular Value Decomposition of ECG
Singular value decomposition is a computational signal processing method
that decomposes the eight independent ECG leads (I, II, V1-V6) into eight
independent components ranking from those containing highest to the lowest
energy, as illustrated in Figure 1-17. A number of parameters could be
derived that reflect spatial variation of T wave morphology (PCA ratio, T
wave morphology dispersion, T wave residuum), temporal variation in T
wave morphology (T wave lead dispersion) and wavefront direction
difference between ventricular depolarisation and repolarisation (total cosine
between R and T–TCRT) [112, 155]. A brief explanation of each measure is
given in Table 1-1.
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Figure 1-17 Eight inputs (I, II, V1-V6) and eight decomposed ECG signals by SVD showing diminishing
signal from S1-S8. Acar et al. Med Biol Eng Comput. 1999;37(5):574-84. Reproduced with permission from
Medical and Biological Engineering and Computing [155].

Name of Measure

Definition

PCA ratio/complexity ratio [156]

Ratio between the second and first principal
components of the decomposed T-wave; the larger
the ratio, the greater repolarisation dispersion

T wave morphology dispersion (TMD)

Spatial morphological dissimilarity of the T waves
among the ECG leads

Absolute T-wave residuum (TWR abs)

The absolute non-dipolar component, defined as
sum of squares of 4th to 8th eigenvalues, proposed
to measure regional repolarisation heterogeneity

Relative T-wave residuum (TWR rel)

The relative non-dipolar component, defined as
proportion of non-dipolar component to the total
energy of both dipolar and non-dipolar components

T wave lead dispersion (TWLD)

Irregularity of the path of T wave loop

Normalised T wave loop area

Area enclosed by T wave loop

Total cosine between R and T (TCRT)

3D angle between depolarisation (QRS-loop) and
repolarisation (T-loop) vectors within the optimised
decomposition space

Table 1-1 Definition of SVD measures [112, 155].
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There is limited literature on the physiological basis of SVD measures. The
proposed meanings were based on mathematically interpretation. Questions
have been raised regarding the physiological meaning of some of the SVD
measures, such as T wave residuum [157]. However, a number of clinical
studies have demonstrated their association with arrhythmic risk.
In the American population study, the Strong Heart Study, involving 1839
participants with average 3.7±0.9 years follow-up, increased PCA ratio
predicted cardiovascular mortality, where a PCA ratio >90th percentile
yielded a hazard ratio of 3.68 in women and 2.77 in men for cardiovascular
mortality [158]. Analysis of T-wave loop morphology descriptors in the same
population found increased PCA ratio and TWR abs to be significantly related
to cardiovascular mortality in multivariate analysis with average 4.8±0.8 years
of follow-up [159]. In a Finnish population study of 5917 adults, PCA ratio
and TMD were independent predictors of all-cause and cardiovascular
mortality in men, while TCRT and TWR abs were independent mortality
predictors in women after average follow-up of 5.9±0.8 years [160].
An analysis on post-MI patients showed patients with smaller TCRT value
(larger angle deviation) and smaller TWLD had higher risk of arrhythmic
events, while PCA ratio and TMD were not significant predictors during
32±10 months follow-up [161]. In a cohort of 813 male US veterans with preexisting CVD with mean follow-up of 10.4±3.8 years, PCA ratio, TCRT, TMD,
TWR rel and TWR abs were all univariately correlated with total mortality,
but not TWLD or T wave loop area, and either TWR rel or TWR abs was the
only predictor remaining in the multivariate analysis [162].
Another follow-up study of acute MI survivors concluded a TCRT<-0.88 to be
associated with relative risk of cardiac mortality of 3.67 in men and 5.16 in
women at 5 years follow-up [163]. Reduced TWLD was found to be the
strongest predictor for cardiac death in a group of post-MI patients with
43±14 month follow-up [164]. A study on 650 patients with HF (LVEF<50%)
examined T-wave morphology descriptors and found TCRT to be the only
one associated with cardiovascular mortality over 2.7±1.8 years follow-up
[165]. A comparison between a group of HF patients with VT/VF and ageand sex-matched HF patients without ventricular arrhythmia found increased
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TWLD, but not TMD, TCRT or normalised T wave loop area to be associated
with VT/VF [166].
In summary, the results of clinical studies were mixed in terms of which
measure carried predictive value in various study populations. There has
been no report on the prognostic value of this set of novel T-wave measures in
ICD patients, and this would warrant further investigation.

Early repolarisation
Early repolarisation (ER) pattern is defined as at least 0.1 mV elevation above
baseline of the QRS-ST junction or J point, either as QRS slurring or notching
in at least two leads in the inferior territory (II, III, aVF), lateral territory (I,
aVL, V4-V6) or both (Figure 1-18) [167].

Figure 1-18 Illustration of early repolarisation. Reproduced with permission from Haïssaguerre M et al. N
Engl J Med 2008;358:2016-2023. Copyright Massachusetts Medical Society [167].

Early repolarisation pattern has always been regarded as a benign variant
[168] until recent years where clinical studies observed significant
relationship between early repolarisation patterns and clinical arrhythmia.
The first evidence of the clinical link between early repolarisation pattern and
arrhythmia was reported in 2008 by Haissaguere et al., that demonstrated
higher prevalence of ER pattern in patients with idiopathic ventricular
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fibrillation as compared to controls [167]. Subsequently a number of
observational studies have shown such clinical associations. In a case-control
study of survivors of idiopathic VF, controls and young athletes, J-point
elevation was found most frequently among patients with idiopathic VF and
young athletes exhibited intermediate frequency [169]. A retrospective
population study of 10,864 middle-aged subjects over mean follow-up of
30±11 years found ER pattern in the inferior leads to be associated with
increased risk of cardiac and arrhythmic death [170].
A meta-analysis concluded ER pattern was associated with increased risk and
a low to intermediate absolute incidence rate of arrhythmic death in the
general population [171]. The association between ER pattern and SCD has
also been demonstrated in other patient groups. In 132 congestive heart
failure patients with LVEF<40%, SCD occurred significantly more frequently
in patients with ER pattern than those without during follow-up period of
6.7±3.5 years [172]. In a group of CAD patients implanted with ICDs, a casecontrol study compared those who have experienced device therapy with a
group of matched controls who have not. Higher prevalence of ER pattern in
the inferior leads (23%) and notching pattern (28%) in the case group
suggested its potential role in arrhythmogenesis [173]. One study reported
intracardiac augmentation of J-point amplitude immediately before the onset
of polymorphic VT/VF in patients with structural heart disease [174].
The underlying mechanism registering the early repolarisation pattern was
proposed to be due to transiently augmented transmural voltage difference in
phase I of action potential as demonstrated using canine wedge models
(Figure 1-19) [175]. Such transmural gradient is caused by disparity of
transient outward current (Ito) during phase I action potential between
epicardium and endocardium, where it is prominent in epicardium
producing an action potential notch, while such notch is absent in
endocardium. Such transmural repolarisation gradient predisposes to the
development of arrhythmias and increases susceptibility to unidirectional
block and re-entry in response to PVC. However, there are a number of
unsolved issues with early repolarisation [176]. The significance of the
localisation of ER pattern is unknown. Some of the similar features between
ER pattern and Brugada syndrome led to the proposition of a spectrum
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disorder named J wave syndrome [177]; however, this terminology was
unfavoured by some [178]. The basic mechanism underlying early
repolarisation and associated arrhythmia is still unclear especially its role in
different pathologies which is likely to be different, and it remains debatable
whether the early repolarisation pattern is caused by repolarisation or
depolarisation changes [179].

Figure 1-19 Tracings showing relation between the spike-and-dome morphology of the epicardial action
potential and the appearance of the J wave. Yan G , and Antzelevitch C Circulation. 1996;93:372-379.
Reproduced with permission from Wolters Kluwer Health [175].

Clinically, there is ongoing debate on the significance of early repolarisation,
as some believe it to be benign, while others believe it to be malignant. There
has been limited report of its significance in ICD patients, therefore whether
early repolarisation pattern is a phenomenon of any significance in an ICD
population is unknown.
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Dynamic instability
mTWA
As

described

in

APD/repolarisation

the

previous

alternans

is

section,
another

dynamic

instability

contributing

factor

and
to

arrhythmogenesis. Microvolt T wave alternans (mTWA) was a popular
measure that was supported by experimental studies as a true reflection of
underlying repolarisation alternans at the level of single cell which facilitates
the development of malignant ventricular arrhythmia [180, 181].
mTWA is defined as the beat-to-beat alternating microvolt change in T-wave
amplitude at raised heart rate that is undetectable by eye. Various methods
are available to detect this subtle change, with spectral analysis and modified
moving average (MMA) methods being the most two commonly employed
ones, using exercise test or atrial pacing to increase the heart rate controllably
or Holter monitoring. A positive mTWA is defined as >1.9uV at heart rate of
less than 110bpm with spectral analysis method and ≥47-60uV with MMA
method [88].
There has been an extensive body of literature on the clinical prognostic value
of mTWA. A meta-analysis of 19 prospective studies concluded that a positive
mTWA test predicts nearly four times the risk of ventricular arrhythmia event
compared to negative mTWA with positive predictive value ranging from 5%
to 51% depends on the study population and an impressive negative
predictive value of 97% [182]. A more focused systematic review of eight
studies on patients with left-ventricular dysfunction generated similar
promising result of a relative risk of 2.7 for mortality or severe arrhythmic
events with positive mTWA test [183]. However, the picture became less clear
when recent publications that were not included in the two meta-analysis
presented conflicting results, i.e. the MASTERI trial [184], MASTERII trial
[185], SCD-HeFT sub-study [186], and the ABCD trial [187].
The MASTER trial [184] looked at 575 MADIT-II like patients who received
ICD implant. By the end of 2 year follow-up no association was found
between non-negative mTWA test result and ventricular tachyarrhythmic
event defined as SCD or appropriate ICD discharge, yet an association to total
mortality was observed. This could potentially be explained by the group
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with non-negative mTWA being older, having wider QRS duration, lower ßblocker usage, and less likely to be Caucasian. The MASTER-II trial studied
post-MI patients with moderate left ventricular dysfunction (LVEF 31-40%).
Maybe due to low event rate, no significant relationship was found between
mTWA test result and adverse outcome during 2.2±0.7 years of follow-up
either [185]. A sub-study from the SCD-HeFT trial including 490 patients with
median follow-up of 30 months also did not demonstrate any association
between mTWA testing and SCD, sustained VT/VF, or appropriate ICD
discharge [186]. The ABCD trial was the first prospective trial to use mTWA
and EP study to guide ICD implants that enrolled ischaemic cardiomyopathy
patient with LVEF<40% and NSVT [187]. Positive and negative predictive
value for mTWA (9%, 95%) and EP study (11%, 95%) were comparable at 1
year of follow-up, but mTWA was losing predictive value by 12-15 months.
A more recently published result of a prospective study of 453 patients with
LVEF<40% of both ischaemic and non-ischaemic aetiologies demonstrated
high negative predictive value of TWA for 3-year event free from SCD,
sustained VT/VF and appropriate ICD therapy. Interestingly a considerable
proportion 38% who were not eligible for the TWA test had the greatest risk
of lethal ventricular arrhythmias [188].
In conclusion, mTWA seemed to have good negative predictive value;
however, there are a few limitations with its clinical utility. Practically mTWA
cannot be assessed in patients with AF, frequent PVCs, and those who were
unable to reach heart rate of 105-110bpm. Therefore, mTWA appeared to be a
useful risk marker; however, how it should be incorporate into clinical
practice is unclear. The results of the REFINE-ICD trial, that aimed to examine
the benefit of ICD in post-MI patients with relatively preserved LVEF but
abnormal TWA and heart rate turbulence would hopefully give more insight
and

direction

about

the

use

of

mTWA

(Clinical

trials

identified

NCT00673842).

Temporal QT variability
Normalised QT variability index (QTVI=log10 [(QTv/QTm2)/(HRv/HRm2)]) was
proposed by Berger et al. in 1997 [189], which measures the temporal
variability of QT interval over 256-second epoch. QT variability was believed
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to be a measure of temporal repolarisation lability, as a result of several
possible mechanisms including instability in APD restitution and intracellular
calcium dynamics, gating kinetics of Kvc channels, and autonomic fluctuation
modifying repolarisation on a beat-to-beat basis and implicated in
contributing to arrhythmic risk [190].
In a cohort of 95 patients referred for EP study, QTVI was able to predict SCD
during 24±14 months follow-up, with odds ratio of 12.5, 80% sensitivity and
82% specificity with cut-off of ≥-0.5 [191]. The top-quartile QTVI (normalised
QT interval variability adjusted for HRV) and QTVN (normalised QT interval
variability not adjusted to HRV) derived from 10min resting ECG were found
to be independently associated with the occurrence of spontaneous VT/VF
(hazard ratio=1.8 and 2.18 respectively) in MADIT-II patients during 21±12
months follow-up [192]. Short-term QTVI using 60 beats has been
investigated and the highest quartile was shown to be predictive of sudden
arrhythmic death in 233 ICD recipients over follow-up of 26±15 months [193].
Therefore, QT variability may present an alternative or additional way of
assessing temporal myocardial lability and marker for abnormal restitution
properties. More studies are needed to establish its clinical use.
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Conduction abnormality
While repolarisation abnormality is strongly implicated in arrhythmogenesis,
conduction abnormality is another contributing factor, and the characteristics
of QRS complex may offer some insight into the depolarisation process.

QRS duration
QRS duration quantifies the time of depolarisation, and prolonged timing
represents conduction abnormality such as in cases of bundle branch block
(BBB). Clinical studies have demonstrated mixed results on the prognostic
value of QRS duration.
Average QRS has been shown to predict cardiovascular mortality in a
retrospective population study with long-term follow up [194] as well as SCD
in a population cohort of men with 19 year follow-up [195]. In heart failure
patients, it was a marker of all-cause mortality over 2.3 years follow-up [196],
associated with increased risk of sudden death and total mortality at 1 year
[197], and similarly increased mortality and sudden death in a retrospective
analysis of 699 HF patients with 45 month median follow-up [198]. Casecontrol study of SCD victims with coronary artery disease also found
independent contribution of prolonged QRS duration to the risk of SCD [199].
Post-hoc study of post-MI patients with 22±5 months follow-up found
prolonged QRS to have the strongest association with total mortality [200].
In ICD patients, some studies have demonstrated independent association of
QRS duration with appropriate VT/VF [201-203]. However, in some studies
prolonged QRS was not predictive of arrhythmic events over variable follow
up periods of 12-17 months [204-206]. Therefore, the role of QRS duration
may depend on the ICD population, and further studies are needed to clarify
its utility.

Fragmented QRS
Fragmented QRS is a recently proposed measure, defined as fragmentation of
the QRS complex independent of BBB as illustrated in Figure 1-20. It is
defined as various RSR’ patterns without BBB in 2 contiguous leads
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corresponding to a main coronary artery territory (anterior V1-V4, lateral I,
aVL, V5-V6, inferior II, III, aVF) [207]. This definition was later expanded to
include BBB, PVC or paced complexes, requiring the presence of more than 2
notches in R or S wave in 2 contiguous leads [208]. It is proposed to reflect
intraventricular conduction block or delay and an indirect measure of
myocardial scar. It has been demonstrated to be a marker of prior MI and
presence of myocardial scar detected using SPECT study with a sensitivity,
specificity and negative predictive value of 86.6%, 89% and 92.7% [208, 209].
However, another study showed poor sensitivity and specificity of fQRS in
detecting myocardial perfusion defects using nuclear perfusion images in
patients with known or suspected CAD [210], and also poor correlation with
delayed enhancement on cardiac MRI in patients with non-ischaemic
cardiomyopathy [211] or patients with acute MI [212].
Prognostically, fQRS has been shown to predict cardiac events (MI,
revascularisation, cardiac mortality) in CAD patients over a mean follow-up
of 57±23 months [213], all-cause mortality in acute MI patients over 34±16
months follow-up [214], composite end-point of all-cause mortality and
ventricular arrhythmia in patients with DCM over 14±5 months [215],
arrhythmic events in ischaemic and non-ischaemic ICD patients over
16.6±10.2 months follow-up [207], and inferior fQRS was predictive of SCD,
appropriate ICD shock and all-cause mortality in MADIT-II patients with
average 20 months follow-up [216]. However, a prospective cohort of both
ischaemic and non-ischaemic patients with LV dysfunction concluded no
relationship between fQRS and risk of all-cause or arrhythmic mortality, and
no association with ICD shock in the sub-group of patients with ICDs over a
follow-up period of 40 months [217]. Therefore, the clinical role and
physiological meaning of fQRS remains controversial, and requires further
study.

Figure 1-20 fQRS by visual inspection. Das M et al. Circulation 2006;113:2495-2501. Reproduced with
permission from Wolters Kluwer Health [209].
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Selvester Score
Selvester score is an ECG-based QRS scoring system developed in 1970s,
using qualitative and quantitative morphologies of the QRS complex to
quantify scar size which has been validated with post-mortem studies [218].
In recent years, the scoring system was re-defined to accommodate ECG
confounders of LV hypertrophy (LVH) and BBB and adjustment for age and
sex. The latest version has a maximum of 32 points with each point
representing 3% of LV scar [219]. Validation with late gadolinium
enhancement cardiovascular magnetic resonance imaging (LGE-CMR) in both
ischaemic and non-ischaemic patients demonstrated good correlation
between score-based and CMR-based scar quantification, with correlation of
r=0.60 to 0.80 [220], although another study found slightly weaker correlation
(r=0.41) in a group of post-MI patients where Selvester score was found to
overestimate MI size [221]
Its prognostic value has been examined retrospectively in SCD-HeFT patients,
where patients with no scar as indicated by the Selvester score were at
significantly lower risk of VT/VF events over median follow-up of 45.5
months [222]. However, in a different study comparing ischaemic primary
and secondary prevention ICD patients, no difference in Selvester score was
observed and the author concluded that the Selvester Score was unlikely to
have a role in risk stratification [223]. Another study of ICD patients found
moderate correlation of Selvester score with delayed enhancement on CMR
(r=0.420) and an association with medium-term mortality but not risk of
ventricular arrhythmia in the form of appropriate ICD therapy over 42±13
months follow-up [224]. A retrospective analysis of MADIT-II did not exhibit
any association between Selvester score and mortality or VT/VF events over
average 1.7 years follow-up [225].
In summary, although Selvester score seemed to have moderate correlation
with myocardial scar, clinical results were mixed and inconclusive. It was
unknown whether the lack of association between Selvester score and
arrhythmic events was due to the lack of association with scar or the lack of
accuracy of the score. While Selvester score is a surrogate marker of
underlying scar, the current gold standard of visualising and quantifying
myocardial scar is LGE-CMR. Because of the mechanistic link between
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anatomical substrate and re-entrant arrhythmia, direct imaging of the
vulnerable substrate using cardiac MRI offers better accuracy and is a
promising modality of risk stratification for ventricular arrhythmia.

Anatomical substrate imaging—LGE-CMR
Cardiac MRI is a relatively recent advancement in cardiovascular imaging,
which provides spatial resolution superior to echocardiography, and allows
accurate measurement of LVEF, LV dimension and LV mass, as well as offers
the ability to directly visualise scarred myocardium using late gadolinium
enhancement. In ischaemic and non-ischaemic structural heart diseases, scar
formation and myocardial fibrosis is a common pathological pathway that
forms favourable anatomical substrate for the establishment of scar-mediated
re-entrant circuit. Accurate identification, characterisation and quantification
of the extent of scar convey a favourable way to evaluate one’s risk of
developing ventricular arrhythmias and the use of LGE-CMR to visualise scar
have been studied in both ischaemic and non-ischaemic heart disease in
relation to clinical outcome.

Ischaemic heart disease
Previous studies have demonstrated that nearly 100% of patients with a
history of ischaemic heart disease had evidence of scar tissue on LGE-CMR
[226, 227]. The pattern of scar associated with ischaemic heart disease is
characterised by its ubiquitous sub-endocardial involvement extending
towards the epicardium with various transmural extent [228]. The territory
usually corresponds to previous episodes of MI or known coronary artery
lesions.
In patients with a history of MI, the percentage peri-infarct zone was found to
provide incremental prognostic value of all-cause and cardiovascular
mortality in addition to LVEF after median follow-up of 2.4 years [229]. In
another study of patients with chronic IHD, the total infarct size (optimal cutoff of 24% of LV mass) was an independent predictor of mortality over the
study period of 4.8±1.6 years follow-up [230]. In addition, the spatial extent,
transmurality as well as the total size of the scar were all found to be superior
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to LVEF as a predictor of all-cause mortality in patients with healed MI
during median follow-up of 1.7 years [231].

Similar prognostic value of

infarct size was also found in a group of acute STEMI patients in predicting
further cardiac event of death, recurrent MI or HF [232].
With the known electrophysiological link between scar tissue and arrhythmia
development, correlation of scar and arrhythmic-related outcome has been
examined. Infarct size in patients with IHD was related to inducibility of
monomorphic VT during EP study [233]. Subsequent study found that it was
more the peri-infarct zone representing infarct tissue heterogeneity instead of
the total infarct size that was related to inducibility of monomorphic VT [234].
Studies on patients with IHD receiving ICDs demonstrated promising value
of CMR infarct quantification in predicting arrhythmic events [235], but
controversies remain as whether it was the peri-infarct zone [236], or the
percentage scar and transmurality [237], or the total scar size regardless of
core or grey [238] to be the key determinant. The DETERMINE trial was a
randomised controlled trial aimed to address the use of CMR scar imaging in
IHD patients, where patients with LVEF >35% who currently do not meet
ICD implant criteria were screened for infarct mass >10% of LV mass and
randomised to receive ICD or standard medical therapy [239]. However, the
trial was stopped because of poor enrolment, yet there was good evidence to
support the role of CMR imaging in risk stratification that warrants further
pursuing.

Non-ischaemic dilated cardiomyopathy
Patients with non-ischaemic DCM also exhibit evidence of fibrosis. The
prevalence reported was variable, ranging from 12% [227], 35% [240], 41% in
heart failure patients [241] to 51% in a group of ICD recipients [242].
Clinically, scar distribution involving the 26%-75% of wall thickness, but not
scar size, was associated with VT inducibility in DCM patients [243]. In
another group of DCM patients, mid-wall fibrosis was significantly associated
with SCD/VT events (hazard ratio 5.2) over average 1.8 years follow-up [240].
DCM patients with no LGE were observed to have no ICD discharges over
median follow-up of 1.6 years [242]. Quantitatively, ICD patients who
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experienced appropriate device therapy or sudden cardiac death had
significantly higher total scar burden over follow-up of 1.7 years [244].
Hypertrophic cardiomyopathy
Evidence of hyper-enhancement on LGE-CMR is common in patients with
HCM, found to have a prevalence of 63-81% [245, 246]. The pattern of hyperenhancement in HCM is patchy and multi-focal in appearance and occurs
within the hypertrophied region [245].
HCM is clinically challenging with its heterogeneous clinical presentation and
natural history. Studies examining the predictive value of hyper-enhancement
consistently concluded a role of LGE in predicting adverse outcome [246,
247], and propensity of arrhythmic events in the form of PVC, couplets and
NSVT detected on Holter [248] and inducibility during EP study [249].
Because of the high prevalence of positive LGE and the relative low annual
event rate in HCM patients, quantitative nature of LGE rather than its mere
presence is likely to be more important [246]. Recent study suggested
intermediate LGE signal intensity was superior than high LGE signal
intensity in predicting ventricular arrhythmias in the form of PVC, couplet
and NSVT in patients with HCM [250]. The link between LGE and
spontaneous ventricular arrhythmic episodes in HCM patients implanted
with ICDs remains to be demonstrated.
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Autonomic dysfunction
Heart rate variability
Heart rate is under the influence of the parasympathetic and sympathetic
nervous systems; thus, heart rate variability (HRV) has been used as a marker
of cardiac autonomic modulation. It can be quantified using a range of
methods including time-domain, frequency-domain, geometric or non-linear
dynamic methods [251]. Yet as it does not portray the direct autonomic
influence on ventricular myocardium, and since ventricular tachyarrhythmia
originates from myocardium fundamentally, HRV can only be regarded as a
crude measure or surrogate of the general autonomic level to be assessed in
relation to outcome [252].
There have been extensive observational studies examining HRV time
domain indices’ prognostic values in patient groups as summarised in the
literature [253, 254]. The prognostic value of HRV in post-MI patients was
well established with most of the studies showing a significant correlation
between depressed HRV and adverse outcome (total mortality and/or
arrhythmic death) independent from other risk markers (e.g. LVEF) using cutoff point SDNN<50 or 70ms from 24hr Holter. This has been concluded in a
recent meta-analysis as well, where SDNN was a significant predictor of
pump failure or death in patients with left ventricular systolic function [255].
Depressed HRV (SDNN <70msec over 24hr period) was employed as part of
the inclusion criteria in the DINAMIT trial, a primary prevention ICD trial, to
select its study population [17]. The study found no reduction in overall
mortality but there was a reduction in arrhythmic death offset by an
unexpected increase in non-arrhythmic mortality during mean follow-up of
30 months. In another primary prevention ICD non-ischaemic cohort, 24hr
SDNN was not predictive of arrhythmic events over 43 months follow-up
[256]. Therefore, the role of HRV in ICD risk stratification is uncertain, and it
is unknown whether HRV can be used as a risk stratifier combined with other
risk factors to provide additional prognostic information.

53

Heart rate turbulence
Heart rate turbulence (HRT) is the phenomenon of “sinus rhythm cyclelength perturbations after isolated premature ventricular contractions (PVC)”
[257]. In healthy individuals, a PVC is followed by heart rate acceleration and
gradual deceleration mediated by autonomic response to blood pressure
perturbation caused by the PVC. Physiologically it was hypothesised that
transient vagal inhibition in response to decreased blood pressure (BP) is
responsible for initial heart rate acceleration, and subsequent vagal
recruitment in response to sympathetically mediated overshoot of BP is
accountable for the heart rate deceleration.
The acceleration and deceleration processes were quantified by turbulence
onset (TO) and turbulence slope (TS) derived from Holter recordings
containing multiple PVCs. TO<0% and TS>2.5ms/RR interval are defined
normal [258]. In disease states, such autonomic response to PVC perturbation
is diminished.
Prospective and retrospective clinical studies have demonstrated good
evidence of independent predictive value of HRT indices with relative risk in
the range of 3-6 and even more powerful when combining TO and TS [257,
258]. A case-control study demonstrated diminished HRT in post-MI patients
who had a history of malignant ventricular arrhythmias as compared to those
without [259]. One year follow-up of a group of post-MI patients found HRT
parameters to be significant predictor of SCD [260]. In non-ischaemic DCM
patients, abnormal HRT was a significant independent predictor of cardiac
mortality and sustained VT over average 1.2 year follow-up [261]. However,
examination of HRT over 10min from Holter recordings performed in
MADIT-II patients found no association between HRT parameters and
arrhythmic events [262].
Although HRT presents a good potential candidate for risk stratification, it is
limited as it cannot be assessed in patients without PVCs or in patients in AF.
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Conclusion
In summary, better risk stratification of implantable cardioverter defibrillator
therapy is an essential yet challenging task. Risk markers beyond past history
of ventricular arrhythmia and LVEF are needed to identify patients most
likely to benefit from ICD therapy, as it is not practical to implant everyone
who meets the current criteria due to resource limitation and a considerable
proportion of current ICD recipients do not actually need the device but are
exposed to the risk of complications.
The mechanism of ventricular arrhythmias is complex and multifactorial.
Structural remodelling such as scar formation as well as electrophysiological
remodelling causing increased repolarisation dispersion, slowed conduction,
and autonomic dysfunction have all been identified as important contributing
factors to arrhythmogenesis. To investigate ways of reflecting such
underlying vulnerability, the ECG is an attractive tool, as it is readily
accessible and records the electrical state of the heart. A number of such ECG
markers have been proposed; however, clinical evidence of many of the
markers are mixed in the literature and lacking for some of the parameters.
While the different markers capture different facets of increased risk of
arrhythmia, it is unclear whether they provide independent and new
incremental value to conventional risk stratifiers.
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Aim of thesis
The aim of this thesis is to explore a range of proposed as well as novel ECG
markers of depolarisation, repolarisation and autonomic abnormality, to
assess if any of them could be potential risk markers that hold value in risk
stratification of ventricular arrhythmia and whether any would offer
incremental value to traditional risk stratifiers. To evaluate and implement
the use of any novel risk markers into clinical practice, a series of
investigations are needed as shown in Table 1-2. This thesis would add to the
knowledge of ECG risk markers for stage 1-3, which would then lead to
further investigations into clinical utility and outcome.

Table 1-2 Phases of Evaluation of a Novel Risk Marker. Goldberger J et al. Circulation 2014;129:516-526.
Reproduced with permission from Wolters Kluwer Health [263].
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Outline of Investigations
Chapter 2
A local cohort of ICD patients with long-term follow-up was retrospectively
reviewed to establish the therapy rate, mortality burden and complication
rate of ICD implants.
Chapter 3
The value of manual assessment of 12-lead 10 second ECG in predicting
arrhythmic events was evaluated in a separate retrospective ICD cohort.
Chapter 4
Chapter 4 described the methodology of digital ECG analysis and
computation of a range of conventional and novel ECG parameters using
custom written software.
Chapter 5
Correlations among the ECG parameters derived from Chapter 4 were
examined in a cohort of healthy volunteers to assess and remove any highly
correlated redundant measures. Remaining ECG measures were then
compared between the group healthy volunteers and a group of prospectively
enrolled ICD patients to further remove any measures that were not
distinguishable between the two groups and therefore unlikely to be useful
risk markers.
Chapter 6
The ECG parameters were correlated with LV structure indices derived using
cardiac MRI to examine their potential interaction in risk stratification.
Chapter 7
The prognostic value of the digitally derived ECG measures in relation to
arrhythmic outcome was examined in the prospective ICD cohort.
Chapter 8
Overall discussion and future directions
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Chapter 2 Long-term Follow-up of ICD Patients
Introduction
As introduced in Chapter 1, ICDs have moved from an experimental idea to
the standard of care for those at high risk of SCD over the last three decades.
On the basis of a series of large randomised controlled trials, international
guidelines have recommended ICD therapy for patients who have had a
previous malignant arrhythmic event (secondary prevention) or who are at
high risk of an event due to underlying pathophysiology (primary
prevention)

[7].

However,

issues

have

been

raised

regarding

the

appropriateness of implanting according to the current guidelines, as a
considerable proportion of patients never receive appropriate therapy while
still being exposed to the associated risks of having an implanted device and
the health system bears the costs involved in providing such treatment [264266]. Improved tools for identifying high risk patients are needed to address
these concerns.
Long-term follow-up data has been published from a number of the landmark
trials of ICD therapy [43-45, 267, 268] and some have been published in ‘real
life’ ICD populations consisting of both primary and secondary prevention
patients who are not involved in clinical trials [46-50]. Rates of appropriate
therapy have been shown to be 29-51% in secondary prevention and 15-37%
in primary prevention patients over 3 to 5 years of follow-up. Consistently,
20-25% of patients experienced inappropriate therapy over the study period
[50, 52, 269]. Despite the survival benefit conferred by ICDs, considerable
mortality was observed at rates of 25% to 50% over 5-8 years among which
some patients could die without having received therapy from the device [43,
45-47, 49, 268].
Most of these reports originate from either Europe or the United States. There
had been no published long-term follow-up of ICD patients in Australasia
prior to this study. Clinical practice regarding the use of ICD therapy varies
between countries and implanting centres with different referral patterns,
implant rates, proportions of primary and secondary prevention and selection
criteria of patients for implantation. These differences may substantially affect
outcomes following implantation. NZ has a substantially lower rate of ICD
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implantation with a high proportioner of secondary prevention patients
compared to Europe and the United States [270]. Such difference in
population composition could see a difference in clinical benefits and
outcomes. The aim of this chapter was to assess the therapy rate, patient
survival, burden of inappropriate therapy and complications from a local
perspective by conducting a retrospective review of ICD implants in a local
tertiary centre.

Methods
Patient population
To obtain minimum follow-up of 5 years, all new ICD implants at Wellington
Regional Hospital between 1st January 2001 and 31st December 2005 were
identified. Wellington Regional Hospital covered a population of 958,000 in
2004 and was the tertiary referral centre for central and southern areas of the
North Island of New Zealand. Patient characteristics at the time of implant
were collected from medical records. Follow-up information and clinical endpoints were gathered from documentation of ICD clinical visits. This study
was reviewed by the Central Regional Ethics Committee and found to
conform to the New Zealand standards for observational research.

Implant technique
All devices were implanted by a single operator in a catheterisation
laboratory using transvenous lead systems without thoracotomy. Devices
from Biotronik (Berlin, Germany), Guidant (St. Paul, MN, USA) and
Medtronic (Minneapolis, MN, USA) were used. Programming of devices with
VF zone occurred in all cases. Programming of VT zones, anti-tachycardia
pacing (ATP) and monitoring zones was at the discretion of the implanter.

Follow-up and end-points
Patients were followed up with device interrogation at regular intervals of 3-6
months throughout the study period at the study hospital unless the patient
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was transferred back to the referring hospital after implant or had moved to
another area where follow up was carried out locally. Unscheduled follow-up
occurred following symptomatic episodes or hospitalisation.
Clinical outcome of all-cause mortality, date of first appropriate shock, date of
first inappropriate shock and any ICD complications were collected from ICD
files and medical records. All shock episodes were reviewed by specialist
cardiac technicians and classified as appropriate or inappropriate. If in doubt,
they were reviewed independently by electrophysiologists. Information on
device replacements, deactivations and explants due to end-of-battery life or
any other reasons were collected. The last follow-up data was acquired in
February 2011. In cases where patients were followed-up in another hospital,
the local centre was contacted to request data.

Definition of elements
Patient demographics including age, gender and ethnicity were collected.
Clinical history and implant indication were gathered, including underlying
cardiac pathology, heart failure status, NYHA class, LVEF, history of atrial
fibrillation, history of ventricular arrhythmias, medications, cardiovascular
risk factors and any other co-morbidities. Details of the implant were
recorded including type of device, device manufacturer, device testing and
device programming.
Heart failure was defined as any clinical documentation of heart failure
symptoms or the use of diuretics (except thiazide) at the time of implant. A
low ejection fraction alone without clinical evidence of heart failure did not
qualify as heart failure.
NYHA functional class was recorded per standard definition according to
clinical documentation.
Ischaemic heart disease was evidenced by any one of the following
-Previous MI manifested as previous documentation or regional wall
abnormality consistent with previous events
-Previous PCI/CABG
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-Coronary angiography documenting >70% stenosis in at lease one major
coronary artery
Non-ischaemic dilated cardiomyopathy was evidenced by depressed LV
function (<40%) without evidence of ischaemic origin or if the clinician felt
the extent of cardiomyopathy can not be fully explained by co-existing
coronary artery disease. Patients with co-existing ischaemic heart disease and
non-ischaemic origin were classified under ischaemic heart disease.
HCM, cardiac sarcoidosis, ARVC and cardiac channelopathies were recorded
according to clinical diagnosis.
Idiopathic VT/VF was classified as structurally normal heart with no
established clinical diagnosis or cause.
History of atrial arrhythmias included any history of paroxysmal, persistent
or permanent atrial fibrillation or atrial flutter prior to the time of implant.
Primary prevention was defined as the absence of prior cardiac arrest or
sustained ventricular tachyarrhythmia.
Secondary prevention was defined if the patient has survived a cardiac arrest
or experienced ventricular tachyarrhythmia needing external intervention or
lasting for more than 30sec.
Appropriate shock was defined as the delivery of shock therapy in response
to ventricular tachyarrhythmias.
Inappropriate shock was defined as the delivery of therapy in the absence of a
ventricular tachyarrhythmia but in response to supraventricular tachycardia,
oversensing or lead malfunction.
ICD complications were defined as events that required re-operations due to
reasons such as lead dislodgement, lead malfunction, infection or device
malfunction.

Statistical analysis
Categorical variables are expressed as absolute numbers and percentages.
Continuous variables were presented as mean ± standard deviation or
median (interquartile range) as appropriate. Baseline characteristics of
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primary

and

secondary

prevention

patients

were

compared

using

independent sample t test for continuous variables and chi-square test for
categorical variables. Univariate Cox proportional hazard model was used to
examine any predictive value of clinical variables in association with the
occurrence of appropriate therapy. Kaplan-Meier survival curve was
constructed to determine cumulative incidence of mortality, appropriate
shocks, inappropriate shocks, and estimation of device longevity and to
compare for any significant categorical predictors. A p-value of <0.05 was
considered statistically significant for all tests. Statistical tests were performed
using SPSS 18.0 (IBM, New York).

Results
Patient characteristics
A total of 138 patients received a new ICD implant during the study period.
One patient was lost to follow-up due to inability to locate the file. The
remaining 137 patients (99.2%) were used for analysis. The mean follow-up
was 7.0±1.4 years. Baseline characteristics are given in Table 2-1. The majority
of patients were male with a median age of 59 years old. The ethnicity mix
reflected the demographics of the referral population. Ischaemic aetiology
was the most common cause followed by non-ischaemic cardiomyopathy and
other pathologies. In 35 (26%) patients the ICD was for primary prevention
indication, and in 102 (74%) patients for secondary prevention. Overall, the
primary prevention group was younger, had more patients with nonischaemic DCM, LVEF !35%, heart failure and diuretic treatment compared
to the secondary prevention group.
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All
(n=137)

Primary Prevention
(n=35)

Secondary Prevention
(n=102)

p-value

Male

103 (75%)

27 (77%)

76 (75%)

0.76

Age

59 (52-68)

58 (47-64)

61 (54-69)

0.03

European

102 (74%)

27 (77%)

75 (74%)

0.67

Maori

26 (19%)

5 (14%)

21 (21%)

0.41

Ischaemic heart disease

69 (50%)

14 (40%)

55 (54%)

0.16

Non-ischaemic DCM

40 (29%)

15 (43%)

25 (25%)

0.04

HCM

1 (1%)

0

1 (1%)

ns

ARVC

5 (4%)

1 (3%)

4 (4%)

ns

Channelopathy#

7 (5%)

2 (6%)

5 (5%)

ns

Cardiac sarcoidosis

1 (1%)

1 (3%)

0

ns

14 (10%)

2 (6%)

12 (12%)

ns

Heart Failure

65 (47%)

23 (66%)

42 (41%)

0.01

Hx of atrial arrhythmia

33 (24%)

8 (23%)

25 (25%)

0.84

LVEF!35%

58 (57%)

25 (71%)

32 (31%)

<0.001

β-blocker

105 (77%)

26 (74%)

79 (77%)

0.70

Class III anti-arrhythmic

20 (15%)

5 (14%)

15 (15%)

0.95

ACEI/ARB

95 (69%)

23 (66%)

72 (71%)

0.59

Diuretics

66 (48%)

22 (63%)

44 (43%)

0.04

Spironolactone

31 (23%)

9 (26%)

22 (22%)

0.55

Single chamber

61(45%)

11 (31%)

50 (49%)

0.07

Dual chamber

67 (49%)

19 (54%)

47 (46%)

0.40

9 (6%)

5 (14%)

5 (5%)

0.07

Medtronic

80 (58%)

18 (51%)

62 (61%)

0.33

Guidant

53 (39%)

16 (46%)

37 (36%)

0.32

Biotronik

4 (3%)

1 (3%)

3 (3%)

0.98

Underlying pathology

Idiopathic VT/VF
Clinical History

Medication

Implant information

CRT-D
Manufacturer

Table 2-1 Baseline patient characteristics for all patients and patients with primary and secondary
prevention indications for an ICD. #Channelopathy include Brugada syndrome and LQTS. Class III
antiarrhythmic defined as amiodarone, sotalol and ibutilide. ns=non-significant.
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Appropriate shocks
Kaplan-Meier curves for appropriate shocks are given in Figure 2-1. At the
end of the study period, 75 (55%) patients had received appropriate shocks.
The 1-, 3-, 5-, 7-year cumulative appropriate shock rates were 26%, 40%, 52%,
and 60% respectively. Appropriate shock was more common in secondary
prevention patients (hazard ratio=2.11, 95% CI 1.16-3.85, p=0.01), male gender
(HR=1.95, 95% CI 1.07-3.55, p=0.03), past history of atrial arrhythmias
(HR=2.27, 95% CI 1.39-3.69, p=0.001) and heart failure (HR=1.96, 95% CI 1.233.12, p=0.005). There was no association between appropriate therapy and age
(HR=1.01, 95% CI 0.994-1.03, p=0.19), ischaemic aetiology (HR=1.52, 95% CI
0.961-2.41, p=0.07) or any of the other clinical variables.
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Figure 2-1 Kaplan-Meier curves for overall appropriate shock and separation by key clinical variables.
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Mortality
Kaplan-Meier curves for all cause mortality are given in Figure 2-2. During
follow up, 37 (27%) patients died. The cause of death was cardiac in 18, noncardiac in 11 and was unknown in 8 patients. The 1-, 3-, 5-, and 7-year
survival rates were 95%, 89%, 83% and 75% respectively. Predictors of
increased mortality were increased age (HR=1.06, 95% CI 1.03-1.10, P=0.001),
pre-implant history of atrial arrhythmias (HR=2.32, 95% CI 1.19-4.52, P=0.01),
heart failure (HR=4.61 95%CI 2.16-9.80, P<0.001), ischaemic origin (HR=3.00.
95%CI 1.45-6.20, p=0.002) and diabetes mellitus (HR=2.90, 95% CI 1.42-5.89,
p=0.002). No relationship was observed between mortality and primary or
secondary indications (HR=1.04, 95% CI=0.49-2.21 p=0.92), gender (HR=1.99,
95% CI 0.83-4.79, p=0.12), patients who received appropriate shocks
(HR=1.44, 95% CI 0.73, 2.84, p=0.295) or patients who received inappropriate
shocks (HR=1.17, 95% CI 0.58-2.36, p=0.67). There were 13 patients who died
without receiving appropriate shock from the device, and the average time
from device implant to the time of death in these 13 patients were 3.6±2.47
years, where only 2 of them died during the first year of implant.
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Figure 2-2 Kaplan-Meier curves for all-cause mortality and separation by key clinical variables.
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Inappropriate shocks
Kaplan-Meier curves for inappropriate shocks are given in Figure 2-3. Over
the study period, 34 (25%) patients experienced inappropriate shocks most
commonly due to atrial fibrillation (23 cases), or sinus tachycardia (5 cases).
Other causes include lead failure (4 cases), 1 case of T wave oversensing and 1
case associated with the use of electrical drill. The 1-, 3- 5- and 7-year
inappropriate shock rates were 8%, 14%, 23% and 27% respectively. Previous
history of atrial arrhythmias was predictive of inappropriate shocks
(HR=3.57, 95% CI 1.80-7.09, P<0.001). Age (HR=1, 95% CI 0.97-1.03, p=0.99),
primary indication (HR=0.86, 95% CI 0.41-1.79, p=0.68), gender (HR=1.48,
95% CI 0.64-3.41, p=0.35), use of a single chamber device (HR=0.69, 95% CI
0.34-1.38, p=0.29), or heart failure (HR=1.05, 95% CI 0.53-2.06, p=0.90) were
not associated with an increased rate of inappropriate shocks.
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Figure 2-3 Kaplan-Meier curves for inappropriate shocks.

Complications
No intraoperative or perioperative mortality directly related to the implant
was observed. Complications defined as events that required re-operation
occurred in 19 (14%) patients (Figure 2-4). These were most commonly due to
lead-related problems that occurred in 11 (8%), among which 4 was due to
altered pacing thresholds (micro/macro dislodgements), lead noise in 3, lead
fractures in 2 cases and inappropriate shocks due to Sprint Fidelis leads in 2
cases. Other causes of re-operation were systemic infection in 2 (1%), device
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malfunction in 3 (2%) (2 due to failed defibrillation, 1 due to sensing
problem), device recall in 2 (1%), and Twiddler syndrome in 1 patient (1%).
Combining with inappropriate shock, there were a total of 43 (31%) patients
that experienced either complications and/or inappropriate shock during the
follow-up period (Figure 2-4).
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Figure 2-4 Kaplan-Meier curves for occurrence of complications, and complications and/or inappropriate
shock.

Overview of risks and benefits from device
A Venn diagram was used to illustrate the distribution of appropriate shock, inappropriate shock,
complications and mortality among the ICD cohort as seen in

Figure 2-5. Out of the total 137 patients, 14 (10%) patients were identified as
having experienced complications and/or inappropriate shock from the
device without receiving any appropriate shock over the follow-up period.
There were 13 patients who died without receiving any appropriate shock
from the device. In total, there were 23 (17%) patients who did not benefit
from the device but experienced adverse side effects or died prematurely
before any device therapy.
On the other hand, 30 patients (22%) received appropriate therapy without
experiencing

inappropriate

therapy,

complication

or

mortality,

thus

supporting the beneficial outcome of ICD implants.
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Figure 2-5 Venn diagram

Device longevity
Kaplan-Meier curves for device longevity are given in Figure 2-6. The median
lifespan of a device was 6.85 years (95% CI 6.3-7.4 years). Medtronic and
Guidant consisted of 97% of the devices implanted and no difference in
device lifespan between Medtronic and Guidant devices was observed
(p=0.45). Single chamber device exhibited the longest lifespan followed by
dual chamber device and CRT-Ds with the shortest longevity (p<0.001). Over
the study period, 57 (41%) devices were replaced with an ICD, 3 (2%) were
replaced with a pacemaker, 3 (2%) were explanted without replacements (1
due to systemic infection, 1 due to severe co-morbidity, 1 following
aneurysmectomy). In 4 (3%) cases the devices were deactivated due to
terminal illness. Out of those replaced with an ICD, 44 (32%) were due to end
of battery life, 9 (7%) due to device and/or lead malfunction, 2 (1%) due to
device recall, 1 (1%) due to infection, and 1 (1%) due to Twiddler syndrome.
At the time of replacement, 5 (4%) patients were upgraded to a cardiac
resynchronisation device.
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Figure 2-6 Kaplan-Meier curves for device longevity.
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Discussion
In this local cohort of ICD patients implanted between 2001 and 2005,
appropriate shocks were delivered to 55% of patients over the average followup period of 7 years, and this was more common in males, patients with
secondary prevention indication, previous atrial arrhythmias and heart
failure. All-cause mortality was 25% at 7 years. Inappropriate shocks
remained a significant concern in ICD recipients, where 25% of patients
received inappropriate shocks in the current cohort, and patients with preimplant history of atrial arrhythmias had significantly higher risk.
Reoperation following discharge for lead or device issues was required in
14% of patients, with lead related problems being the major cause. Overall,
there were 17% of patients that did not benefit from the device but
experienced adverse side effects or died before any device activation. On the
other hand, 22% of patients received appropriate therapy without
experiencing inappropriate therapy, complication or mortality. The median
device longevity was observed to be 6.85 years with no significant difference
between manufacturers.

Appropriate shock
The 7-year cumulative appropriate shock rate in our study was 60%, and this
was higher in secondary prevention patients, males, patients with previous
atrial arrhythmias and heart failure. The observed rate was comparable and
slightly higher than other reports of long-term follow-up. The Leiden study,
with 60% of patients being primary prevention, reported a 5-year cumulative
incidence of appropriate therapy (ATP and shocks) of 43% [50], compared to
our 5-year cumulative rate of appropriate shock of 52%. The Baltimore study,
with 77% secondary prevention patients, reported 53% had appropriate
therapy (ATP and shocks) at 70 months [46]. Direct comparison of these
figures is limited due to the different proportion of primary and secondary
prevention patients. The higher proportion of secondary prevention patients
in the current cohort would partly explain the somewhat higher device
therapy rate. One major limitation of the current study was the lack of
quantification of appropriate ATP and this was due to the retrospective
analysis of the study and unreliable documentation of ATP therapy during
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follow-up clinic, while the occurrence of shock therapy was more reliably and
systematically recorded. Therefore, the rate of appropriate therapy including
shock and ATP would be higher than the current reported rate of appropriate
shock.
Overall, a high therapy rate was observed among the local implant
population over the approximate average period of device lifetime,
suggesting long-term efficacy of ICDs and benefits for our patients. The study
period coincided with the period of the publication of the landmark primary
prevention ICD trials, namely MADIT-II in 2002 [15] and SCD-HeFT in 2005
[16], so the practice of primary prevention implantation was not routinely
performed at that time. With the expansion of the eligible population, implant
rate and proportion of primary prevention have been steadily increasing over
the years, putting considerable pressure on the health system to meet the
clinical demand.

Mortality
In the current population, the 5-year (17%) and 7-year (25%) cumulative
mortality rates were lower than those reported in the literature of long-term
follow-up of primary and secondary prevention ICD trials. The Canadian
Implantable Defibrillator Study (CIDS) reported a mortality rate of 27% at 5.6
years [43]. Long-term follow-up of primary prevention trials demonstrated
49% mortality at 8 years in the Multicenter Automatic Defibrillator
Implantation Trial II (MADIT-II) [268] and 21% at 3.8 years in the Sudden
Cardiac Death in Heart Failure trial (SCD-HeFT) [45]. Real-life ICD
populations also reported higher mortality rate than seen in the current series.
A study from Leiden, Netherlands reported 5-year all-cause mortality of 25%
[50]. Cohorts from Baltimore, Maryland reported 57% mortality at 70 months
[46], 26% mortality at 6.1 years in Sweden [47], and a mortality rate of 37% in
Poland with 6.3 years average follow-up [49].
The lower mortality observed in the current cohort was likely to be reflective
of the more conservative implant criteria locally. As already demonstrated
previously, ICD implant rate in New Zealand was low by international
standards [270] resulting in significant unmet need for ICDs [38]. This was
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consistent with the low proportion of patients with primary prevention in the
current cohort. There was no official documentation of the clinical practice of
ICD implant in NZ during the time of the study period. However, the NZ
primary prevention ICD implantation guideline published in 2010 suggested
age ≤75 years and no associated disease with a likelihood of survival <18
months to be part of the selection criteria [271]. With this in mind, it was
logical to infer that the approach to ICD implantation would have been even
more conservative during the study period, resulting in a relatively
“healthier” group of ICD patients as compared to other centres around the
world.

Gender difference
To be noted is the gender difference in appropriate shock and mortality,
where males had higher risk of appropriate shock, but no mortality difference
was observed between males and females. This was consistent with findings
of many studies, where females have been found to have lower therapy rate,
while still have similar or lower rate of all-cause mortality [272-275]. There
have been a number of publications questioning the evidence of prophylactic
use of ICDs in women, where females did not seem to derive significant
mortality benefit [276, 277]. Notwithstanding this in the current cohort, 40%
of females had received an appropriate shock at 7 years. One of the
limitations in interpreting the benefits of ICD therapy in women has been the
low percentage of women enrolled in the large clinical trials and in reported
registries, that it may be a statistical underpowered issue to detect significant
mortality benefit in females.

Inappropriate shock and complications
The cumulative rate of inappropriate shocks in the current cohort was 27% at
7 years and this was largely in keeping with other published data. The 5 year
incidence of inappropriate shock in Leiden was 17% [50], 21.4% at 4 years in a
Belgium cohort [269] and 25% at 75 months in a Polish cohort [49]. As in other
series, previous history of atrial arrhythmias was associated with significant
increase in the risk of inappropriate therapy and was responsible for the
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majority of the episodes. Dual chamber device was not associated with lower
incidence of inappropriate therapy, implying the non-superiority of dual
chamber

in

discriminating

supraventricular

tachycardia

(SVT)

from

ventricular tachyarrhythmias, or it could be confounded by the practice of
patients with a history of atrial arrhythmia being more likely to be implanted
with a dual chamber device. Inappropriate ICD shocks not only bring
unnecessary psychological stress to patients [278, 279], there have also been
many reports of association between inappropriate shock and increased
mortality in the literature [52, 280].

In the current study, no association

between inappropriate shock and mortality was observed, which has also
been reported by others [281]. The underlying explanation of the observed
association between inappropriate shock and mortality in some of the studies
remained controversial, with respect to whether it is a mere reflection of AF
representing worse disease state or whether the shock exerts direct physical
damage to the heart [282]. Regardless of the answer, inappropriate shock is a
malignant entity in itself, and can only be reduced by improvement of device
programming, device discrimination algorithms [283], as well as improved
risk stratifying to minimise unnecessary risk to patients who may not need
the device.
Complications defined as those that required re-operation occurred in 14%
patients mainly due to lead-related problems. Overall, 43 out of 137 patients
(31%) experienced inappropriate shock and/or complications. This was
largely inline with what was being reported in the literature where an overall
rate of 31% of patients experiencing such complication was reported over
mean follow-up of 48 months [51]. Therefore, it was a considerable proportion
of patients experiencing adverse side effects and it is both in clinicians’ and
patients’ interest to avoid these unnecessary events.

Distribution of the risk and benefit from the device
An ideal ICD population would consist of patients who benefit from the
device by receiving appropriate therapy, have low risk of mortality, and have
low occurrence of inappropriate shock and complications. However, despite
the comparatively low mortality and high therapy rate in the current cohort,
there were still 13 (9%) patients who died without having received any device
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therapy (in which 4 of them received inappropriate shock during their
lifetime with the device). A similar proportion has been reported in a Swiss
cohort in which 11% died without prior ICD therapy over a median follow-up
of 3.6 years [284]. The current guidelines do not recommend implant of an
ICD in patients with expected survival less than a year due to co-morbidities
(ICD therapy is not indicated for patients who do not have a reasonable expectation of
survival with an acceptable functional status for at least 1 year, even if they meet ICD
implantation criteria specified in the Class I, IIa, and IIb recommendations above.
(Class III, Level of Evidence: C [7]). Clinical variables that predict early mortality
have been investigated in the literature, including factors such as advanced
age, severely depressed LVEF, history of atrial fibrillation, renal dysfunction
and diabetes [285, 286]. However in the current cohort, mortality rate during
the first year was low (5%), and among the 13 patients who died without
receiving appropriate shock, only 2 died in their first year of implant.
Also as illustrated in

Figure 2-5, there were 14 (10%) patients who experienced complications
and/or inappropriate shock without receiving any appropriate shock over the
follow-up period. Again, despite the current ICD cohort being highly selected
with relatively high therapy rate compared to cohorts reported in the
literature, there was still a considerable proportion of patients (10%) exposed
to adverse side-effects while not receiving any benefit over the approximate
life-time of the device. In total it gave rise to 17% of patients in the current
cohort that did not benefit from the device but experienced adverse side
effects or died before any device activation.

Device longevity
Longevity of ICD devices has improved considerably over the years with
improved technology. It directly affects the cost-effectiveness of ICD therapy
and the burden of replacements on the healthcare system. There has been
little independent published data on device longevity. In the current cohort
that was slightly historical, a median lifespan of the devices of 6.8 years was
observed. The average follow-up of the current study of 7 years approximated
the median device longevity, which made the results more relevant for
interpretation. In the literature, studies have suggested significant difference
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in device longevity between manufacturers [287] and other factors such as
time of implant, pacing mode, pacing percentage and capacitor reformation
interval influencing longevity [288]. Schaer et al. reported median longevity
of 7.6 years for Medtronic devices, 5.0 years for Guidant devices, and 3.8 years
for St. Jude devices for devices implanted from 1994 to 1999. This was at odds
with our observation of no difference in longevity between Medtronic and
Guidant devices. Whilst there was some overlap between the devices used in
the current cohort and that of Schaer et al. they were not identical models,
which may contribute to these differences. Single chamber exhibited the
greatest longevity and CRT-D exhibited the shortest. This was in general
agreement with the others [289] and have potential implications on the choice
of device when taking into account of the overall picture of the patient’s
clinical needs. Device longevity influences the calculation of cost-effectiveness
of ICD therapy and also directly influences the burden of replacement. With
better technology advancement, longer device longevity would make ICD
therapy more affordable and more convenient for patients.

There is very little discussion in the literature regarding what an appropriate
therapy rate should be in an ICD population, and what burden of
inappropriate therapy and complications should be viewed as “acceptable”.
Philosophically, it is reasonable to argue that it is better to implant slightly
more devices than are needed rather than slightly fewer, as the overall harm
from over-implanting is less than under-implanting. However, this is
tempered by limited health care resources. The challenge in providing
appropriate access to ICDs is likely to lie in better tools for risk stratification
than were used in the landmark clinical trials. This thesis will explore
whether the ECG has a role in improving our ability to predict risk and select
patients most likely to benefit from receiving an ICD.

Limitations
Due to the retrospective nature of the study, it was unable to report rates of
ATP, as this was not reliably recorded; therefore, only appropriate shock was
reported as one of the outcomes. The other limitation was the relatively small
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size of the cohort. As a result, this study does not have the power to detect
weak associations between clinical characteristics and outcomes or to assess
independent predictors.

Conclusions
In conclusion, a local cohort of ICD patients over long-term follow-up was
retrospectively reviewed, and revealed a good therapy rate and low mortality
rate comparatively. This suggested significant benefit from this therapy and a
more selective nature of local practice on ICD implant. However, there was
still close to half of the patients that did not receive any appropriate shock
over a long-term period, and there was a significant minority experiencing
inappropriate therapy or requiring reoperation for device related problems.
Device longevity in the current cohort was greater than some studies would
have suggested, and this was likely to have a positive impact on the costbenefit associated with ICD therapy.
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Chapter 3 Use of Manual Assessment of Standard
12-lead ECG in Predicting Appropriate Therapy in
ICD Patients
Introduction
As introduced in Chapter 1, the ECG presents an attractive and promising
tool to contribute to better risk stratification of ventricular arrhythmias. While
digital analysis has taken off in the last 2-3 decades, a number of ECG
parameters and features can still be easily obtained from routine 10-sec paperform 12-lead ECG without the use of complex digital algorithms. The
advantage of this approach is that it is a more ubiquitous accessible form of
clinical test. Such features include traditional interval measurement of QRS
and QT duration [202, 290], morphological features of amplitudes, and
features such as fQRS [207, 208], Selvester Score [219] and early repolarisation
pattern [167] that can be assessed by visual assessment.
The aim of this chapter was to assess the use of manual assessment of 12-lead
ECG parameters in relation to the occurrence of subsequent appropriate
device therapy in a retrospective ICD cohort, to examine whether the ECG
contains useful information or easy-to-obtain measures that may predict
subsequent device therapy in ICD patients.

Methods
Study population
All patients who received their first ICD implantation between March 2007
and March 2010 who were subsequently followed-up by the ICD clinic at
Wellington Regional Hospital were retrospectively reviewed. For each patient
a standard 12-lead ECG printout prior to and closest to the time of implant
recorded clinically was selected from the medical records for analysis.
Patients were excluded if there was no suitable ECG for analysis, or if patients
were ventricular paced or in an idioventricular rhythm.
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Patient characteristics prior to implant were collected from medical records
including demographics, clinical history, implant indication, co-morbidities
and medication, using the same definitions listed in Chapter 2. All implants
involved systems with transvenous leads. Programming of devices with VF
zone occurred in all cases. Programming of VT zones, ATP and monitoring
zones was at the discretion of the implanting cardiologist, in which 35
patients (32%) had 3-zone programming, 40 patients (37%) had 2-zone
programming and 33 patients (31%) had 1 VF zone programmed. ATP was
programmed in the majority of patients (94% of VT zones and 62% of VF
zones). This study was reviewed by the Central Regional Ethics Committee
and found to conform to the New Zealand standards for observational
research.

Follow-up and end-points
Patients were followed up clinically with device interrogation at regular
intervals of 3-6 months. Patients with home monitoring had their
transmissions reviewed as they arose. All ATP or defibrillation episodes were
reviewed by specialised cardiac technicians and classified as appropriate or
inappropriate. If in doubt, they were reviewed independently by an
electrophysiologist. The primary endpoint was defined as the first occurrence
of appropriate therapy (including ATP/Shock) for VT/VF episodes. The last
follow-up data was collected in July 2011.

Standard 12-lead ECG analysis
All standard 12-lead ECGs were recorded at paper speed of 25mm/s,
10mm/mV. The presence of LBBB and RBBB were identified according to the
AHA recommendation for interpretation of electrocardiogram [291]. Patients
with QRS>120ms but not meeting the criteria for LBBB or RBBB were
classified as non-specific intraventricular block. All ECGs were analysed on
paper where measurements were made manually using a calliper to the
nearest 1ms for interval measurements and nearest 0.01mV for amplitude
measurements. All the measurements and analysis were carried out by me.
Intra-observer variability was tested by blinded repeat measurements on 15
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randomly selected ECGs and there was good intraclass correlation coefficient
(ICC=0.93-0.98 p<0.001).

QRS related measures
QRS duration
QRS duration was measured from the beginning of the Q wave, or in the
absence of Q wave, the beginning of R wave to the end of S wave defined as
return to isoelectric line. Maximum and minimum QRS were measured across
12-leads and QRS dispersion was defined as the difference between them.
Average QRS was calculated as 0.5 ! (maxQRS+minQRS) .

QRS amplitudes
Maximum QRS amplitude (either prominent R or S wave) was measured
across the 12-leads.

fQRS
The presence of fragmented QRS (fQRS) was examined according to criteria
previously defined [207, 208]. For patients without BBB, fQRS-NBBB was
defined as various RSR’ patterns with or without Q wave, including an
additional R wave, notching of the R wave or notching of the S wave in two
contiguous leads corresponding to a main coronary artery territory (anterior
V1-V4, lateral I, aVL, V5-V6, inferior II, III, aVF). For patients with BBB, the
criteria of fQRS-BBB was defined as >2 R waves or >2 notches in the R wave
or >2 notches in the downstroke or upstroke of the S wave in two contiguous
leads in a main coronary artery territory.

Selvester Score
Selvester Score is a 32-point system based on the QRS morphology with each
point quantifying 3% of myocardial scar in the left ventricle. The 2008
modified version of the scoring system was used which allowed for
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conduction block and left ventricular hypertrophy and scoring was carried
out according to the standard protocol, as illustrated in Figure 3-1 [219].
QRS Score Instructions

% LV Scar in 12 LV Segments

Suuplemental Data APPENDIX A: QRS-Score Criteria
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Figure 3-1 Selvester Score sheet. Strauss D et al. Circ Arrhythm Electrophysiol 2008;1:327-336. Reproduced
with permission from Wolters Kluwer Health.
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QT related measures
QT interval
QT interval was measured from the onset of QRS, the same origin used for
QRS measurement, to the end of T-wave. T-wave end was defined as
returning to the isoelectric line, and in the presence of U wave the QT interval
was measured to the nadir of the curve between the T and U waves.
Maximum and minimum QT intervals across the 12-leads were measured.
Leads with low T wave amplitude <0.1mV were excluded for analysis. QT
dispersion was defined as the absolute difference between maximum and
minimum

QT

intervals.

Average

QT

interval

was

defined

as

0.5 ! (maxQT+minQT) and corrected with the average RR interval using
Fridericia’s formula !"! !

!"
!

!!

[98]. Many formulae of QT correction have

been proposed, but the QT/RR relationship was found to be highly
individual [292] and there is no single best formula. Fridericia’s formula was
therefore chosen for the current study [293].

T wave amplitude
Maximum T-wave amplitude across the 12-leads was measured manually and
defined as the maximum of the absolute amplitude from the peak of the Twave to the isoelectric line regardless of the polarity of the T-wave. In cases of
biphasic or bifid T-wave, the peak of the highest amplitude was used.

Early repolarisation pattern
Early repolarisation (ER) pattern was assessed according to previously
described criteria, as QRS slurring or QRS notching of >0.1mV in at least two
inferior (II, III, aVF) or two lateral leads (I, aVL, V4-V6) or both [167]. ER
pattern was only assessed in patients without BBB.

10-second heart rate variability
From the rhythm strip of either lead II or V1, maximum and minimum RR
intervals were measured from R to R peak. Patients in atrial fibrillation, atrial
flutter, atrial paced rhythm, 2nd or 3rd degree AV block were excluded for
83

analysis. Atrial and ventricular premature ectopic beats were excluded in the
measurement, so only RR interval between sinus beats was measured. A
simple measure of HRV was derived, where maximum RR difference was
calculated as the difference between maximum and minimum RR interval,
and normalised to the heart rate: =

(maxRR-minRR)
!100% .
0.5 ! (max RR+minRR)

An example of the manual measurement of an ECG is illustrated in Figure
3-2.

Figure 3-2 Illustration of manual measurement of an ECG.

Statistical analysis
Categorical variables are expressed as absolute numbers and percentages.
Continuous variable are expressed as mean ± standard deviation or median
(interquartile range) as appropriate depending on the statistically normality
test carried out for each variable using D’Agostino & Pearson omnibus
normality test. Univariate Cox proportional hazard model was used to
examine any predictive value of clinical and ECG variables in association
with the occurrence of appropriate therapy. Kaplan-Meier survival curve was
constructed for any significant categorical predictors and continuous
variables using upper/lower quartile as cut-off point. A p-value of <0.05 was
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considered statistically significant for all tests. All statistical analysis was
performed using SPSS 19 (IBM, New York).
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Results
Over the 3-year implant period 123 patients received new ICD systems, out of
which 108 were included for analysis. The 15 patients excluded were due to
no qualifying ECG located in their medical records (11), had problems with
the quality of the ECG (2), or had only ventricular paced ECG (2). During a
mean follow-up of 29±11 months, 47 (44%) patients received appropriate ATP
and/or shock therapy from their device. Of this patient group, 17 patients
had received ATP only and 30 had received defibrillation ± ATP.

Clinical characteristics
Demographic and clinical characteristics of all patients and those who did or
did not received appropriate therapy from the device are shown in Table 3-1.
The majority of patients (70%) were implanted with a secondary prevention
indication. There was no difference in age, gender, underlying aetiology,
medication between the therapy and non-therapy group. Patients receiving
ICDs for secondary prevention were 2.55 (95% CI 1.14-5.71, p=0.022) times
likely to receive appropriate therapy than patients with primary prevention
ICD indications. Patients with a history of atrial arrhythmias prior to implant
were 2.30 (95% CI 1.29-4.12, p=0.005) times likely to receive appropriate
device therapy. Kaplan-Meier curves are shown in Figure 3-3. There was a
trend towards an association between depressed LVEF and appropriate
therapy; however, this was not statistically significant (p=0.054).
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All (n=108)

No Therapy
(n=61)

Therapy
(n=47)

p-value

Male

81 (75%)

43 (71%)

38 (81%)

0.31

Age (y)

62 (49-69)

61 (49-67)

63 (51-70)

0.21

Ischaemic heart disease

60 (56%)

31 (51%)

29 (62%)

0.23

Non-ischaemic DCM

25 (23%)

14 (23%)

11 (23%)

0.79

9 (8%)

7 (11%)

2 (4%)

0.21

14 (13%)

9 (15%)

5 (11%)

0.36

Heart failure

65 (60%)

33 (54%)

32 (68%)

0.12

Hx of atrial arrhythmias

42 (39%)

18 (30%)

24 (51%)

0.005

LVEF (%)

38±15.8

40±16.6

35±14.2

0.054

ß-blocker

93 (86%)

53 (87%)

40 (85%)

0.86

Class III anti-arrhythmic

32 (30%)

15 (25%)

17 (36%)

0.22

ACEI/ARB

82 (76%)

44 (72%)

38 (81%)

0.19

Diuretic

52 (48%)

27 (44%)

25 (53%)

0.18

Spironolactone

20 (19%)

12 (20%)

8 (17%)

0.44

Primary Prevention

32 (30%)

25 (41%)

7 (15%)

0.022

Secondary Prevention

76 (70%)

36 (59%)

40 (85%)

-

Single chamber ICD

63 (58%)

33 (54%)

30 (64%)

0.50

Dual chamber ICD

30 (28%)

18 (30%)

12 (25%)

0.81

CRT-D

15 (14%)

10 (16%)

5 (11%)

0.52

Underlying Pathology

HCM
Other pathology*
Clinical history

Medication

Implant Information

Table 3-1 Patient demographics and clinical characteristics Data are presented as n (%) or median
(interquartile range). *Other pathology includes arrhythmogenic right ventricular cardiomyopathy, Brugada
syndrome, long-QT syndrome, idiopathic VT/VF and primary valvular disease. Class III antiarrhythmic
defined as amiodarone, sotalol and ibutilide.
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Appropriate Therapy
100

Percent survival

P=0.005
80
60
40

No hx of atrial arrhythmia

20
0

Hx of atrial arrhythmia
0

1

2

3

4

Years

Number at risk
No Hx of atrial arrhythmia 66

54

35

20

20

Hx of atrial arrhythmia

22

12

10

1

42

Appropriate Therapy

Percent survival

100

P=0.022

80
60
40

Primary Prevention
Secondary Prevention

20
0

0

1

Primary Prevention

2

3

4

Years

Number at risk
32

25

24

24

24

Secondary Prevention 76

51

33

19

13

Figure 3-3 Kaplan -Meier Curve of clinical predictors of appropriate therapy.
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ECG measures
Details of ECG measures for all patients and those with and without
appropriate therapy are shown in Table 3-2. There were 87 patients in sinus
rhythm, 18 in atrial fibrillation, 1 in atrial flutter and 2 patients who were
atrial paced. BBB was present in 47 patients. There was no relation between
BBB and occurrence of therapy. PVC was present in 21% of patients where
those with one or more PVC present over the 10 sec recording had higher risk
of receiving appropriate therapy than those who did not (HR 2.39, 95% CI
1.28-4.48, p=0.006), Kaplan-Meier curve is shown in Figure 3-4.

All (n=108)

No Therapy
(n=61)

Therapy
(n=47)

p-value

Sinus rhythm

87 (81%)

51 (84%)

36 (77%)

0.30

LBBB

30 (28%)

17 (28%)

13 (25.5%)

0.83

RBBB

12 (11%)

6 (10%)

6 (13%)

0.76

PVC

23 (21%)

8 (13%)

15 (25%)

0.006

110 (95-140)

110 (95-159)

110 (93-140)

0.87

25 (18-40)

22 (18-33)

30 (20-42)

0.034

1.8 (1.5-2.4)

1.8 (1.5-2.5)

1.7 (1.4-2.4)

0.70

34 (32)

17 (28%)

17 (36%)

0.25

Inferior fQRS

26 (24%)

11 (18%)

15 (32%)

0.058

Selvester score

3 (1-6)

3 (2-6)

4 (1-6)

0.27

428 (402-463)

421 (402-460)

439 (402-469)

0.76

60 (38-80)

62 (30-80)

60 (40-80)

0.56

0.5 (0.3-0.89)

0.59 (0.34-0.8)

0.48 (0.3-0.65)

0.35

59 (53-72)

59 (53-73)

59 (55-72)

0.66

Depolarisation measures
average QRS (ms)
QRS dispersion (ms)
maximum QRS amp (mV)
fQRS

Repolarisation measures
average QTc (ms)
QT dispersion (ms)
maximum T amp (mV)
Mean heart rate (bpm)

Table 3-2 ECG parameters in all patients. Data are presented as n (%) or median (interquartile range).
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Appropriate Therapy
100

P=0.006

Percent survival

80
60
40

no PVC
PVC

20
0

0

1

2

3

4
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Number at risk
No PVC

85

61

42

35

15

PVC

23

15

8

1

0

Figure 3-4 Kaplan-Meier curve of appropriate therapy in relation to the presence of PVC.

Depolarisation measures
There was no association between QRS duration or QRS amplitude and
appropriate therapy. Increased QRS dispersion was significantly associated
with appropriate therapy, with hazard ratio of 1.021 (95% CI 1.002-1.041,
p=0.034), meaning each 1 ms increase in QRS dispersion was associated with
2.1% increase in risk of appropriate therapy. Dichotomising patients by upper
quartile (>40ms), those with QRS dispersion >40ms were 2.17 times likely to
receive appropriate therapy (95% CI 1.19-3.94, p=0.011) than those with QRS
dispersion <40ms, as illustrated by Kaplan-Meier curve in Figure 3-5.

Appropriate Therapy

Percent survival

100

P=0.011

80
60
40

QRSd<40ms
QRS>40ms

20
0

0

1

2

3

4

Years

Number at risk
QRS<40ms

81

61

39

19

13

QRS>40ms

27

15

8

6

1

Figure 3-5 Kaplan-Meier curve of appropriate therapy in relation to QRS dispersion.
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Fragmented QRS
fQRS was present in 34 patients, including 27 fQRS-NBBB and 7 fQRS-BBB.
The majority was present in the inferior territory (21), with 2 anterior, 6 lateral
and 5 in >1 territory which all involved at least the inferior territory. The
presence of fQRS was not associated with appropriate therapy (HR 1.42,
95%CI 0.78-2.59, p=0.25). Taking into account of inferior fQRS only, there was
a trend of patients with inferior fQRS being more likely to receive appropriate
therapy (HR 1.81, 95% CI 0.98-3.36, p=0.058).

Selvester score
The median Selvester Score was 3 (IQR 1-6). As Selvester Score is a ECG
measure of underlying left ventricular scar burden, patients with left-side
structural heart disease (94 patients with ischaemic heart disease, nonischaemic DCM or HCM) were compared to patients without left structural
heart disease (14 patients with ARVC, LQTS, Brugada syndrome, idiopathic
VT/VF or primary valvular disease with no cardiomyopathy) and was found
to exhibit higher Selvester Score (median 4 (2-6) vs. 1.5 (0-3.25), p=0.009).
Taking into account of patients with left structural heart disease only, patients
with ischaemic aetiology tended to exhibit higher Selvester Score, although
this was not statistically significant (median 4 (2-7) vs. 3 (1-5), p=0.061).
Overall, there was no association between Selvester score and appropriate
therapy (p=0.27), and the same was found if only patients with left structural
disease were included (p=0.42).

Repolarisation based measures
QT duration, QR dispersion, T amplitude
No association between appropriate therapy and average QTc (p=0.76), QT
dispersion (p=0.56), or maximum T wave amplitude (p=0.35) was observed.

Early repolarisation pattern
ER pattern was examined in the 61 patients without BBB. It was present in 12
of them (20%), 5 from the therapy group with 3 in the lateral territory, 2 in the
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inferior, and 7 from the non-therapy group with 4 in the lateral and 3 in the
inferior territory. Those exhibited ER pattern was not associated with higher
risk of appropriate therapy that those who did not (HR 0.97, 95% CI 0.38-2.46,
p=0.95). There were 6 patients in the current cohort who were diagnosed with
idiopathic VT/VF, and one of them had ER pattern on the ECG but has not
received any appropriate therapy subsequent to ICD implantation during the
follow-up period.

Heart rate variability
The median heart rate was 59 bpm with no difference observed between
patients who received appropriate therapy and those who did not (p=0.66).
After exclusion of patients in AF, atrial flutter, atrial pacing, 2nd or 3rd AV
block, HRV was examined in 86 patients, as shown in Table 3-3. The median
maximum RR difference was 48 (22-96ms). By normalising maximum RR
difference to the heart rate, there was no difference in HRV between the two
groups of patients with and without therapy (p=0.38).

Max RR difference (ms)
Simple HRV %

All (n=86)

No Therapy (n=51)

Therapy (n=35)

p-value

48 (22-96)

60 (30-102)

40 (18-65)

0.34

5.2 (2.4-8.7)

6.6 (3.0-10.0)

3.6 (1.8-6.1)

0.38

Table 3-3 HRV analysis in 86 patients.
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Discussion
From manual assessment of routine 12-lead ECG prior to implantation of an
ICD, presence of PVC and QRS dispersion were significantly associated with
an increased risk of appropriate device therapy, while many of the previously
suggested measures including QRS duration, QT duration, QT dispersion,
early repolarisation, fQRS and Selvester Score were not associated with an
increased risk of therapy in this cohort of ICD patients.

Clinical variables
Among the clinical variables, patients with secondary prevention had higher
risk of appropriate therapy, which was consistently found in the literature as
well as in Chapter 2. Also history of atrial arrhythmia was associated with
increased risk of appropriate therapy, again consistent with the findings of
Chapter 2. The association between atrial arrhythmias and adverse outcome
in ICD patients has been reported previously in the literature, where it was
associated with increased mortality, appropriate therapy and more so
inappropriate therapy [294-297]. Possible explanations of the link between
atrial arrhythmias and increased rate of appropriate therapy may be due to
AF being a marker of worse disease state and progression of heart failure
[296, 297], or the haemodynamic change associated with AF may affect the
ventricular electrophysiological properties and increased sympathetic tone
that predisposes to arrhythmia development [296], or direct mechanistic link
of AF initiating ventricular tachyarrhythmias has been suggested as a
possibility as well [298].
Contrary to Chapter 2, no higher risk of appropriate therapy in males was
found in the current cohort, and neither was heart failure or ischaemic heart
disease a significant predictor of appropriate therapy. This may be due to the
shorter follow-up period of the current cohort compared to the cohort
followed for much longer in Chapter 2, and a slightly more recent cohort,
where differences in various characteristics of the cohort such as high
proportion of primary prevention patients (30 vs. 25%), higher use of ßblocker (86 vs. 77%) that may have contributed to the discrepancy of the
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results observed. Also the current cohort is relatively small, which may be
statistically underpowered to detect some of the predictors.

Depolarisation measures
Presence of PVC
In this study, presence of PVC over 10 seconds was associated with 2.39 risk
of receiving appropriate therapy (95% CI 1.28-4.48, p=0.006). Frequent PVCs
and NSVT over longer period of time of 10min to 24hr Holter recording have
been previously associated with malignant arrhythmic events [262, 299, 300].
However, there has been no report on the significance of PVC over short
period of time. The finding of this study supports the notion of PVC as a
malignant sign, and such occurrence over short 10 second period appeared to
have prognostic significance, suggesting it may be a surrogate marker of
heavy PVC burden.

QRS duration and dispersion
In the current study, no association between prolonged QRS duration and
arrhythmic risk was found, which was consistent with some studies [204-206,
301], despite some evidence of prognostic value of QRS duration in other
studies as discussed in Chapter 1 [201-203]. In the current study, greater QRS
dispersion >40ms was associated with 2.17 risk of appropriate therapy. QRS
dispersion, the inter-lead difference in QRS duration, has been hypothesised
as a measure of conduction heterogeneity [302]. It has not been previously
investigated in relation to ventricular arrhythmic events in ICD patients.
Other studies have reported the prognostic value of QRS dispersion in other
patient groups, where QRS dispersion >40ms was a strong independent
predictor of SCD in ARVC patients [303], heart failure patients with QRS
dispersion >46ms had 3.9 risk of all-cause mortality [304], and each 10%
increase of QRS dispersion carried relative risk of 1.11 for sudden death in a
group of patients with mild to moderate chronic heart failure [302]. However,
no relation between QRS dispersion and arrhythmic death by 6-months postMI was found in a group of post-MI patients [305]. Kearney et al. argued that
QRS dispersion was simply a reflection of maximum QRS duration and

94

demonstrated QRS duration to carry prognostic value as well, although not to
the same extent [302]. In the current study, a positive correlation between
QRS dispersion and maximum QRS duration was observed, but no
prognostic value of maximum QRS duration was found. Therefore, it was
possible that QRS dispersion is a better measure of inhomogeneous electrical
depolarisation and regional conduction delays than QRS duration, and would
require further investigation.

fQRS
fQRS, signified by extra notching of the QRS complex, was proposed to be a
sign of presence of myocardial scar validated by nuclear stress imaging in
CAD patients [208, 209], but was questioned by external validation [210]. As
discussed in Chapter 1, the presence of fQRS has been demonstrated to
independently predict adverse clinical outcome including cardiovascular
mortality and arrhythmic event in various ischaemic and non-ischaemic
patient groups [207, 213, 214, 306], however there have also been negative
study of no such association [217]. In the current study, no relationship
between fQRS and ICD therapy was found, but the presence of fQRS in the
inferior territory demonstrated a trend towards increased risk of receiving
appropriate device therapy, which may be related to the previous finding of
inferior MI possessing worse prognosis in patients with left ventricular
dysfunction [307], and such findings have also been reported in MADIT-II
patients where inferior fQRS was predictive of composite endpoint of SCD,
appropriate ICD shock and all-cause mortality [308]. However, this was not
supported by a study that concluded no significance of any particular fQRS
territory in relation to outcome [217]. Therefore, controversies regarding the
prognostic significance of fQRS still exist as well as the significance of its
territory. The current study population was a heterogeneous group, and fQRS
may be a better marker in more homogeneous sub-groups of patients such as
patient with ischaemic heart disease only, and would require examination in
larger cohort of patients with the same pathology.

95

Selvester Score
Another measure based on the QRS complex that not only identifies
myocardial scar but also quantifies the scar burden is the Selvester Score. As
discussed in Chapter 1, it has been found to have moderate correlation with
LV scar burden and exhibited relationship with monomorphic VT induction
[218]. Clinical studies on the prognostic value of Selvester score are mixed as
well, where a SCD-HeFT sub-study found patients with Selvester Score 0
were at significantly low risk of arrhythmic events [222], but a MADIT-II substudy concluded no association [225]. In the current study, no prognostic
value of the Selvester score was found. The discrepancy of results across
studies may be due to different composition of the study population. With the
increasing use of CMR, it remains to be evaluated whether Selvester score is a
good surrogate marker of underlying scar, or is no longer useful with the
availability of CMR imaging.

Repolarisation measures
QT duration and dispersion
QT duration and QT dispersion were not predictive of arrhythmic events in
the current study. As reviewed in Chapter 1, the use of prolonged QT and QT
dispersion as risk markers have become increasingly unpopular because of
mixed clinical results and methodological limitations. In this study, the
intervals were measured by manual measurement, which may not be as
accurate as digital analysis. It remains to be tested whether digital analysis of
more accurate measurement would be a better approach of QT quantification,
or perhaps QT interval and dispersion are no longer good measures of risk.

Early repolarisation pattern
In this study, an ER pattern prevalence of 20% in an ICD population without
BBB was found and there was no prognostic value of ER pattern. Early
repolarisation characterised by elevation of the J point, once thought to be
benign variant, has received extensive attention in recent years due to its
potential link with arrhythmia. As discussed in detail in Chapter 1, it has been
shown to have a high prevalence in idiopathic VF victims [167] and was
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associated with increased risk of mortality in various general population
groups [170, 309], and possibly heart failure patients [310] and CAD patients
implanted with ICDs

[173]. The phenomenon of ER pattern presents a

number of unanswered questions, such as the significance of its presence, its
relation to Brugada syndrome, and its underlying electrophysiological
mechanism being a repolarisation or depolarisation abnormality [176].

Heart rate variability
HRV derived from a 10-second measurement has not been regarded as a
standard measurement. As a widely used non-invasive measure of autonomic
function, reduced HRV obtained from 5 minute to 24 hour recordings have
been associated with adverse outcome in a range of different clinical settings
[254] despite some negative results [256, 311]. 10-second HRV has been
correlated with cardiac parasympathetic activity derived from 5-minute HRV
assessments that it may be a marker of cardiac vagal tone [312, 313] and there
was some evidence that decreased 10-second HRV was associated with
increased mortality [314, 315]. In the current study with limited recording
time, 10-sec HRV was not predictive of therapy and it may be that 10 second
is not enough time frame to capture enough variability of any significance.
The presence of PVCs, which is known to modulate the subsequent RR
intervals, may also bias the fair representation of autonomic control if a short
time frame was used. It remains to be tested whether longer recording would
contain useful information. .

Limitations
The current study was retrospective in nature; therefore, the conditions under
which the ECG was recorded was not standardised. The study population
was relatively small, as the number of devices implanted and followed up
locally was low; therefore, we were unable to carry out multivariate analysis
to assess for independent predictors, and also unable to exclude the
possibility of some of the negative findings to be due to lack of statistical
power. The study population also contained heterogeneous cardiac
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pathologies and the application of risk markers may differ between patients
of different aetiologies.

Conclusions
A routine 12-lead ECG is a valuable clinical diagnostic tool that is universally
accessible with low burden of analysis. Certain features of the ECG such as
presence of PVC and manually measured QRS dispersion were associated
with significant risk of arrhythmic events in a heterogeneous population of
patients receiving ICDs, suggesting the ECG contains useful information on
underlying electrical abnormalities. Whether digital analysis that enabled
more information to be derived from ECG presents more valuable
information is unknown and is the focus of subsequent chapters.
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Chapter 4 Methodology of Digital ECG Analysis
using LabVIEW
Introduction
In the last Chapter, the use of manual assessment performed on paper based
12-lead ECG was examined in relation to arrhythmic evens in a retrospective
ICD cohort. Although some features of the ECG, such as presence of PVC and
QRS dispersion, were associated with increased risk of appropriate device
therapy, there were limited parameters that could be derived. The ECG
contains much more information that cannot be easily explored manually, but
can be examined with the assistance of digital analysis. Digital analysis also
allows for more accurate and objective measurement, and enables the
application of various transformations and mathematical manipulations of
the 12-lead ECG to present the electrical activity in different ways to quantify
depolarisation and repolarisation.
Many different parameters using digital analysis have been proposed in the
literature as potential risk stratifiers, and these were discussed in Chapter 1.
It is the aim of this chapter to develop the methodology of digital ECG
analysis using custom written programs that would be applied subsequently.
Methods of signal processing and computing of ECG variables were
described in detail, and were either based on previously described
methodologies or novel measures that were developed here for the first time.

ECG data acquisition
Methodology was developed to measure features from 60 seconds
simultaneous recordings of standard 12-lead ECG. Timing and amplitudes of
the ECGs were converted according to the sampling frequency and amplitude
resolution. All digital ECG files were exported and analysed offline by custom
written programs on LabVIEW8.5 (National Instruments, Texas, USA). Figure
4-1 illustrates a standard recording of 60sec 12-lead ECG exported and
displayed on LabVIEW.

99

Lead I
2.5E+8

Lead V1
2E+8
1E+8
0

2E+8
1.5E+8

-1E+8
-2E+8

1E+8
5E+7

-3E+8
-4E+8

0
-5E+7
0

500

-5E+8

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Lead II
6E+7

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Lead V2
1E+8

4E+7

5E+7

2E+7

0

0

-5E+7

-2E+7

-1E+8

-4E+7

-1.5E+8

-6E+7

-2E+8
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

0

Lead III
5E+7

Lead V3
1.5E+8

0

1E+8
5E+7

-5E+7
-1E+8
-1.5E+8
-2E+8
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Lead aVR
5E+7
2.5E+7
0
-2.5E+7
-5E+7
-7.5E+7
-1E+8

Amplitude (original datapoints)

Amplitude (original datapoints)

0

0
-5E+7
-1E+8
-1.5E+8
-2E+8
0
Lead V4
4E+8
3E+8
2E+8
1E+8
0

-1.25E+8

-1E+8
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Lead aVL
2E+8

0
Lead V5
4E+8

1.5E+8

3E+8

1E+8

2E+8

5E+7

1E+8

0

0

-5E+7

-1E+8
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Lead aVF
3E+7

0
Lead V6
2.5E+8

2E+7

2E+8

1E+7

1.5E+8

0

1E+8

-1E+7

5E+7

-2E+7

0

-3E+7
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Time (original datapoints)

-5E+7
0

500

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500

Time (original datapoints)

Figure 4-1 Display of 12-lead ECG exported onto LabVIEW. Time and amplitude on x- and y-axis are shown as original data points, with 125Hz sampling frequency and
3.8nV/LSB amplitude resolution (e.g. 125 datapoints per second, 7500 datapoints=60sec).
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Classes of ECG measures to be derived
A large number of features can be derived from ECG. For convenience, they
were classified into five groups.
1. Depolarisation scalar measurements: included measures that characterise
the QRS complex by duration, amplitude, area, and morphology of
fragmentation.
2. Repolarisation scalar measurement: included repolarisation intervals (such
as QT, JT interval), descriptors of T wave morphology by amplitudes, slopes,
symmetry, flatness, and repolarisation area measurements.
3. Vectorcardiography transformed from 12-lead ECG, where QRS/T angle
and ventricular gradient parameters were derived
4. Singular value decomposition of 12-lead ECG by mathematical
transformation to elicit principal components. A number of depolarisation
and repolarisation descriptors were derived.
5. Heart rate variability calculated over a 60sec period.
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Signal averaged complex
Signal averaged complexes were derived from the 60sec ECG signal to be the
representative waveforms used for subsequent analysis. Signal averaging is a
common technique of processing time domain signals that improves signalto-noise ratio (SNR) while still retaining important information of the data. It
is based on the averaging of multiple repetitive waveforms with equal
weights to produce a representative waveform, where random noises that are
not synchronised with each other are reduced by cancellation [316]. Previous
study has shown better performance and stability of measurements derived
from signal averaged complex than raw complexes [317]; therefore, it was
adopted for the current study.
There are various options in the technique of signal averaging in terms of
methods of alignment [318] and mathematical methods of averaging using
mean, median or mode. For the current study, matched filtering method was
used. Cross-correlation between a manually defined template of a
representative sinus complex with the rest of the signal was carried out to
identify all the other sinus waveforms. All waveforms of the similar
morphology were then aligned at a reference time point and mathematical
mean was calculated to generate a representative complex of the sinus beat as
preparation for further morphological analysis.
The process of signal averaging in detail has 3 key steps:
a. Baseline wander removal
b. Template determination, cross-correlation matching and alignment
c. Signal averaging and PQ isoelectric baseline correction
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a. Baseline wander removal
Baseline wander is a common noise component of ECG recording, which is
commonly resulted from breathing, coughing, torsal movement or poor
contact between electrode and skin [316]. Baseline wander removal was
implemented and was only applied to signals with severe baseline wander
based on visual assessment. A moving average filter was used, where a
detrending window of 1 sec in length (125 sample points with 125Hz
sampling frequency ECG) starts from the beginning of the time series and
moves one data sample at a time. The average value over each of the 1sec
window was calculated as shown in Equation 4-1. The time series of the
moving averages was then subtracted from the original signal as show in
Equation 4-2. An example of original and baseline corrected ECG is shown in
Figure 4-2.
125-moving average = {avgi }i=0

n!125

1 i+124
where avgi =
" ECG(t)
125 t=i

Equation 4-1 Moving Average

Baseline corrected ECG(t) = ECG(t) ! {avgi }i=0

n!125

,

where n=the length of the ECG

signal
Equation 4-2 Calculation of baseline corrected ECG
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Figure 4-2 Before and after baseline wander correction. Time and amplitude on x- and y-axis are shown as
original data points, with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.
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b. Template matching and alignment
Matched filtering method was applied on the ECG signal to identify and align
sinus waveforms for averaging [318, 319].
In detail, a QRST complex template of sinus origin was manually selected by
visual assessment of a representative sinus complex, t1 and t2 were specified
which respectively represented the time shortly before QRS start and after T
wave end. Then the entire ECG signal was searched systematically from the
beginning to the end for complexes of similar morphology by using cross
correlation function. Correlation coefficients were computed to indicate the
degree of match between the template and the ECG signal as in Equation 4-3.

#
%
%
Correlation coefficients = $
%
%
&

n!m

'
(x
!
x
)(y
!
y
)
%
" t
j
%
t=i, j=0
(
i+m!1
m!1
2
2 %
" (xi ! x ) " (y j ! y ) %
t=i
j=0
)i=0
i+m!1,m!1

where x stands for the ECG signal, y stands for the template, and n stands for the
length of ECG signal x , m stands for the length of the template y .
Equation 4-3 Calculation of Correlation Coefficient

A correlation coefficient of 1 indicates exact match between the template and
the ECG signal, and a correlation of 0 means no match. As a result, an array of
correlation coefficients was generated that fluctuated and peaked at each
QRST complex. A correlation coefficient threshold was manually set, and the
times of the correlation reaching about the threshold level were identified
which represented the time of each sinus complex occurring.
Depending on the morphology of the QRS, alignment of all the waveforms
was chosen to be either the peak of the prominent R wave or the peak of the
negative S wave. As a result, the R or S wave of each complex meeting the
level of correlation were identified and displayed with a cursor at the R or S
wave for visual inspection, as demonstrated in Figure 4-3. Noise level of the
recording and beat to beat morphological variations influence the level of
correlation between the template and the remaining complexes; therefore, the
threshold set was different from patient to patient. With the aid of visual
display, correlation threshold level was set to achieve maximal selection of
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acceptable sinus beats with the exclusion of ventricular ectopic beats or beats
unacceptable due to noise. The reduction of noise by signal averaging is
proportional to the square root of the number of complexes used for
averaging. Therefore with 60sec ECG recording, a minimum of 50 sinus beats
or 80% of all the sinus beats in case of bradycardia were used for averaging.

Amplitude
(original datapoints)

Lead I
1E+8
5E+7
0
-6E+7
0

2500

5000

7500

Time (original datapoints)
Figure 4-3 Cursor display of sinus beats automatically detected to be eligible for averaging.

With R or S wave as reference, the duration window of the complete PQRST
complex was chosen to be 1280ms in length empirically, with 560ms before
and 720ms after the R or S wave peak to ensure complete encompassment the
P-QRS-T components of the complex accommodating different heart rates. All
the eligible complexes were superimposed at the peak of their R or S wave,
and the mathematical average was calculated as Equation 4-4, in which single
representative waveform was generated as show in Figure 4-4.

PQRSTavg (t) =

1 n!1
" PQRST (t)i ,
n i=0

where n=the number of beats contributing to averaging
Equation 4-4 Calculation of mathematical average of superimposed complexes
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Figure 4-4 Top panel showing alignment and superimposition of all eligible sinus complexes identified for
signal averaging. Bottom panel showing result of signal averaged complex. Time and amplitude on x- and
y-axis are shown as original data points, with 125Hz sampling frequency and 3.8nV/LSB amplitude
resolution.

To ensure the averaged complexes across the 12-leads were simultaneously
aligned, template matching was carried out in one lead first, chosen to be
either V1 or lead I depending on the resemblance of ectopic morphology to
the sinus morphology and whichever had the better ability to discriminate
them. Then the time instants of all the complexes used for averaging in V1 or
lead I were then projected onto the rest of the leads, giving 12 time-aligned
signal averaged complexes as shown in Figure 4-5.
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Figure 4-5 Example of 12-lead signal averaged complexes. Time and amplitude on x- and y-axis are shown
as original data points, with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.
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c. Isoelectric baseline correction
A further step was carried out in each averaged complex to isoelectric
baseline correct to its PQ interval. This decision was supported by the
literature where PQ segment was preferred over TP segment as a
representation of the isoelectric line [320]. This step was aimed for correction
of small isoelectric line wander, which was important for the accuracy of
subsequent analysis.
To begin with, QRS start was detected from the averaged complex by
differential threshold method (outlined in the next section) and visually
confirmed. A 24ms window of the PQ interval was chosen empirically and
the mean signal over this window before the QRS start was calculated and
subtracted from the averaged complexes as outline in Equation 4-5.

PQRSTbc(t) = PQRSTavg (t) !

t+24
1
" PQRST (t)
24 t=QRSstart !24

Equation 4-5 Isoelectric baseline correction of averaged complexes
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Waveform boundary detection
To enable quantification of waveform morphology on the signal averaged
complexes, a number of key boundary points on the ECG need to be
identified. The era of computerised electrocardiography and automatic digital
analysis dated back to as early as early 1960s pioneered by Hubert Pipberger
and co-workers [321]. Since then, new algorithms on how to detect fiducial
points were constantly proposed in the literature with the aim of achieving
better and more accurate detection, yet there was no single method that
clearly outperformed the others, thus the lack of a standardised measurement
procedure to date [322]. The best effort of such standardisation took place in
the 1980s with the formation of “Common Standards for Quantitative
Electrocardiography” (CSE) workgroup. The goal was to standardise
terminologies, ECG measurement procedures and to assess the performance
of existing algorithms [320]. Studies have been carried out that compared the
performance of multiple automatic computer programs with visual
determination by a panel of cardiologists [323, 324]. Some programs
performed better than others, but on the whole there was close correlation
between automatic measurements and visual estimates [325]. Therefore in
conclusion, no standard algorithm for fiducial point detection was proposed
by the CSE working party [320], and development of new techniques
continued thereafter until today [326].
A comprehensive review of boundary identification methods was not
intended here. The common approaches of boundary detection included
threshold approach, signal matching and template matching [327]. For the
current study, threshold approach was adopted as the principal technique for
boundary detection due to a good trade-off between its simplicity and
robustness and visual adjudication was carried out. Before boundary
detection, all PQRST complexes were rescaled to have the amplitude within
the range of -1 to 1, which ensures the same numerical value of the threshold
was applicable to all complexes with various amplitudes. The rescale was
carried out as in Equation 4-6.
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PQRSTrescaled (t) =

PQRSTavg (t) ! offset
scale

where scale = 0.5 ! (maximum + minimum) , offset = minimum + scale
Equation 4-6 Rescaling of averaged complex for boundary detection

QRS complex boundary detection—QRS start, QRS end
The QRS complex is characterised by its steep slope and large amplitude.
With this feature, boundary detection of the QRS complex is usually less
controversial and generates better results than T wave. Previous work has
demonstrated the detection of QRS onset and QRS end to have smaller
variation between different algorithms as compared to T wave end detection
[323]. In the current study, the derivative-based threshold algorithm was used
for detection of QRS start and QRS end [328]. The first derivative of the signal
averaged complex was calculated as in Equation 4-7.

d
1
PQRSTrescaled (t) =
[PQRST (ti+1 ) ! PQRST (ti!1 )] , for i =0, 1, 2,. …, n-1
dt
2dt
where n=the number of samples of PQRST(t).
Equation 4-7 First derivative of signal averaged beat

The QRS peak, being either a prominent R wave or prominent S wave was
identified by the signal maxima. The first derivative was then searched
backward and forward from the signal maxima, where the time instant of it
falling below a set threshold demarcated the QRS start (QRSs) and QRS end
(QRSe) respectively, as shown in Figure 4-6.
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Figure 4-6 First derivative of averaged complex, demonstrating threshold method used for determination of
QRS boundary, QRS end shown. Time and amplitude on x- and y-axis are shown as original data points,
with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.

T wave boundary detection—T wave start, T wave peak and T wave end
Correct identification of T wave end (Te) is important for quantification of QT
interval as well as QT dispersion which have been previously linked to
arrhythmic risk [329]. There were many controversies on the measurement
methods and error associated with QT interval and QT dispersion and their
clinical use [330, 331]. Some of the common methods used for detecting T
wave end included threshold approach, differential threshold, maximum
slope, least square fit line, peak slope intercept, and 90% T area as illustrated
in various publications [108, 332]. There was no consensus on which of these
methods is the best, with evidence suggesting the least square fit line having
better reproducibility [332], maximum slope and peak slope intercept method
consistently generating shorter QT interval [333, 334], while many of the other
methods being comparable [335], and the differential threshold method
possibly being the most accurate out of the conventional methods [336].
Therefore, a similar approach to the detection of QRS start and QRS end using
the differential threshold method was applied in the current study as
previously described [337, 338].
Firstly T wave peak (Tp) was identified, defined as the absolute maxima of the
T wave regardless of polarity. In cases of biphasic T wave, the largest absolute
amplitude was labelled as the T wave peak. Then using the first derivative of
the signal averaged complex, the data was scanned from T wave peak for the
time instant of the differential to fall below the set threshold level, as shown
111

in Figure 4-7. Similar to QRS start and QRS end, the threshold level was
determined empirically based on 20 patients’ ECG to achieve the best
performance. U wave was ignored by this algorithm and if U wave followed
close to T wave, the T wave end was manually corrected to be the nadir
between T and U wave. ECG leads with T wave amplitude less than 0.1mV
were excluded for analysis due to its unreliability of accurate determination
of T wave end.

Figure 4-7 First derivative of averaged complex, demonstrating threshold approach for detection of T wave
end. Time and amplitudes on x- and y-axis are shown as original data points, with 125Hz sampling
frequency and 3.8nV/LSB amplitude resolution.

In summary, QRS start, QRS end, T wave peak and T wave end were detected
in each averaged complex of each lead for each patient with display of
cursors. Visual inspection was then carried out in all complexes to judge the
reliability of automatic detection and manually corrected if needed. Shown in
Figure 4-8 is an example of completed boundary detection in one patient.
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Figure 4-8 Example of boundary detection of 12-lead ECG in one patient, T peak and T wave end are
marked. Time and amplitude on x- and y-axis are shown as original data points, with 125Hz sampling
frequency and 3.8nV/LSB amplitude resolution.

The designation of T wave start (To) was less widely studied and defined, as
clear demarcation between ST segment and the start of the T wave is usually
missing. With reference to QRS end, the T wave start was defined as J point
+1/16 of averaged RR interval (Equation 4-8) as suggested in the literature
[339].

To = QRSe +

1
avgRR
16

Equation 4-8 Definition of T wave start
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As a result, for each patient, the time of QRS start (QRSs), prominent R or S
wave (R), QRS end (QRSe), T wave start (To), T wave peak (Tp ) and T wave
end (Te) of 12-lead averaged complexes were derived for subsequent analysis.
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Class 1 QRS scalar measurements—intervals, amplitude, area,
and fQRS ratio!
The QRS complex was characterised by duration, amplitude, area and a novel
morphological descriptor of fQRS ratio.

QRS duration
QRS duration was computed in each lead. Maximum, minimum and average
QRS duration across the 12–leads were calculated. QRS dispersion was
defined as difference between maximum and minimum QRS.

QRS amplitude and area
QRS amplitude was measured as the voltage of the prominent wave of the
QRS complex, either the R wave or the S wave in each lead, and the
maximum and average QRS amplitude across the 12-lead was computed.
Absolute QRS area was calculated in each lead as integral function of QRS
wave ( ! QRS(t) dt ) Figure 4-9. The maximum and average values across the
12-lead were computed.
QRS/T amp ratio was calculated as the ratio between 12-lead maximum QRS
amplitude and 12-lead maximum T wave amplitude, which were not
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necessarily from the same complex.
1E+8
8E+7
6E+7
4E+7
2E+7
0
2E+7
4E+7
0

20

40

60

80

100

120

140

160

Time (original datapoints)

riginal datapoints)

Figure 4-9 QRS area. Time and amplitude on x- and y-axis are shown as original data points, with 125Hz
sampling frequency and 3.8nV/LSB amplitude resolution.
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fQRS ratio
QRS complex reflects the conduction process of the ventricular myocardium.
Fragmented QRS by visual detection have been proposed to be a useful
marker of pathology and carry prognostic value [207-209, 213, 214]. However
in Chapter 3, it was not shown to be associated with arrhythmic events. With
computer processing, more accurate quantification of fQRS is possible.
Such detailed quantification of intra-QRS fragmentation instead of visual
qualification has not been studied extensively. In the late 1990s, a German
group proposed fragmentation score calculated as the multiplication of the
number

of

extrema

magnetocardiography

M

and

rather

their
than

magnitude

[340-342].

electrocardiography,

Using

intra-QRS

fragmentation score based on the number of extrema and their magnitude has
been studied in post-MI patients with depressed left systolic function and
shown to be predictive of arrhythmic events [343], heart failure
hospitalisation and cardiac death [344], and more fragmentation in the group
of patients with a history of VT vs. those without a history of VT [345]
Here, a novel fQRS ratio was developed to quantify QRS fragmentation based
on the modification of this previously described algorithm [340-342]. Because
of the absolute multiplication can be biased by the difference in QRS
amplitude between patients, a fragmented ratio was derived instead, as
described below:
Step 1: QRS start and QRS end as already detected were used and any peaks
within the QRS complex were identified. Peaks were defined as any reversal
in direction. The time instants of QRS start, QRS end and any peaks were
sorted in ascending order, checked visually and amended if needed, such that

t x (0, 1, …., n).
Step 2: Major peaks, i.e. QRS onset, Q peak, R peak, S peak and QRS end,
which are fiducial points normally expected in a QRS complex were identified
as a subset of the set t x , t xm ! t x .
Step 3: The sum of the absolute values of the differences between consecutive
extrema were calculated separately for the set of major peaks (Equation 4-9)
and the set of all peaks (Equation 4-10).

116

n

S(t x ) = " QRS(t x ) ! QRS(t x!1 )
t x =1

Equation 4-9 Sum of absolute distances between major peaks of QRS complex

S(t xm ) =

n'

" QRS(t

t xm =1'

xm

) ! QRS(t xm!1 )

Equation 4-10 Sum of absolute distances between all peaks of QRS complex

Step 4: fQRS ratio was calculated as the ratio between the sum of absolute
distances of major peaks and all peaks as an indicator of how fragmented the
QRS complex is (Equation 4-11).
fQRS ratio=

S(t x )
S(t xm )

Equation 4-11 Calculation of fQRS

The fQRS ratio can have a value between 0 and 1. An fQRS ratio of 1 indicates
no extra notching. Less than 1, decreasing value represents more notching
and/or larger amplitude of the notches. An example is given in Figure 4-10.
Index 0-5 were all the peaks identified, out of which 0, 1, 2 and 5 were
normally expected peaks representing the RS morphology in V1. Index 3 and
4 were extra. The distance between the consecutive indexes were calculated
(0-1, 1-2, 2-3, 3-4, and 4-5) as well as between the major peaks (0-1, 1-2, 2-5).
The fQRS ratio was then calculated as the ratio of the sum of absolute
distances between the major peaks and the sum of absolute distances between
all peaks.

117

Amplitude (original datapoints)

1.5E+8

1

1E+8

3 5

5E+7
0

0

4

-5E+7
-1E+8
-1.5E+8
-2E+8

2

-2.5E+8
40

50

60

70

80

90

100

Time (original datapoints)

Figure 4-10 Example of fQRS ratio calculation. Time and amplitude on x- and y-axis are shown as original
data points, with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.
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Class 2 Repolarisation scalar measurements
Repolarisation durations
From the fiducial points detected, a number of repolarisation intervals were
derived for each patient as presented in Table 4-1.
Repolarisation Intervals
QT

QRS start to T wave end

JT

QRS end to T wave end

JTp

QRS end to T peak

TpTe

T peak to T end

ToTp

T start to T peak

QTp

QRS start to T peak

RT

R or S peak to T end

RTp

R or S peak to T peak

Table 4-1 Repolarisation Intervals.

QT interval prolongation has long been used as a marker of abnormal
repolarisation of increased dispersion of repolarisation timing, used for
clinical diagnosis of LQTS, monitoring cardiac drug effects, assessing
propensity to arrhythmias and possible link to adverse outcome such as
cardiac mortality and arrhythmic events as discussed in Chapter 1 [101].
However, there are a number of subintervals that can be derived, which can
represent more specific electrical activities and may offer better quantification
of regional repolarisation time dispersion.
As QT interval encompasses both depolarisation and repolarisation, this can
be potentially biased in patients with widened QRS complex. JT interval is
therefore a purer measure of repolarisation, which has been shown to exhibit
prognostic advantage in patients with wide QRS [346], and its significance in
relation to arrhythmic risk in an ICD population remained to be tested.
TpTe interval has received considerable attention in the last 10-15 years as
discussed in Chapter 1, and the significance of early repolarisation interval
such as JTp and ToTp is unknown.
The maximum, minimum, and average values across the 12 leads for each
interval were computed. Interval dispersion was calculated as the difference
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between maximum and minimum value. As mentioned previously, ECG
leads with low T wave amplitude (<0.1mV) were excluded for repolarisation
interval measurement.
Many formulae of QT correction have been proposed, but no single formula
was found to be perfect as the QT/RR relationship is highly individual [292].
Fridericia’s formula was chosen for the current study [293] and corrected QT
and JT intervals were calculated as shown in Equation 4-12 [98].
!"! !

!"
!

!!

Equation 4-12 Fridericia's correction

T wave morphology—amplitudes, gradients, symmetry, flatness
Amplitudes
T wave amplitude was computed in each lead as shown in Figure 4-11.
Maximum and average T wave amplitude across the 12-lead were computed.
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Figure 4-11 T wave amplitude. Time and amplitude on x- and y-axis are shown as original data points, with
125Hz sampling frequency and 3.8nV/LSB amplitude resolution.

Gradients, symmetry, flatness
Apart from duration and amplitude, the morphology of ECG waveform can
be quantified in a number of other ways. For the T wave, it can be quantified
in terms of its gradient, symmetry and flatness.
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With the designation of To, Tp and Te already, the steepest gradient of the
ToTp part (abbreviated as ToTp-m) and steepest gradient of the TpTe portion
(abbreviated as TpTe-m) were determined by using first derivative where the
maxima of the first derivative was searched backward and forward from Tp
for ToTp-m and TpTe-m, illustrated in Figure 4-12. For biphasic T wave, the
predominant part of the T wave was analysed. Again leads with low T wave
amplitude (<0.1mV) were excluded for this analysis. An example is given in
Figure 4-13 to show the point of maximum gradients on either side of T peak
on a 12-lead ECG.
Aside from maximum gradients, the average slope of ToTp and TpTe (ToTpavg-m and TpTe avg-m) were also computed, defined as the mean of the first
derivative from To to Tp and Tp to Te respectively and averaged across the 12-
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Figure 4-12 Example of ToTp-m and TpTe-m. Time and amplitudes on x- and y-axis are shown as original
data points, with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.
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Figure 4-13 Demonstration of maximum gradient of ToTp and TpTe on a standard 12-lead ECG. Time and
amplitude on x- and y-axis are shown as original data points, with 125Hz sampling frequency and
3.8nV/LSB amplitude resolution.

T wave symmetry was quantified from the gradient measurements, defined
as the ratio of maximum gradient of ToTp and TpTe. [347]
T wave flatness was defined as the value of the second derivative of T wave at
the time of T wave peak. The larger the value, the more peaked the T wave
was, and vice versa.
A summary of the definition of the gradients, symmetry and T wave flatness
measures is given in Table 4-2. The 12-lead maximum and average value of
the gradient, symmetry and flatness measures were computed. The clinical
significance of quantifying T wave morphology with descriptors mentioned
above was not clear. There has been some interest in detailed quantification of
T wave morphology for monitoring drug-induced cardiac toxicity in addition
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to the use of QT interval [348-350], and for classification of LQTS patients
[351], and their clinical significance in other populations remained to be
tested.

T wave morphology
ToTp-m

The maximum gradient of ToTp
Maximum of

TpTe-m

The maximum gradient of TpTe
Maximum of

ToTp-avg-m

d
ToTp(t)
dt

The average gradient of TpTe
Average of

T sym

d
TpTe(t)
dt

The average gradient of ToTp
Average of

TpTe-avg-m

d
ToTp(t)
dt

d
TpTe(t)
dt

T wave symmetry
!"!# ! !
!"!# ! !

T flatness

Flatness of T wave at T wave peak

d2
ToTe(Tp)
dt 2
Table 4-2 Definition of T wave slope parameters.
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A number of area measurements have been proposed to quantify the
repolarisation process [352]. Integral function was used to derive areas
(Equation 4-13). Figure 4-14 illustrates the area under QRS complex and over
JT segment. List of measures and their definition is given in Table 4-3. Again
12-lead maximum and average value of all the area measures were computed
for later analysis.

A(t)=

! PQRST (t)dt

Equation 4-13 Integral function for area calculation
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Figure 4-14 Illustration of QRST area. Time and amplitudes on x- and y-axis are shown as original data
points, with 125Hz sampling frequency and 3.8nV/LSB amplitude resolution.

Repolarisation Areas
absAQT

the absolute area across the whole QRST waveform, i.e. area above
baseline was added to the area below baseline

! QRST (t) dt
absAJT

the absolute area from QRS end to T wave end

! JT (t) dt
80

100

120

absAJTp
140

ime (original datapoints)

absATpTe

the absolute area from QRS end to T wave peak

! JTp(t) dt
the absolute area from T wave peak to T wave end
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! TpTe(t) dt
netAQT

the net area across the whole QRST waveform, i.e. area above baseline
was positive and area below baseline was negative

! QRST (t)dt
Table 4-3 List of repolarisation area measures.

As previously proposed, the time needed to reach 25% JT area (tA25), 50% JT
area (tA50), 75% JT area (t75), and the time to accumulate the mid 50% of JT
area (t25-75) were calculated as shown below in Figure 4-15 and averaged
across 12-leads [352]. The significance of area measurement was also unclear
in the literature, and it remained to be tested whether they carry any new and
useful information.

1
0.75
%Area JT

0.5
0.25
tA25 tA75
tA50
tA25-75

Figure 4-15 Calculation of tA25, tA50, tA75, and tA25-75.
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Class 3 Vectorcardiography !
Vectorcardiography is an important branch in electrocardiography that
extends the interpretation of scalar electrocardiography to 3D geometrical
presentation. There are two ways to derive vectorcardiography, either by
directly applying the Frank lead system [353] or transformation from
standard 12-lead ECG by mathematical formulas. There are various
transformation functions available, and historically inverse Dower matrix has
been the one of choice as it has been shown to be superior to the others [354].
However, recent evidence suggested that the Kors matrix approximated the
gold standard Frank lead system better than the inverse Dower method [355,
356], and therefore was chosen to be used by the current study [357].
Vectorcardiography was constructed from the simultaneous averaged
complexes using Kors transformation (Equation 4-14) and an example is
shown in Figure 4-16.
X = 0.38 I - 0.07 II – 0.13 V1 + 0.05 V2 – 0.01 V3 + 0.14 V4 + 0.06 V5 + 0.54 V6
Y= -0.07 I + 0.93 II + 0.06 V1 – 0.02 V2 – 0.05 V3 + 0.06 V4 – 0.17 V5 + 0.13 V6
Z= 0.11 I – 0.23 II – 0.43 V1 – 0.06 V2 – 0.14 V3 – 0.2 V4 – 0.11 V5 + 0.31 V6

8 leads

XYZ
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Amplitude (original datapoints)
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Equation 4-14 Kors transformation
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Figure 4-16 Transformation of 12-lead ECG to 3-lead vectorcardiography.

Demarcation of the QRS-T complex was made using earliest QRS start to the
latest T wave end from previous boundary detection. A range of QRS and T
loop parameters and QRS/T angle were derived.
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Maximum QRS and T vectors
The maximum QRS and T vectors were defined as the maximum 3D vector
projection of the QRS loop and T loop (Figure 4-17). Spatial QRS/T angle was
calculated as the angle between the maximum QRS ant T vector spatially in
3D as well as on the frontal plane (Table 4-4).

Figure 4-17 Maximum QRS/T angle. Aigars Rubulis et al. Heart Rhythm, Volume 1, Issue 3, 2004, 317 – 325.
Reproduced with permission from Elsevier [358].

Maximum QRS and T vector parameters
Maximum spatial QRS/T angle

# QRSxTx + QRSyTy + QRSzTz &
cos !1 %
(
QRS max " T max
$
'

Maximum frontal QRS/T angle

#
&
QRSxTx + QRSyTy
cos %
(
%$ QRSx2 + QRSy2 " Tx2 + Ty2 ('
!1

where QRSx, QRSy, QRSz, Tz, Ty, Tz are X, Y, Z components of the maximum
vector
Table 4-4 Definition of maximum QRS/T angle.
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Integral QRS and T vectors
Integral QRS and T vectors were calculated from the integral area of the QRS
and T loops, representing the mean vectors as opposed to maximum vectors,
as seen in Figure 4-18. A number of parameters were derived as listed in
Table 4-5.

Integral QRS vector
T loop
QRS loop
Integral T vector
Figure 4-18 Illustration of integral QRS and T vectors.

Integral QRS and T vector parameters
Integral spatial QRS/T angle

Spatial angle between mean QRS and T vector

# QRSxTx + QRSyTy + QRSzTz &
cos !1 %
(
QRS mean " T mean
$
'
Integral frontal QRS/T angle

Angle between mean QRS and T vector on the frontal
plane

#
&
QRSxTx + QRSyTy
cos !1 %
(
%$ QRSx2 + QRSy2 " Tx2 + Ty2 ('
QRS frontal axis

Projection of integral QRS vector on the frontal plane

cos !1
T frontal axis

QRSx
QRS + QRSy2 + QRSz2
2
x

Projection of integral T vector on the frontal plane
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"
%
Tx
cos !1 $
'
$# Tx2 + Ty2 + Tz2 '&
Intergral QRS magntiude

QRSx2 + QRSy2 + QRSz2

Integral T magnitude

Tx2 + Ty2 + Tz2

where QRSx, QRSy, QRSz, Tz, Ty, Tz denote the area under the curve for QRS and T wave in X, Y, Z
leads
Table 4-5 Definition of parameters based on integral QRS and T vectors.
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Ventricular gradient
Ventricular gradient (VG) is the vector sum of the integral QRS and T vectors,
as illustrated in Figure 4-19. It has been proposed to represent heterogeneity
of action potential morphology [145]. It was quantified by its magnitude
expressed as mV*ms, and spatial projection presented as the angle of azimuth
and elevation, as shown in Table 4-6 [154, 359].

Integral QRS vector
Integral T vector

Ventricular gradient
Figure 4-19 Illustration of ventricular gradient.

Ventricular gradient parameters
integral VGm

Ventricular gradient magnitude, mV*ms

QRSTx2 + QRSTy2 + QRSTz2
VG elevation

Angle between the ventricular gradient and the transversal plane, with
inferior designated positive angle and superior designated negative.

"
%
QRSTy
cos $
'
$# QRSTx2 + QRSTy2 + QRSTz2 '&
!1

VG azimuth

Angle between the projection of the ventricular gradient on the transverse
plane and the X-axis, forward direction was designated as 0° to 180°,
backward direction as 0° to -180°.

"
%
QRSTz
cos !1 $
'
$# QRSTx2 + QRSTy2 + QRSTz2 '&
where QRSTx, QRSTy, QRSTz are the net area of the QRST waveform in X, Y, Z leads
Table 4-6 Definition of measures characterising ventricular gradient.
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Class 4 Singular value decomposition!
Principal component analysis (PCA) is a mathematical process of orthogonal
transformation that converts a large dataset containing a large number of
variables correlated with each other into a dataset of uncorrelated variables
called principal components, where the majority of the variation in the
original dataset can be represented by only a small subset of the principal
components, thus giving us a smaller dataset to analyse. The application of
PCA in the context of ECG signal processing is useful to decompose multilead information into a smaller set of signal and study of the first few
principal components and the relative contribution of the rest provide useful
information regarding the spatial disposition of the ECG signals [360].
There are various mathematical techniques to execute principal component
analysis [360], one of which is singular value decomposition (SVD) which is
the most commonly adopted approach. SVD is a mathematical function of
matrix transformation that decomposes a data matrix into two orthogonal
vectors and a diagonal matrix of the corresponding singular values as
described previously and the same methodology was used here [361].
In detail, simultaneous signal averaged complexes of the 8 independent leads
out of the standard 12-lead (I, II, V1-V6) were arranged in an 8*n matrix M,
with each row representing each lead, and each column represent one
sampling instant.
" I (t) %
$
'
$ II (t) '
M= $V1 (t)'
$
'
$ ! '
$#V6 (t)'&

SVD was performed such that

M = U!VT = [u1,…,u 8 ]

!#"1 0
%
"2
8$8 % 0
"#
%"
"
%
$0 !

! 0
! 0
# "
! "8

!
!
#
!

0&
(
"(
[v1,...,v n ] " #n$n
"(
(
0'

! an 8*8 !
U is
matrix, V is an n*n matrix and!U and V! are both orthogonal
matrices. The columns
! of U are referred as left singular vectors, the columns
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of V are referred as the right singular vectors. ∑ is an 8*n diagonal matrix of
the square root of the non-zero positive eigenvalues arranged diagonally in
descending magnitude ("1 > " 2 > ! > " 8 > 0) . Each of the singular value
represents the proportion of the total variance contributed by the
corresponding eigenvector.
!
The principal components (si) were constructed as the projection of M onto
the subspace U, defined as si (n)=UTM.
An example is given in Figure 4-20. On the left is the eight original
independent leads out of the 12 leads. On the right was the result of SVD
reconstruction, where first 3 principal components s1-s3 contain the most
signal and s4-s8 contain very minimal signal [155]
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Figure 4-20 SVD transformation from 8 lead (I, II, V1-V6) to 8 principal components s1-s8 with first 3
components containing the most signal (signal in black, red and green).

A number of spatial, temporal and wavefront descriptors of repolarisation
have been described based on SVD analysis [155]. To minimise noise from
unnecessary signals in SVD, the window of signal selected is important.
Therefore, for parameters that characterise depolarisation and repolarisation
independently, SVD was carried out separately for QRS and T wave for better
accuracy, while for parameters that examine their spatial relationship, the
whole QT segment was used for decomposition.
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SVD decomposition of QT segment—TCRT
To select the QT segment, the earliest QRS start and latest T wave end of the 8
leads were used as demarcation, as detected in the previous step of boundary
detection. An example is shown in Figure 4-21.
SVD QT
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Figure 4-21 Example of SVD of QT segment. Shown on the left is original 8-lead ECG, shown on the right is
the transformed principal components of the QT segment.

Total cosine R to T (TCRT) was a wavefront direction measure of the angle
between depolarisation and repolarisation that was proposed in the literature
[155]. s1, s2 and s3 are the three orthogonal eigenleads independent of each
other occupying the 3D preferential subspace. By plotting the projection of s1,
s2 and s3 onto the u1u2u3 plane, the path of depolarisation and repolarisation
in their preferential plane were marked by the QRS and T wave vector loop.
So TCRT measures the angle between the QRS and T wave loop vector in the
3D space spanned by the first 3 principal components,
To calculate TCRT, the vector magnitude of the 3 principal components s1, s2
and s3, was firstly derived (Equation 4-15).

Snorm (t) =

3

!S

2
i

(t)

i=1

Equation 4-15 Calculation of vector magnitude of s1-s3

The time of QRS peak (tR) and T peak (tTp) were defined on the vector
magnitude. The time at which the R wave amplitude fell below 70% of its
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maximum amplitude before and after the QRS peak were denoted as t’RS and
t’RE.
TCRT was calculated as the average angle between maximum T wave vector
and the depolarisation vector between t’RS and t’RE, thus taking into account of
more than one depolarisation vectors of the QRS loop (Equation 4-16). By
definition TCRT was reported as the cosine of the angle; however, for
convenience of interpretation, TCRT was reported as angle in degrees.

TCRT =

(

t ' RE
1
# cos " Snorm (tTp ),Snorm (n)
t ' RE ! t ' RS + 1 n=t 'RS

)

Equation 4-16 Calculation of TCRT
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SVD decomposition of T wave
The T wave component was segmented according to earliest T wave start (To)
to the latest T wave end of the 8 leads as defined in the boundary detection
section [362]. SVD was applied to [I, II V1-V6] as already described. The
decomposed signal was named s1T-s8T. A number of T wave descriptors based
on SVD have been described.

T PCA ratio
PCA ratio or complexity ratio is a measure based on eigenvalues that was
proposed by Priori et al. in 1997 [156], defined as the ratio between the second
and the first eigenvalue (Equation 4-17). Visually it is ratio of the width to the
length of the T wave loop quantifying the relative fatness of the loop. PCA
ratio describes the shape of T wave loop in its 2-dimensional preferential
plane. More inhomogeneous repolarisation means higher second component,
therefore higher PCA ratio.
T PCA ratio=

!2
!1

Equation 4-17 Definition of PCA ratio

TMD, TpTe TMD
T wave morphology dispersion (TMD) is a measure of spatial heterogeneity
and dissimilarity of the T wave between individual ECG leads [155].
Reconstruction vectors were computed for each ECG leads. The columns of
the U matrix (UT " # 8$8 ) from SVD represented the left singular vectors and
the first two columns (UT " # 8$2 ) were the 2 most significant vectors. Each
row of !UT " # 8$2 was the reconstruction vector for the corresponding 8
original ECG leads, thus
!

UT!!" 8#2 = [ zI , zII ,..., zV 6 ] , z j !" 2#1 with zj being the reconstruction for the jth
T

lead.
Reconstruction coefficient wj was calculated by multiplication of the
reconstruction with its corresponding singular value:
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WTT = UT ! T = [ zI , zII ,..., zV 6 ] ! T = [ wI ,wII ,...wV 6 ] ,w j "# 2$1
T

T

The angle between each of the possible pair of vectors was calculated:

! ij = "(wi ,w j ) #(0°,180°),$i, j #[ I, II,V1,V 2,V 3,V 4,V 5,V 6 ],i % j
Acar et al. suggested exclusion of the V1 vector due to its consistent deviation
from the rest of the vectors possibly due to its electrode position; thus, TMD
was defined as in Equation 4-18.

TMD =

1
$ !ij where ! = [ I, II,V 2,V 3,V 4,V 5,V 6 ]
21 i, j"#

Equation 4-18 Definition of TMD

Figure 4-22 illustrates the reconstruction vector of each standard ECG leads in
one patient. Small value of TWD indicated the reconstruction vector of the
different ECG leads were close together, meaning less spatial heterogeneity,
and true for the opposite. TMD was also computed for the TpTe segment
(TpTe TMD).
T S1 vs. S2
V5
V6
V4

I
II

V3
V1
V2
Figure 4-22 Illustration of TMD.

TWLD
T wave loop dispersion (TWLD) was proposed to be a reflection of the
temporal variation of the interlead relationship. First the T wave loop on the
2D u1u2 plane was constructed. The loop was closed by a straight line. The
rectangular area enclosing the T wave loop was divided into 100 equal sized
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units for all, as shown in Figure 4-23. To ensure there was at least one sample
in every unit that the loop passes through, the loop was linearly interpolated.
TWLD was defined as the number of units out of 100 that the T wave vector
loop passed through [161].

Figure 4-23 Illustration of TWLD.

Dipolar and non-dipolar components
Classically the ECG recording of the electrical activity of the heart reflects the
sum of dipole activity projected on the different lead axes. It has been
suggested that the SVD transformation extracts the ECG signal in a way that
the first three principal components contain the most energy that represents
the global 3D dipole component while the rest of the components represent
the non-dipolar part [363]. The dipolar component was proposed to reflect
global repolarisation process, and the non-dipolar component contains signals
that cannot be represented in the global vector, therefore reflected regional
heterogeneity beyond changes in the 3D space as a marker of regional
repolarisation heterogeneity. Simulation study has provided some evidence
for this concept [364] and various clinical studies have demonstrated possible
prognostic value [160, 162].
The quantification of the dipolar and non-dipolar components were based on
the eigenvalues contained in the diagonal matrix " , as they indicate the
contribution of each corresponding component to the representation of the
total variance in the original dataset. Dipolar component is defined as the
!
total energy contained in the first three components s1-s3 (Equation 4-19). The
absolute T wave residuum (TWR abs) was defined as the sum of the nondipolar components in s4-s8. The relative T wave residuum (TWR rel) was the
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proportion of the absolute T wave residuum to the total energy of the T wave
signal s1-s8 [365]. Their calculation is shown in Equation 4-20 and Equation
4-21. The dipolar, non-dipolar and relative non-dipolar components were also
calculated for the TpTe segment (TpTe dipolar, TpTe non-dipolar, TpTe rel).

3

T dipolar= ! ! i

2

i=1

Equation 4-19 Calculation of T wave dipolar component

8

TWRabs = " ! i2
i=4

Equation 4-20 Calculation of absolute T wave residuum

8

TWRrel =

"!

2
i

"!

2
i

i=4
8

i=1

Equation 4-21 Calculation of relative T wave residuum
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SVD decomposition of QRS complex
The use of SVD has so far been limited to the T wave for quantifying
repolarisation heterogeneity. It has not been applied to the QRS complex,
which based on the same principal could be potentially useful measures for
characterising depolarisation heterogeneity, which is also implicated in
arrhythmogenesis by facilitating conduction block. Therefore, the same set of
measures was derived for QRS complex, the window defined as from earliest
QRS start to latest QRS end. List of measure and their definitions is shown in
Table 4-7.

QRS SVD measures
QRS PCA

QRS PCA ratio

!2
!1
QMD

QRS morphology dispersion
methodology same as TMD

QWLD

QRS loop dispersion
methodology same as TWLD

QRS dipolar

QRS dipolar component
3

!!

2
i

i=1

QRS non-dipolar

Absolute QRS non-dipolar component
8

"!

2
i

i=4

QRS rel

Relative QRS non-dipolar component
8

"!

2
i

"!

2
i

i=4
8

i=1

Table 4-7 Parameters from SVD of QRS complex.
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Class 5 HRV measures!
Mean heart rate and a number of measures that capture the variability of
heart rate were computed over the 60sec recording. QRS maxima were
detected from lead V1 or V6 for each patient depends on the consistency of an
S or R peak. Beats were annotated to differentiate sinus beats and atrial or
ventricular ectopic beats. For measurements of HRV measures, the coupling
interval and post-ectopic compensatory interval of atrial and ventricular
ectopics were excluded. A typical time series of HRV is shown in Figure 4-24.
Standard time domain measures suitable for short-term RR recordings were
derived as shown in Table 4-8 [366].
1400
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Figure 4-24 Time series of heart rate variability, green and red dots were pre- and post-ectopic intervals
excluded in HRV calculation

Heart rate variability parameters
mean NN

The averaged RR interval of sinus beats
n!1

RRi
i= 0 n

"
Max NN

Maximum sinus RR interval

Min NN

Minimum sinus RR interval

SDNN

Standard deviation of sinus RR intervals

1 n!1
" RRi ! RR
n !1 i= 0

(

RMSSSD

)

2

The square root of the mean of the sum of the squares of
difference of sinus RR intervals

1 n!1
2
RRi
"
n i= 0
SDSD

Standard deviation of difference between adjacent sinus RR
intervals
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1 n!1
# "RRi ! "RR
n !1 i= 0

(

STV NN

)

2

Short-term variability of sinus RR intervals
n!1

" RR

i+1

! RRi

i= 0

(n !1) # 2
NN50 count

Number of pairs of adjacent sinus RR intervals differing by
more than 50ms

N(!RRi > 50ms)
pNN50 (%)

NN50 count divided by the total number of all sinus RR
intervals

N(!RRi > 50ms)
N(!RRi )
PolVar20 [367]

Probability of low variability, <20ms beat-to-beat change for
6 consecutive beats

Simple HRV

(maxRR-minRR)
!100%
0.5 ! (max RR+minRR)

(methodology
in Chapter 3)

used

Table 4-8 Definition of heart rate variability measures.

All of the programming described above has been adjusted to accommodate
for the different sampling frequency and amplitude resolution of the
recording depending on the group under investigation and the recording
equipment used (details given in relevant chapters). A list of all measures
computed from digital ECG analysis is given in Table 4-9. In total there were
95 parameters derived for each patient, which was a large number of
parameters. This would pose a statistical problem of multiple comparisons if
all were included for subsequent analysis and increase the chance of false
positive results [368]. It was expected that some of the measures would be
closely related to each other; thus, this dataset of ECG measures would
contain some extent of redundancies. Therefore, to address this and to reduce
the problem associated with multiple comparisons, the next Chapter aimed to
reduce the current dataset of ECG measures to a smaller set by removing
some of the redundancies, thus minimising the statistical issue of multiple
comparisons for subsequent analysis.
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Variables

Unit

Definition

avg QRS

ms

12-lead average QRS duration

max QRS

ms

12-lead maximum QRS duration

min QRS

ms

12-lead minimum QRS duration

QRSd

ms

QRS dispersion

avg QRS amp

mV

12-lead average QRS amplitude

max QRS amp

mV

12-lead maximum QRS amplitude

Depolarisation

avg AQRS mV*ms

12-lead average QRS area

max AQRS mV*ms

12-lead maximum QRS area

fQRS ratio

ratio

fQRS ratio

QRS/T amp ratio

ratio

Ratio between maximum QRS and T amplitude

avg QTc

ms

12-lead average corrected QT

max QTc

ms

12-lead maximum corrected QT

min QTc

ms

12-lead minimum corrected QT

avg JTc

ms

12-lead average corrected JT

max JTc

ms

12-lead maximum corrected JT

min JTc

ms

12-lead minimum corrected JT

avg JTp

ms

12-lead average JTp (QRS end to T peak)

max JTp

ms

12-lead maximum JTp

min JTp

ms

12-lead minimum JTp

avg ToTp

ms

12-lead average ToTp (T onset to T peak)

max ToTp

ms

12-lead maximum ToTp

min ToTp

ms

12-lead minimum ToTp

avg TpTe

ms

12-lead average TpTe (T peak to T end)

max TpTe

ms

12-lead maximum TpTe

min TpTe

ms

12-lead minimum TpTe

QTd

ms

QT dispersion

JTd

ms

JT dispersion

JTpd

ms

JTp dispersion

ToTpd

ms

ToTp dispersion

TpTed

ms

TpTe disperison

mV

12-lead average T amplitude

Repolarisation-duration

Repolarisation-dispersion

Repolarisation-T amplitude
avg T wave amp

142

max T wave amp

mV

12-lead maximum T amplitude

Repolarisation T gradient
avg ToTp-m mV/ms

12-lead average of steepest gradient of ToTp

max ToTp-m mV/ms

12-lead maximum of steepest gradient of ToTp

ToTp-avg-m mV/ms

12-lead average of average gradient of ToTp

avg TpTe-m mV/ms

12-lead average of steepest gradient of TpTe

max TpTe-m mV/ms

12-lead maximum of steepest gradient of TpTe

TpTe-avg-m mV/ms

12-lead average of average gradient of TpTe

Repolarisation T symmetry
avg symmetry

ratio

12-lead average of T wave symmetry

max symmetry

ratio

12-lead maximum of T wave symmetry

Repolarisation T flatness
avg T flatness V/ms2

12-lead average of T wave flatness

max T flatness V/ms2

12-lead maximum of T wave flatness

Repolarisation areas
avg absAQT mV*ms

12-lead average of absolute QT area

max absAQT mV*ms

12-lead maximum of absolute QT area

avg absAJT mV*ms

12-lead average of absolute JT area

max absATJ mV*ms

12-lead maximum of absolute JT area

avg absJTp mV*ms

12-lead average of absolute JTp area

max absJTp mV*ms

12-lead maximum of absolute JTp area

avg absATpTe mV*ms

12-lead average of absolute TpTe area

max absATpTe mV*ms

12-lead maximum of absolute TpTe area

avg netAQT mV*ms

12-lead average of net QT area

max netAQT mV*ms

12-lead maximum of net QT area

tA25

ms

time to reach 25% JT area

tA50

ms

time to reach 50% JT area

tA75

ms

time to reach 75% JT area

tA25-75

ms

time to accumulate the mid 50% of JT area

Vectorcardiography
max spatial QRS/T angle degree

Maximum spatial QRS/T angle

max frontal QRS/T angle degree

Maximum frontal QRS/T angle

integral spatial QRS/T angle degree

Integral spatial QRS/T angle

integral frontal QRS/T angle degree

Integral frontal QRS/T angle

QRS frontal axis degree
T frontal axis degree
integral QRS magnitude mV*ms

Integral QRS frontal axis
Integral T frontal axis
Integral QRS vector magnitude
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integral T magnitude mV*ms

Integral T vector magnitude

integral VGm mV*ms

Integral ventricular gradient magnitude

VG azimuth degree

Ventricular gradient azimuth

VG elevation degree

Ventricular gradient elevation

QRS SVD
QRS PCA

ratio

QMD degree
QWLD

%

QRS PCA ratio
QRS morphology dispersion
QRS loop dispersion

QRS dipolar

mV2

QRS non-dipolar

mV

2

QRS rel

%

Relative QRS non-dipolar component

T PCA

ratio

T PCA ratio

Absolute QRS dipolar component
Absolute QRS non-dipolar component

T wave SVD
TMD degree
TWLD

%

T morphology dispersion
T wave loop dispersion

T dipolar

mV2

TWR abs

mV

2

TWR rel

%

Absolute T dipolar component
Absolute T wave residuum (non-dipolar component)
Relative T wave residuum (non-dipolar component)

TpTe TMD degree

TpTe morphology dispersion

mV

2

Absolute TpTe dipolar component

TpTe non-dipolar

mV

2

Absolute TpTe non-dipolar component

TpTe rel

%

TpTe dipolar

TCRT degree

Relative TpTe non-dipolar component
Total cosine R to T, angle between QRS and T vectors
in the 3D preferential space

HRV
mean NN

ms

Average RR interval of sinus complexes

max NN

ms

Maximum RR interval of sinus complexes

min NN

ms

Minimum RR interval of sinus complexes

SDNN

ms

Standard deviation of sinus RR intervals

RMSSD

ms

The square root of the mean of the sum of the squares
of difference of sinus RR intervals

SDSD

ms

Standard deviation of difference between adjacent
sinus RR intervals

STV NN

ms

Short-term variability of RR intervals

NN 50 count count
pNN50%

%

Number of pairs of adjacent RR intervals differing by
more than 50ms
NN50 count divided by the total number of sinus RR
intervals
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PolVar 20

%

Probability of low variability with <20ms beat-to beat
change for 6 consecutive beats

Simple HRV

%

Maximum sinus RR interval difference divided by
average sinus RR

Table 4-9 All measures computed using digital analysis, 95 parameters in total.
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Chapter 5 ECG Parameters in Normal Volunteers
and ICD Patients
Introduction
As introduced in Chapter 1, determining risk of ventricular arrhythmias
remains a complex task and the ECG is an attractive tool that may contain
useful information to aid in this process. In Chapter 3, the use of measures
derived manually from clinical 12-lead ECGs without digital analysis
demonstrated that some previously suggested parameters were not
associated with arrhythmic events while some simple measures were
predictive. However, this approach was limited due to the potential errors in
manual measurements, and many parameters that could not be accurately
determined from a paper 12-lead ECG. To search for better ECG markers of
electrical abnormality, digital analysis of ECG signals enabled computation of
more accurate and more sophisticated morphological descriptors and
quantifiers of the underlying electrical process beyond conventional
measures, as described in detail in Chapter 4. The use of these measures may
provide better tools for assessing underlying vulnerability.
However, there are a vast array of parameters that can be computed from
digital analysis as described in Chapter 4, and if all of these were to be
analysed in relation to outcome, it would present statistical problem of
multiple comparisons and introduce a high chance of false positive errors. To
minimise this problem, it was the aim of this chapter to reduce the number of
ECG parameters to a smaller set to be carried forward for subsequent analysis
without losing any important information, and this was done by a 2-step
process.
Firstly in a group of healthy volunteers, parameters derived from the ECG
were correlated against a set of pre-defined traditional ECG measures.
Measures that were highly correlated with any pre-defined measures were
excluded from subsequent analysis on the basis that they did not contain
additional information.
Secondly for any ECG markers to be useful in risk stratification, it was
expected that the measurement would differ in an ICD population from
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normal individuals. Thus by comparing the ECG measures between normal
volunteers and a cohort of ICD patients, any parameters that did not
distinguish between the two groups were excluded, as they were unlikely to
be useful risk markers.
As a result, a smaller subset of ECG parameters was obtained, containing
measures that were relatively independent from conventional ones and also
showed significant difference in ICD patients from normal individuals. This
subgroup would be the focus of investigation for subsequent chapters. This
was a pragmatic approach and minimised statistical problem of multiple
comparisons while not compromising our ability to detect novel ECG risk
markers.
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Part 1 Correlation analysis
Methods
Study population
Healthy male volunteers were recruited with consent and underwent 60
second resting 12-lead ECG recorded in supine position following at least 5
minutes of rest. Volunteers with any cardiovascular disease or on any longterm medications were excluded. All volunteers were abstained from caffeine
for at least 12 hours and alcohol for at least 24 hours prior to the recording.
All 12 leads were recorded simultaneously using PC ECG (Kentucky, USA) at
a sampling frequency of 1000Hz per channel and amplitude resolution of
2.52 V/LSB.

ECG analysis
Digital ECGs were exported and analysed offline according to the
methodology described in Chapter 4 using custom written programs on
LabVIEW 8.5 (National Instruments, Texas, USA).
As described in Chapter 4, five classes of ECG measures were derived,
including depolarisation scalar measures (QRS duration, amplitude, areas
and morphology), repolarisation scalar measures (QT durations and
subintervals,

amplitudes,

areas

and

T

wave

morphologies),

vectorcardiography measures, SVD measure and HRV. A set of conventional
depolarisation and repolarisation measures were pre-defined, either due to
their conventional use or widely suggested prognostic value in the literature.
The rest of the variables in each class were correlated with the pre-defined
measures and any variables that had significant correlation with correlation
coefficient >0.8 with any of the pre-defined measures were labelled
redundant and excluded from subsequent analysis. Those with a correlation
coefficient less than 0.8 were retained.
To report the findings, a correlation matrix is shown for each class of
measures. It was arranged such that the pre-defined measures are shown
across the table and correlated with all the other measures shown vertically
down the table. Those highlighted in green were ones that highly correlated
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with one or more of the pre-defined measures and were to be excluded. The
remained measures were ones that did not have any close correlation with
any of the measures in horizontal row; however, some of them may be
correlated with each other and in such case it was denoted as footnote. As a
result, the parameters highlighted in yellow were ones to be carried forward
for analysis in additional to the pre-defined measures.

Statistical analysis
A test for normality for each variable was carried out using D’Agostino &
Pearson omnibus normality test. Correlation between the ECG variables was
analysed using Pearson correlation for normally distributed variables and
Spearman correlation for non-parametric variables. Continuous variables are
expressed as mean ± standard deviation for normally distributed variables,
and median (interquartile range) for non-parametric variables!" #$$" %&'&(%&()%"
*'%"+,-."/%(-0"12(%34"5GraphPad Software, Inc. California, USA6!"
"
"
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Results
The normal volunteer group consisted of 16 healthy males aged 2471.6 years.
All ECG variables in this cohort were normally distributed as verified by
D’Agostino & Pearson omnibus normality test.
Pre-defined ECG parameters
The pre-defined conventional ECG measures are listed in Table 5-1. Average
QRS duration, QRS dispersion, maximum and average QRS amplitude were
common measures to characterise the QRS complex. For repolarisation, QT
interval, QT dispersion, and subintervals including JT interval and TpTe were
chosen, as JT interval was a better account of repolarisation process alone, and
there was increasing interest in TpTe interval for its relation to transmural
dispersion of repolarisation and adverse outcome [101, 136]. Maximum and
average T wave amplitude were basic measures to represent the T wave
morphology. Average heart rate was expressed as mean NN, and SDNN was
the most common time series descriptor of HRV.

Depolarisation

Repolarisation

HRV

Variables

Unit

avg QRS

ms

QRSd

ms

max QRS amp

mV

avg QRS amp

mV

avg QTc

ms

avg JTc

ms

avg TpTe

ms

QTd

ms

max T amp

mV

avg T amp

mV

mean NN

ms

SDNN

ms

Table 5-1 Pre-defined conventional ECG measures.
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Depolarisation scalar measurements—QRS duration, amplitude, area and
fragmentation
In addition to average QRS, QRS dispersion, maximum and average QRS
amplitudes which were the pre-defined parameters, other descriptors of QRS
complex included maximum and minimum QRS duration, QRS area and
morphological descriptor of QRS fragmentation. Correlation matrix is shown
in Table 5-2, where conventional measures are shown across the table and the
other measures to correlate with are listed down the column. The measures
coloured in green are ones that had significantly high correlation with one of
the pre-defined conventional measures. The ones highlighted in yellow are
ones to be carried forward for analysis.
In detail, maximum QRS (r=0.937, p<0.001) and minimum QRS (r=0.919,
p<0.001) were correlated with average QRS. Maximum and average QRS
areas were significantly correlated with average QRS amplitude, but not of
very high correlation (r=0.618, p<0.05; r=0.771, p<0.001). fQRS ratio was a
novel measure that quantifies the fragmentation of QRS complex and was an
independent measure.
QRS/T amplitude ratio was defined as the ratio between maximum QRS
amplitude and maximum T wave amplitude, and it was not correlated with
QRS amplitude.
max QRS
min QRS
max AQRS
avg AQRS
fQRS ratio
QRS/T amp ratio

avg QRS
0.937***
0.919***
0.468
0.459
-0.077
0.022

QRSd
0.110
-0.351
0.316
0.203
-0.377
-0.242

avg QRS amp
-0.110
-0.250
0.618*
0.771***
0.259
0.089

max QRS amp
0.383
0.279
0.713**
0.497
-0.36
0.389

Table 5-2 Correlation matrix of depolarisation scalar measurements. ***p<0.001, **p<0.01, *p<0.05.

Repolarisation scalar measurements—durations
Average QT, JT and TpTe were pre-defined as the key intervals for
representing repolarisation and QT dispersion was the popularly proposed
dispersion measurement. Correlation with the other intervals and dispersion
variables derived is shown in Table 5-3. As expected, the average value of
each interval was strongly associated with their maximum and minimum
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values, and most of the subintervals were correlated with conventional
intervals. Average QT was correlated with maximum QT (r=0.983, p<0.001)
and minimum QT (r=0.943, p<0.001). Average JT was correlated to maximum
JT (r=0.985, p<0.001) and minimum JT (r=0.928, p<0.001), as well as average
JTp (r= 0.959, p<0.001), maximum JTp (r=0.972, p<0.001), minimum JTp
(r=0.852, p<0.001), average ToTp (r=0.834, p<0.001) and maximum ToTp
(r=0.864, p<0.001), but not strongly with minimum ToTp (r=0.672, p<0.01).
Average TpTe was strongly correlated with maximum TpTe (r=0.836,
p<0.001) and minimum TpTe (r=0.851, p<0.001).
A number of other subintervals were derived as well, including QTp, RT, and
RTp, all of which were highly correlated with the conventional intevals,
therefore were all excluded and the details are not shown here.
None of the dispersion measures, including JTd, JTpd, ToTpd or TpTed were
closely correlated with QTd. JTpd was essentially measuring the same
phenomenon as ToTpd (r=1.0), as the definition of T wave start was
uniformly defined as QRS end+1/16 RR. Therefore, ToTpd was removed for
analysis.
max QTc
min QTc
max JTc
min JTc
JTd
avg JTp
max JTp
min JTp
JTpd
avg ToTp
max ToTp
min ToTp
ToTpd#
max TpTe
min TpTe
TpTed

avg QTc
0.983***
0.943***
0.941***
0.891***
0.221
0.891***
0.893***
0.804***
0.259
0.709**
0.729***
0.579*
0.259
0.168
0.302
-0.130

avg JTc
0.935***
0.870***
0.985***
0.928***
0.243
0.959***
0.972***
0.852***
0.325
0.834***
0.864***
0.672**
0.325
0.115
0.270
-0.155

avg TpTe
0.387
0.456
0.366
0.412
-0.064
-0.007
0.116
-0.134
0.475
-0.217
-0.026
-0.392
0.475
0.836***
0.851***
0.038

QTd
-0.169
-0.531
-0.156
-0.47
0.703**
-0.087
-0.096
-0.140
0.072
0.001
-0.019
-0.076
0.072
-0.189
-0.436
0.248

Table 5-3 Correlation Matrix of repolarisation interval measures. ***p<0.001, **p<0.01, *p<0.05. #ToTp
dispersion was correlated with JTp dispersion (r=1.0), therefore excluded.
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Repolarisation scalar measurements—T wave morphology of amplitude,
gradient, symmetry and flatness
While T wave amplitude was a basic and easy measure to quantify the overall
shape of the T wave, T wave morphology can also be characterised by its
slope, symmetry, and flatness, which were not commonly described
measures. Correlation matrix between these morphological descriptors and T
wave amplitude is shown in Table 5-4.
All of the gradient measurers were closely related to T wave amplitude,
which was intuitively expected as the greater the amplitude, the steeper the
gradient and vice versa. In detail, average ToTp-m and TpTe-m were
correlated with average T amplitude (r=0.845, p<0.001; r=0.866, p<0.001
respectively). Maximum ToTp-m and TpTe-m were associated with
maximum T wave amplitude (r=0.858, p<0.001; p-0.873, p<0.001). The average
slope of ToTp and TpTe (ToTp-avg-m and TpTe-avg-m) were correlated with
average T wave amplitude (r=0.887, p<0.001; r=0.844, p<0.001).
T wave symmetry was measured in each lead as the ratio of ToTp-m and
TpTe-m and it was not correlated with T wave amplitude or any of the
gradient measures.
T wave flatness was quantified by the value of second derivative at T peak
and it was not significantly correlated with T wave amplitude, or any other
measures. The 12-lead average T flatness was highly correlated with
maximum T wave flatness (r=0.856, p<0.001), therefore was chosen to be the
one to remain as the representative measure.
avg ToTp-m
max ToTp-m
ToTp-avg-m
avg TpTe-m
max TpTe-m
TpTe-avg-m
avg T sym
max T sym
avg T flatness
max T flatness#

max T amp
0.800***
0.858***
0.704**
0.748**
0.873***
0.712**
0.330
0.228
0.420
0.282

avg T amp
0.845***
0.632**
0.887***
0.866***
0.702**
0.844***
0.049
-0.043
0.190
0.036

Table 5-4 Correlation matrix for slope and symmetry measures. ***p<0.001, **p<0.01, *p<0.05. #maximum T
flatness was correlated with average T flatness (r=0.856, p<0.001), the average value is taken as preference to
be kept.
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Repolarisation scalar measurements—repolarisation areas
Correlation matrix of area variables is shown in Table 5-5. Maximum T wave
amplitude was correlated with a number of area measures, including
maximum absolute QT area (r=0.822, p<0.001), maximum absolute JT area
(r=0.952, p<0.001), maximum absolute JTp area (r=0.923, p<0.001), and
maximum absolute TpTe area (r=0.880, p<0.001).
Similarly average T amplitude was correlated with average absolute QT area
(r=0.896, p<0.001), average absolute JT area (r=0.931, p<0.001), average
absolute JTp area(r=0.866, p<0.001) and average absolute TpTe area (r=0.960,
p<0.001). Average and maximum netAQT were not as strongly correlated to T
wave amplitude, but maximum netAQT was correlated with average netAQT
(r=0.896, p<0.001); therefore, maximum netAQT was removed for analysis
while the average value was chosen to remain.
Time to accumulative repolarisation area, tA25, tA50, tA75 were highly
related to QT interval (r=0.912, 0.860, 0.922, p<0.001 for all), except tA25-75
(r=0.701, p<0.001), which was a quantification of repolarisation rise time as
described by Merri et al. [352].

max
absAQT
"
avg absAQT
max absAJT
avg absAJT
max absJTp
avg absJTp
max absATpTe
avg absATpTe
max netAQT#
avg netAQT
tA25
tA50
tA75
tA25-75

max T amp
0.822***
0.730**
0.952***
0.789***
0.923***
0.763***
0.880***
0.752**
0.666**
0.668**
0.232
0.195
0.210
-0.115

avg T amp
0.666**
0.896***
0.816***
0.931***
0.781***
0.866***
0.782***
0.960***
0.696**
0.765**
0.354
0.248
0.255
-0.031

avg QT
0.912***
0.860***
0.922***
0.701**

Table 5-5 Correlation matrix of area measures. ***p<0.001, **p<0.01, *p<0.05. #max netAQT was correlated
with avg netAQT (r=0.896, p<0.001), the average value is taken as preference to be kept.
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Vectorcardiography measures
QRS/T angle can be measured in a number of ways, either using maximum
or integral vectors, and measured either 3-D spatially or 2-D frontally, and all
of them have been investigated in the literature in relation to clinical
outcomes. Frontal QRS and T axis have also been studied [138]. Ventricular
gradient defined as vector sum of QRS and T vectors, was of interest as a
representation

of

primary

repolarisation

abnormality,

and

can

be

characterised by its magnitude and spatial projections [143, 145]. Correlation
between vectorcardiography measures and conventional measures is shown
in Table 5-6. Strong correlation was observed between integral T vector
magnitude and average T amplitude (r=0.949, 0<0.001), as well as between
integral ventricular gradient magnitude and average T amplitude (0.834,
p<0.001). The rest of the vectorcardiography measurers were largely
uncorrelated with conventional measures.
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avg QRS

QRSd

max QRS amp

avg QRS amp

avg QT

avg JT

avg T amp

max T amp

max spatial QRS/T
max frontal QRS/T
integral spatial QRS/T
integral frontal QRS/T

-0.521*
-0.295
0.204
0.342

0.195
0.083
0.128
0.283

0.001
-0.462
0.249
-0.218

0.395
0.188
0.055
-0.010

-0.142
-0.217
-0.027
0.118

0.046
-0.122
-0.070
-0.003

0.013
-0.057
0.080
0.120

-0.095
0.311
-0.232
0.178

-0.003
0.339
-0.086
0.352

0.090
0.222
-0.002
0.363

QRS frontal axis
T frontal axis

-0.319
-0.055

-0.022
-0.046

-0.425
-0.234

0.295
0.392

-0.256
-0.196

-0.154
-0.172

0.001
0.230

0.175
-0.184

0.258
0.141

0.214
0.216

integral QRS magnitude
integral T magnitude

-0.038
0.150

0.163
0.508*

0.436
0.220

0.763**
0.550*

0.190
0.451

0.183
0.36

0.293
0.589*

0.022
-0.088

0.542*
0.949***

0.400
0.779***

integral VGm
VG azimuth
VG elevation

0.046
-0.236
-0.155

0.369
0.086
0.054

0.190
-0.616
-0.280

0.587*
-0.192
0.484

0.372
-0.010
-0.150

0.316
0.063
-0.102

0.469
0.079
0.173

-0.01
0.025
-0.090

0.834***
0.007
0.230

0.658**
0.183
0.215

Table 5-6 Correlation matrix of vectorcardiography measures with conventional measures. ***p<0.001, **p<0.01, *p<0.05.

avg TpTe

QTd

SVD measures
SVD measures were relatively novel and recent measures. Correlation matrix
of QRS SVD measures with conventional measures is shown in Table 5-7. The
only strong correlation was QRS dipolar component that appeared to be
closely driven by maximum QRS amplitude (r=0.838, p<00.001).

!QRS PCA
QMD
QWLD
QRS dipolar
QRS non-dipolar
QRS rel

avg QRS
0.272
-0.461
0.132
0.249
0.557*
0.302

QRSd
-0.094
0.35
-0.022
0.171
0.368
0.228

avg QRS amp
-0.091
0.597*
0.158
0.726**
0.386
-0.303

max QRS amp
-0.327
0.358
-0.030
0.838***
0.651**
-0.048

Table 5-7 Correlation matrix of QRS SVD measures and conventional measures. ***p<0.001, **p<0.01,
*p<0.05.

Correlation between T wave SVD measure and conventional measures is
shown in Table 5-8. Similarly, T dipolar component was closely associated
with average T amplitude (r=0.967, p<0.001), and so was TpTe dipolar
component (r=0.939, p<0.001).

T
! PCA
TMD
TWLD
T dipolar
TWR abs
TWR rel
TpTe TMD
TpTe dipolar
TpTe non-dipolar
TpTe rel
TCRT

avg QT
0.030
-0.186
-0.040
0.299
0.193
-0.061
-0.020
0.222
-0.080
-0.284
-0.180

avg JT
0.172
-0.027
-0.083
0.218
0.186
0.012
0.150
0.135
-0.182
-0.270
-0.186

avg TpTe
0.108
-0.077
0.061
0.577
0.258
-0.072
-0.302
0.611
0.180
0.082
-0.059

QTd
0.092
0.047
0.426
-0.06
-0.028
-0.058
0.148
-0.069
0.052
0.087
-0.369

avg T amp
0.142
0.009
-0.091
0.967***
0.576*
-0.170
-0.186
0.939***
0.347
-0.261
-0.228

max T amp
-0.004
-0.057
-0.112
0.874***
0.472
-0.178
0.006
0.843***
0.137
-0.469
-0.131

Table 5-8 Correlation matrix of T wave SVD measures and conventional measures. ***p<0.001, **p<0.01,
*p<0.05.
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HRV measures
Mean NN was highly related to maximum (r=0.959, p<0.001) and minimum
NN (r=0.942, p<0.001). SDNN as a commonly used standard quantification of
variability was closely related to all the other variability measures such as
RMSSD (r=0.914, p<0.001), SDSD (r=0.914, p<0.001), STV NN (r=0.871,
p<0.001), NN50 count (r=0.804, p<0.001), and pNN50% (r=0.85, p<0.001),
except PoLVar20 in which SDNN was not significantly correlated with (r=0.352, p=ns), and simple HRV which SDNN was only moderately correlated
with (r=0.662, p<0.01). Correlation matrix is shown in Table 5-9.

!max NN
min NN
RMSSD
SDSD
STV NN
NN50 count
pNN50%
PoLVar20
Simple HRV

mean NN
0.959***
0.942***
0.675**
0.675**
0.602*
0.438
0.591*
-0.100
0.053

SDNN
0.762***
0.481
0.914***
0.914***
0.871***
0.804***
0.850***
-0.352
0.664**

Table 5-9 Correlation matrix of HRV measures. ***p<0.001, **p<0.01, *p<0.05.

The end-result of selected measures after the correlation analysis to be carried
forward for analysis is shown in Table 5-10.
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Variables

Unit
Vectorcardiography

Depolarisation
avg QRS

ms

max spatial QRS/T angle degree

QRSd

ms

max frontal QRS/T angle degree

avg QRS amp

mV

integral spatial QRS/T angle degree

max QRS amp

mV

integral frontal QRS/T angle degree

avg AQRS mV*ms

QRS frontal axis degree

max AQRS mV*ms

T frontal axis degree

fQRS ratio ratio

integral QRS magnitude mV*ms

QRS/T amp ratio ratio

VG azimuth degree
VG elevation degree

Repolarisation-duration
avg QTc

ms

avg JTc

ms

avg TpTe

ms

min ToTp

ms

QRS SVD
QRS PCA ratio
QMD degree
QWLD
QRS non-dipolar

Repolarisation-dispersion
QTd

ms

JTd

ms

JTpd

ms

TpTed

ms

%
mV2

QRS rel

%

T wave SVD
T PCA ratio
TMD degree
TWLD

Repolarisation-T morphology

%

avg T wave amp

mV

TWR abs

mV2

max T wave amp

mV

TWR rel

%

TpTe TMD degree

avg T sym ratio

TpTe non-dipolar

max T sym ratio

TpTe rel

V/ms
avg T flatness

2

avg netAQT mV*ms
tA25-75

ms

mV2
%

TCRT degree
HRV
mean NN ms
SDNN ms
PolVar 20 %
Simple HRV %
Table 5-10 List of selected measures after
correlation analysis (50 parameters in total).
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Discussion
In Part 1 of this chapter, the ECG parameters derived using digital analysis as
described in Chapter 4 were examined in a group of healthy volunteers.
Correlation of the ECG parameters with a group of pre-defined conventional
measures was assessed to exclude any variables that were closely associated
with conventional measures, and therefore unlikely to provide additional
independent information. As a result, 50 parameters were selected from 95
variables that were either independent or only weakly to moderately
correlated with conventional measures, thus providing some independent
information regarding the underlying electrophysiological processes.
Examining the correlation among QRS scalar measurements, average QRS
duration was a good representative measure of the global timing of
depolarisation. QRS area was not as highly correlated with QRS amplitude as
expected, likely to be a result of the interplay of both amplitude and duration.
fQRS ratio was an independent morphological descriptor of fragmentation of
QRS, and the ratio of QRS and T amplitude did not seem to be mediated
strongly by QRS amplitude.
The repolarisation process can be characterised in a number of different ways
including time intervals, T wave morphology described in amplitude,
gradient, symmetry, and repolarisation areas. Sub-intervals can be computed
from the repolarisation segment in addition to the conventional ones of QT, JT
and TpTe, such as ToTp and JTp to characterise the early phase of
repolarisation. However, most of these sub-intervals correlated highly with
conventional timings, therefore were unlikely to contain new information.
The only exception was minimum ToTp, which only had moderate
correlation. Interval dispersions JTd, JTpd, ToTpd and TpTed were not
correlated with QT dispersion, and it remained to be studied whether they
contain any useful information.
Comparatively there has not been much interest in the detailed descriptors of
T wave morphology. Reduced T wave amplitude has been shown to be
associated with cardiovascular morbidity and mortality in a general
population [369]. Many of the other descriptors of T wave such as area,
gradient, symmetry and flatness have mainly been investigated in the context
of identifying LQT patients and detecting drug-induced repolarisation
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changes beyond the use of QT interval [347, 351, 370, 371]. Reduced T wave
amplitude and slopes were found in patients with LQT2 [347, 372]. LQT2
subjects also had more flat and more asymmetrical T wave [349].
Investigation of these morphological descriptors was limited in other patient
populations. In this chapter T wave gradients of the ToTp and TpTe segments
were all found to highly correlate with T wave amplitudes, so unlikely to
convey new information. T wave symmetry and T wave flatness on the other
hand were not significantly associated with T wave amplitude, so may be
describing the T wave morphology in some different way.
A number of repolarisation area-based measurements were calculated and
most were found to be highly associated with T wave amplitudes. The time to
accumulative area time (tA25, tA50, tA75) were closely linked to QT interval.
Although area-based measures were proposed to be methodologically better
than QT because they rely less on the precise identification of T wave end
[371], for the purpose of this study which was to identify measures that
provide additional value, they were removed for analysis as they did not
appear to contain distinctive information.
The majority of the vectorcardiography or SVD measurements were not
correlated with the conventional measure such as QT interval, which was
consistent with what has been reported in the literature [155, 159], suggesting
they may be quantifying the electrophysiological processes in different ways.
Exceptions were ventricular gradient magnitude which was closely associated
with average T wave amplitude, and the dipolar components from SVD that
were driven by amplitudes as well, and these measures were excluded on that
basis.
After this selection process based on correlation analysis, a subset of 50
parameters were selected from the original set of 95. We did not interrelate
the residual measures among themselves, and cannot exclude the possibility
that some may correlate with each other. There is a balance here between
minimising the set of ECG measures to minimise multiple comparisons, while
preserving sufficient measures to ensure those with prognostic value are
identified. Even if two closely correlated variables were not detected in this
chapter, multivariate analysis in subsequent analysis would enable detection
of independent predictors.
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Part 2 Comparison between normal volunteers and ICD patients
Methods
ECG variables remained from the last section were compared between a
group of healthy volunteers and a group of ICD patients. The same group of
healthy volunteers in Part 1 was used. The ICD group consisted of
prospective enrolment of all new ICD implants over a three-year period from
March 2010 to December 2012, and all patients receiving replacement ICD or
upgrade from November 2010 to December 2012 at Wellington Regional
Hospital. Due to the limited number of ICD implants carried out at local
centre, we have included all ICD implants and have not restricted to a
particular aetiology. Therefore, this cohort of ICD patients is heterogeneous,
including patients of variable aetiologies. This presented some limitations
associated with the use of this heterogeneous population for the following
chapters and are to be discussed in detail in Chapter 6, 7 and 8.
A 60sec ECG was recorded in the electrophysiology lab prior to implantation,
with patients in a supine position after resting for at least 5 minutes and prior
to the administration of any sedative or anaesthetic agents. Patients were on
their regular medications. Recordings were made using the Philips Xper
Information

Management

Physiomonitoring

5

system

(Eindhoven,

Netherlands) at sampling frequency of 125Hz per channel, amplitude
resolution of 3.8nV/LSB and 50Hz notch filter. The ECG sampling
frequencies of normal volunteers and ICD patients are different, and this was
due to practical limitation of the equipment we had available for recording.
However, we believe this would not have significant impact on the ECG
measurements.

ECG analysis and statistical analysis
All ECGs were exported and analysed offline as described in Chapter 4 using
LabVIEW 8.5 (National Instruments, Texas, USA). Only the subset of ECG
measures remaining at the end of Part 1 correlation analysis was included.
Normality test for each variable was carried out using D’Agostino & Pearson
omnibus normality test. Comparison between normal volunteers and ICD
patients was made using t-test for normally distributed variables and Mann162

Whitney test for non-parametric variables. Continuous variables are
expressed as mean ± standard deviation for normally distributed variables,
and median (interquartile range) for non-parametric variables. A p-value of
<0.05 was considered statistically significant. ECG variables where no
statistically significant difference was found between the two groups were
removed from subsequent analysis. All statistics was done using Prism5
(GraphPad Software, Inc. California, USA).
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Results!
Over the study period, there were 225 patients receiving an ICD implant.
Twenty-four patients were excluded for analysis: 12 due to ventricular pacing
with no underlying rhythm, 5 due to excessive noise, 5 due to failure to
record ECGs, and in 2 patients due to administration of anaesthetic agent
prior to ECG recording, leaving 201 patients for analysis. Demographics and
clinical characteristics are shown in Table 5-11.
All n=201
Male

156 (78%)

Age

59±15

Underlying pathology
Ischaemic heart disease

96 (48%)

Non-ischaemic DCM

48 (24%)

HCM

5 (2%)

ARVC

4 (2%)

Channelopathy#

10 (5%)

Idiopathic VT/VF

24 (12%)

Miscellaneous^

14 (7%)

Clinical history
Heart failure

98 (49%)

History of atrial arrhythmia

56 (28%)

LVEF %

38.8±17

Medication
ß-blocker

169 (85%)

Class III antiarrhythmic

48 (24%)

ACEI/ARBs

146 (73%)

Diuretics

85 (42%)

Spironolactone

46 (23%)

Implant Information
New ICD

150 (75%)

Secondary Prevention

134 (67%)

Single chamber

104 (52%)

Dual chamber

68 (34%)

CRT-D

29 (14%)

Table 5-11 Demographics of ICD population. #Channelopathy include Brugada syndrome and LQTS.
^Miscellaneous include myocarditis, cardiac sarcoidosis, congenital heart disease and mitral valve prolapse.
Class III antiarrhythmic defined as amiodarone, sotalol and ibutilide.
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The group of ECG variables remaining from Part 1 were compared between
healthy controls and ICD patients. In each result table, the rows highlighted
in green were measures that did not demonstrate significant difference
between ICD group and normal group, and therefore excluded from later
analysis.

Depolarisation scalar measurements—QRS duration, amplitude, area and
fragmentation
Results are shown in Table 5-12. QRS duration was significantly longer in ICD
patients than normal controls (median 114.7 vs. 81.25ms, p<0.0001), as well as
greater QRS dispersion (median 32.0 vs. 24.0ms, p=0.0002). Average QRS
amplitude was reduced in ICD patients (median 0.88 vs. 1.25mV, p<0.0001);
however, maximum QRS amplitude was not significantly different (median
2.04 vs. 2.41mV, p=0.10). QRS/T amplitude ratio was more exaggerated in
ICD patients than normal controls (median 3.36 vs. 2.53, p=0.0006).
fQRS ratio did not differ significantly between ICD patients and normal
controls, despite a trend of ICD patients having lower fQRS ratio meaning
more fragmentation (median 0.9686 vs. 0.9788, p=0.0511).

Normal

ICD

p-value

avg QRS

81.3 (78.5-88.8)

114.7 (101.4-150.7)

< 0.0001

QRSd

24.0 (20.3-26.8)

32.0 (24.0-40.0)

0.0002

avg QRS amp

1.25 (1.14-1.41)

0.88 (0.71-1.12)

< 0.0001

max QRS amp

2.41 (1.99-2.66)

2.04 (1.47-2.73)

0.10

avg AQRS

33.4 (28.5-39.0)

35.3 (26.0-57.7)

0.75

max-AQRS

68.0 (56.6-84.5)

87.9 (51.2-134.7)

0.27

fQRS ratio
QRS/T amp ratio

0.9788 (0.9736-0.9914) 0.9686 (0.9427-0.9872)
2.53 (2.02-2.76)

3.36 (2.51-4.69)

0.051
0.0006

Table 5-12 Comparison of interval measures between normal and ICD population. Those highlighted in
green were ones that were not significantly different between the two groups, and therefore to be excluded
from later analysis.
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Repolarisation scalar measurements—durations
Results are shown in Table 5-13. Average QTc (median 449.9 vs. 378.0ms,
p<0.0001), average JTc (median 318.9 vs. 291.2ms, p<0.001), and average TpTe
(median 101.3 vs. 83.8ms, p<0.001) were all longer in ICD patients than
healthy volunteers. However, average ToTp (the subinterval that quantifies
the early phase of repolarisation process) did not differ between the two
groups (median 148.6 vs. 149.7ms, p=0.89).
Greater QT dispersion (median 48.0 vs. 30.5ms, p=0.020) was also observed,
but there was no difference in JT dispersion, JTp dispersion or TpTe
dispersion.

avg QTc
avg JTc

Normal

ICD

p-value

379.6±10.6

452.1±41.4

< 0.0001

291.2 (286.3-308.3) 318.9 (300.4-345.3)

0.0001

avg TpTe

83.8 (73.0-87.5)

101.3 (91.5-114.3)

< 0.0001

min ToTp

122.4"#$%&

#&&%$"'(%)

0.96

QTd

30.5 (25.0-45.0)

48.0 (32.0-72.0)

0.020

JTd

39.5 (30.3-47.5)

48.0 (32.0-64.0)

0.14

44 (31-57.8)

48.0 (32.0-80.0)

0.27

38.5 (29.8-50.0)

40.0 (24.0-56.0)

0.79

JTpd
TpTed

Table 5-13 Comparison of dispersion measures between normal and ICD population.
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Repolarisation scalar measurements—T wave morphology of amplitude,
gradient, symmetry, flatness and repolarisation area
As shown in Table 5-14, ICD patients had reduced T wave amplitude, where
both maximum (median 0.565 vs. 0.986mV, p=0.0004) and average T wave
amplitudes (median 0.300 vs. 0.480mV, p<0.0001) were significantly reduced.
Morphologically there was no difference in T wave symmetry between the
two groups. T wave flatness measure was also reduced in ICD patients
compared to normal controls (median 0.146 vs. 0.632 V/ms2, p<0.0001).
Average net QT area was smaller in ICD patients (median 18.9 vs.
63.9mV*ms, p<0.0001) and ICD patients exhibited longer repolarisation rise
time (tA25-75) (106.7 vs. 73.4ms, p<0.0001).

Normal

ICD

p-value

avg T amp

0.480 (0.428-0.568)

0.300 (0.214-0.419)

< 0.0001

max T amp

0.986 (0.838-1.127)

0.565 (0.383-0.891)

0.0004

avg sym

0.565 (0.515-0.60)

0.56 (0.45-0.69)

0.75

max sym

0.73 (0.63-0.95)

0.82 (0.63-1.13)

0.38

avg T flatness

0.632 (0.503-0.733) 0.146 (0.0895-0.197) < 0.0001

avg netAQT

63.9 (53.7-74.7)

18.9 (5.8-35.4)

< 0.0001

tA25-75

73.4 (69.3-80.7)

106.7 (89.2-120)

< 0.0001

Table 5-14 Comparison of T wave morphology descriptors between normal and ICD population.
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Vectorcardiography measures
All the vectorcardiography QRS/T angles were considerably larger in ICD
patients as shown in Table 5-15. QRS frontal axis was different between ICD
patients and normal population. However, because the QRS frontal axis can
be abnormally deviated either to the right (>90°) or to the left (-30°), the
absolute value was less meaningful. Categorically there were 22% of ICD
patients that exhibited abnormal QRS frontal axis as compared to 0% in
normal, and the categorical variable was used for future analysis instead of
the continuous variable for QRS frontal axis. No difference in the median of T
frontal axis was observed (median 41.8° vs. 32.0°, p=0.13). However by
defined abnormal T frontal axis, which could either deviate to the right
(>105°) or the left (<-15°) [138], there were considerable more patients with
abnormal T frontal axis in the ICD group (50%), as compared to no one
exhibiting abnormality in the normal cohort; therefore, abnormal T frontal
axis remained as a categorical variable for future analysis. No difference was
observed in integral QRS magnitude, VG azimuth or elevation.

Normal

ICD

p-value

max spatial QRS/T

41.9 (24.9-46.4)

144.3 (78.2-164.5)

< 0.0001

max frontal QRS/T

15.9 (10.3-20.5)

124 (31.7-160.8)

< 0.0001

integral spatial QRS/T

44.1 (31.2-57.2)

141.4 (102.8-165)

< 0.0001

integral frontal QRS/T

12.9 (7.47-22.8)

127.7 (43.4-164.6)

< 0.0001

QRS frontal axis

44.8 (27.8-53.0)

19.9 (-13.9-39.2)

0.0022

0

44 (22%)

0.034

32.0 (21.8-43.1)

41.8 (-16.8 to 104.3)

0.13

abnormal T frontal axis

0

101 (50%)

0.001

integral QRS magnitude

40.2 (32.5-52.4)

43.8 (27.4-79.7)

0.60

VG azimuth

26.8 (12.6-37.7)

35.1 (3.33-67.9)

0.31

VG elevation

32.5 (22.6-38.2)

25.1 (9.27-36.2)

0.094

abnormal QRS frontal axis
T frontal axis

Table 5-15 Comparison of vectorcardiography measures between normal and ICD population.
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QRS SVD measures
Shown in Table 5-16, significantly larger QMD was observed in ICD patients,
(median 77.1 vs. 61.4, p=0.0009), and ICD patients had smaller QRS PCA ratio
(median 0.339 vs. 0.635, p=0.0028). There was no significant difference in
QWLD (median 36 vs. 36.5, p=0.56) or absolute QRS non-dipolar component
(median 0.700 vs. 0.626, p=0.90) between the two groups; however, relative
QRS non-dipolar component (QRS rel) was larger in ICD patients than
normal volunteers (median 0.252 vs. 0.203%, p=0.002).

Normal
QRS PCA
QMD

ICD

0.635 (0.484-0.702) 0.339 (0.202-0.557)

p-value
0.0028

61.4 (51.4-64.9)

77.1 (60.4-92.9)

0.0009

36.5 (36-37)

36 (35-36)

0.56

QRS non-dipolar

0.626 (0.427-0.784)

0.700 (0.226-1.58)

0.90

QRS rel

0.203 (0.104-0.232) 0.252 (0.102-0.331)

0.002

QWLD

Table 5-16 Comparison of QRS SVD measures between normal and ICD population.

169

T wave SVD measures
As shown in Table 5-17, ICD patients exhibited larger T PCA ratio than
normal controls (median 0.153 vs. 0.122, p=0.027). TMD was also greater in
ICD patients (median 67.4 vs. 9.76, p<0.0001). There was no difference in
absolute T non-dipolar component (median 0.0233 vs. 0.0224mV2, p=0.53), but
the relative T non-dipolar component (TWR rel) was significantly larger in
ICD patients (median 0.026 vs. 0.013%, p=0.0028). Similar results were found
with TpTe segment, where there was greater TpTe TMD and greater relative
TpTe non-dipolar component. TCRT, the wavefront direction descriptor, also
was larger in ICD patients than healthy controls (147.1 vs. 80.3°, p<0.0001).

Normal

ICD

p-value

T PCA

0.122 (0.097-0.155)

0.153 (0.113-0.259)

0.027

TMD

9.67 (7.85-10.7)

67.4 (27.8-85.8)

< 0.0001

36 (36-36)

36 (35-36)

0.25

TWR abs

0.0224 (0.0167-0.0711)

0.0233 (0.0106-0.0565)

0.53

TWR rel

0.0130 (0.0053-0.0198)

0.026 (0.0116-0.0646)

0.0028

4.62 (3.73-6.37)

55.5 (17.4-80.9)

< 0.0001

TpTe non-dipolar

0.00199 (0.0015-0.0055)

0.00277 (0.00116-0.00845)

0.69

TpTe rel

0.00248 (0.00154-0.0053)

0.00742 (0.00338-0.0175)

0.0005

80.3 (50.5-93.5)

147.1 (99.9-166.4)

<0.0001

TWLD

TpTe TMD

TCRT

Table 5-17 Comparison of T wave SVD measures between normal and ICD population.
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HRV measures
Mean heart rate was not significantly different between the two groups. ICD
patients had significantly depressed heart rate variability as measured by
SDNN than normal controls (26.9 vs. 44.1ms, p=0.001). However, no
significant difference was seen with HRV measure PolVar20 or simple HRV
which was a simple calculation used for quantify 10sec HRV in Chapter 3.

Normal

ICD

p-value

949.3 (840.1-1071)

0.82

44.1 (36.1-68.6)

26.9 (16.1-45.2)

0.001

PolVar20

0 (0-13.75)

5 (0-29)

0.086

Simple HRV%

24 (19.5-32)

13 (8-22)

0.0003

mean NN 970.9 (812.7-1103)
SDNN

Table 5-18 Comparison of HRV measures between normal and ICD population.

A list of the final set of ECG measures reduced from the original set is given
in Table 5-19.
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Table 5-19 List of final set of measure after
exclusion process, leaving 30 ECG parameters.

Variables
Depolarisation
avg QRS
QRSd
avg QRS amp
QRS/T amplitude ratio
Repolarisation-duration
avg QTc
avg JTc
avg TpTe
Repolarisation-dispersion
QTd
Repolarisation-T morphology
avg T wave amp
max T wave amp
avg T flatness
avg netAQT
tA25-75
Vectorcardiography
max spatial QRS/T angle
max frontal QRS/T angle
integral spatial QRS/T angle
integral frontal QRS/T angle
abnormal QRS frontal axis
abnormal T frontal axis
QRS SVD
QRS PCA
QMD
QRS rel
T wave SVD
T PCA
TMD
TWR rel
TpTe TMD
TpTe rel
TCRT
HRV
SDNN
Simple HRV
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Discussion
Out of the 50 measures examined, 30 measures demonstrated significant
difference between healthy controls and ICD patients, suggesting they may in
some way reflect the underlying vulnerability possessed by ICD patients that
predispose them to high arrhythmic risk. On this basis the prognostic value of
these variables was investigated in a subsequent study (Chapter 7).
Depolarisation ECG scalar parameters
Longer depolarisation time (QRS duration) was observed in ICD patients,
which was unsurprising as conduction abnormality such as bundle branch
block is commonly observed in ICD patients, and other factors such as
associated conduction abnormality in heart failure patients and LV
hypertrophy may also contribute to longer QRS duration [64, 373].
Depolarisation dispersion (QRS dispersion) was also greater in ICD patients.
QRS dispersion has been proposed as a representation of depolarisation
heterogeneity and associated with increased risk of sudden death in chronic
heart failure patients [302]. In Chapter 3, it was associated with arrhythmic
events measured manually. The prognostic value of more accurate
measurement with digital analysis of QRS dispersion and whether it was a
true and better measure of conduction heterogeneity remained to be
examined.
Average QRS amplitude was reduced in ICD patients, while there was no
significant difference in maximum QRS amplitude despite a trend towards
lower amplitude in ICD patients. The majority of ICD patients have
cardiomyopathies associated with left ventricular hypertrophy in many cases.
Studies have proposed that while LVH was generally associated with
increased QRS amplitude, it could also cause decreased QRS voltage due to
loss of intercellular coupling from loss of connexin-43 [374]. ICD patients also
had higher BMI than the healthy volunteers (28.4 vs. 22.6), so body habitus
might be another explanation or contributor to the reduced ECG voltages
seen in ICD patients.
As already discussed previously, fQRS was a recently proposed measure
assessed by visual inspection and was reported in the literature to be a
marker of presence of myocardial scar and prognostic of cardiac adverse
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events [208, 209, 213]. In Chapter 3 of the study of 108 ICD patients reviewed
retrospectively, fQRS was not found to be associated with arrhythmic
occurrence. In Chapter 4, we described a more accurate method using
computer processing to quantify fQRS. Interestingly, there was no statistically
significant difference in fQRS ratio between the two groups, despite a trend
towards ICD patients exhibiting more fragmentation (median 0.9686 vs.
0.9788, p=0.051). Unexpectedly considerable fragmentation of QRS complex
was observed in normal volunteers, with lead III being the most commonly
fragmented followed by lead aVL and V1. Two examples are given in Figure
5-1 and Figure 5-2. The proposed visual criteria of fQRS required
fragmentation to be present in two consecutive leads in a coronary artery
territory (anterior V1-V4, lateral I, aVL, V5-V6, inferior II, III, aVF) [208, 209].
So it might be that fragmentation in sporadic leads is not of clinical
significance, but more investigations are warranted to examine the
significance and mechanism of fQRS and their clinical relevance. In this
study, because no difference was found between the two groups this
parameter was removed for subsequent analysis.

Figure 5-1 Example of fQRS present in II, III, aVF, V1 in a normal volunteer.
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Figure 5-2 Example of fQRS in III, V1 in a normal volunteer.

Repolarisation scalar measurements
Repolarisation times (QTc, JTc, TpTe) were all observed to be longer in ICD
patients with the exception of early repolarisation interval (ToTp) that did not
differ. This was consistent with the suggestion in the literature of longer
repolarisation time being a pathological sign [101]. The current finding also
supported the notion that the later timing of repolarisation (TpTe) might be of
more importance [101]; however, the prognostic value of repolarisation
intervals have been controversial and will be examined in Chapter 7.
Greater QTd was observed in ICD patients but not the other dispersion
intervals (JTd, JTpd and TpTed). Although QT dispersion has been a popular
measure of repolarisation heterogeneity, there have been many debates about
its use and limitations as discussed in Chapter 1 [114]. While ICD patients did
exhibit greater QT dispersion, whether it has any value in evaluating
arrhythmic risk has been debatable in the literature, and is examined in
Chapter 7 of this thesis.
No difference in T wave symmetry was observed and T wave amplitude was
significantly reduced in ICD patients. Average net QT integral was also
significantly reduced in ICD patients. The mechanism of reduced T wave
amplitude was unclear. It has been shown to be associated with mortality in
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a population study [369]. The meaning of reduction in net QT integral was
unclear either, where reduced absolute QT integral has been associated with
higher arrhythmic risk in the literature [149]. It remained to be examined
whether these measures have any association with arrhythmic events in
Chapter 7.

Vectorcardiography
Wider QRS/T angle, abnormal QRS and T frontal axis were observed in ICD
patients. This supported the notion of deranged electrophysiological
processes

in

ICD

patients

that

can

be

detected

by

deranged

vectorcardiography measures. Whether prognostically they could identify
patients at higher risk of arrhythmic events as suggested in the literature
remained to be examined.

SVD
The SVD measures have been proposed as markers of repolarisation
heterogeneity, and many of them were deranged in ICD patients.
Depolarisation SVD measures have never been described in the literature and
were newly developed in this thesis by applying the same methodology on
the QRS complex. Derangements of many of the QRS SVD measures were
observed, which suggested the measures may be detecting depolarisation
abnormalities. Use of SVD measures have never been examined in an ICD
population; therefore, whether they were useful prognostically would be
investigated in Chapter 7.

While differences in many of the ECG measures were detected between ICD
patients and healthy volunteers, many of the measures had either nonexistent or poorly defined normal values or reference ranges. In Table 5-20 the
range of values of these parameters reported in the literature were
summarised. It could be seen that the ECG values observed in the current
study of normal controls and ICD patients largely fell within the range
reported in the literature. It needs to be noted that the characteristics of study
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population varied considerably between studies. The values quoted under the
column of normal could be of different age and gender composition.
Cardiovascular high–risk group included patients of various disease states
that were deemed high risk either due to their mortality or morbidity.
Methodology of digital ECG analysis could also differ between studies, such
as the ECG lead used and some author’s use of technical units instead of
standardised units [159, 162]. For any ECG markers to become useful risk
stratifiers, standardisation of methodology and agreement on reference range
and optimal cut-off point is required. However, this is not the aim of this
thesis, and for any ECG markers that demonstrate promising value, more
investigations would be needed to define their values in different
populations.

Current study

Literature

Normal

ICD

Normal

Cardiovascular high-risk

81.3

114.7

<120ms

>120ms

24

32

-

>40ms [302]

avg QRS amp

1.62

1.12

-

-

QRS/T amplitude ratio

2.53

3.36

-

-

avg QTc

378.0

449.9

<440-460ms

>440-460ms

avg JTc

291.2

318.9

256-317ms [346, 375-377]

381 [377]

avg TpTe

83.8

101.3

68-94ms [348, 375, 378-380]

67-100ms [134, 136]

QTd

30.5

48

-

>60-80ms

avg T amp

0.480

0.300

max T amp

0.986

0.565

0.402-1.3mV [348, 375, 378,
381]

avg T flatness

0.632

0.146

-

-

avg net AQT

63.9

18.9

-

-

tA25-75

73.4

106.7

82ms [352]

131ms [371]

max spatial QRS/T

41.9

144.3

42* [382]

52* in CAD patients [382]

max frontal QRS/T

15.9

124

-

>90*[140] >100*[143]

avg QRS
QRSd

0. 58mV in Chapter 3 thesis

>135*[142], >100*[139]
Integral spatial QRS/T

44.1

141.4

66-80* [154]

137* in ICD population
[383]

Integral frontal QRS/T

12.9

127.7

-

>90 *[139]
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QRS frontal axis

44.8

19.9

-30*-90*

>90*+!<-30*

T frontal axis

32.0

41.8

-15* -105*

>105*, <-15* [138]

QRS PCA

0.635

0.339

-

-

QMD

61.4

77.1

-

-

QRS rel

0.203

0.252

-

-

T PCA

0.122

0.153

0.133-0.169 [160]

0.2-0.25 [159, 161]

TMD

9.27

67.4

10.72-13.0 [155, 160]

45.7-47 [161, 166]

0.026

0.0013-0.042% [112, 384386]

55.5

6.14 [155]

36.68 in HCM [155]

0.005 [387]

0.008 [387]

TWR rel 0.0065
TpTe TMD

4.62

TpTe rel 0.00248 0.00742

0.051-0.066% [387]
0.067-0.186% [112]

TCRT (cosine value)

0.168

-0.840

cosine 0.32 0.522 [155, 160]

-0.23 to -0.478 [161, 165]

SDNN

44.1

26.9

-

<50-70ms over 24hr

24

13

-

-

Simple HRV

Table 5-20 Summary of values quoted in the literature in comparison to the current study. Those left blank
are ones where no value has been reported in the literature to the best of our knowledge.

Statistically, multiple comparisons were made in Part 2 of this study.
Bonferroni’s correction is a commonly used method for correcting multiple
comparisons by adjusting the alpha significance level [388]. This would
reduces type I error (false positives), however is associated with increased
chances of type II error (false negatives) [389]. Therefore, this correction was
not applied in this study and the conventional threshold for statistical
significance of p<0.05 was used. It is possible that this would have increased
the number of parameters taken forward for analysis due to false positive
differences identified. However, this was preferable to falsely excluding
potential risk markers, a risk that would have been increased by lowering the
statistical threshold at this point.

Limitations
The healthy cohort was relatively small in size, and correlation between ECG
measures may not be detected due to the small sample size. Likewise the
normal cohort was limited to males and of younger age than the patient
cohort. For some ECG measures, there is evidence of gender discrepancy and
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age effects that could potentially contribute to the differences observed
between the two groups [154, 378, 380, 390]; however, it was beyond the scope
of the current study to examine age and gender effects. With the relatively
small sample of healthy volunteers, it was not the purpose of this study to
establish normal values of the ECG measures, but as a process to select useful
measures that were most likely to reflect abnormality to be investigated in
further chapters on their prognostic value in ICD patients.

Conclusions
In this chapter, the 95 ECG measures developed in Chapter 4 were reduced to
a smaller subgroup of 30 measures that were relatively independent from
conventional measures as well as showed significant difference in ICD
patients as compared to healthy controls. This enabled a smaller group of
potentially useful measures to be carried forward for analysis, which was
more pragmatic and helped to reduce the statistical problem of multiple
comparisons while not losing any potentially useful ECG markers that maybe
associated with arrhythmic outcome.
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Chapter 6 Correlation between
Electrocardiographic Measures and Cardiac
Magnetic Resonance Imaging of the Left Ventricle
in ICD Patients
Introduction
In the last Chapter, the group of ECG parameters derived from Chapter 4 was
reduced to a subset that only included ones containing relatively distinct
information and differed in ICD patients from healthy controls, suggesting
they may reflect electrophysiological abnormalities. The ability of these
measures to contribute to risk stratification in ICD patients will be examined
in Chapter 7.
It is well established that measures of LV structure are prognostically
significant in identifying arrhythmic risk. The mostly widely used measure,
LVEF, is the principal criteria for identifying patients for primary prevention
ICD implantation, and it was also predictive of higher arrhythmic risk in
secondary prevention populations [4, 391]. Increased LV mass may also have
a role in identifying patients at high risk as evident from studies of
community SCD victims [392, 393]. Characteristics of LV scar have also been
shown to predict future ventricular arrhythmic events in both ischaemic and
non-ischaemic populations as already discussed in Chapter 1 [236, 237, 242].
In our cohort of ICD patients prospectively enrolled, a proportion of them
had cardiac MRI as part of their clinical assessment pre-implant. Cardiac MRI
is by far the most accurate way to characterise LVEF, LV mass and scar
burden compared to other modalities such as echocardiography or SPECT
perfusion imaging. This provided us with the opportunity to examine the
correlation between the ECG parameters identified in Chapter 5 and these
structural properties of the LV. If the ECG parameters showed a high level of
correlation with structural properties of the LV, then they could be viewed as
alternative or surrogate markers of structural properties to be potentially
used for risk stratification. However, if the ECG parameters were
uncorrelated or only weakly correlated with LV structure, then they could be
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viewed as independent parameters that may provide additive information
regarding arrhythmic risk. In this chapter we therefore explored the
correlations between the ECG parameters outlined in Chapter 5 and LVEF,
LVEDV, LV mass and LV scar as assessed by MRI.

Methods
Study population
Among the prospective cohort of ICD patients enrolled, those receiving new
ICD implants between March 2010 and June 2012 who underwent late
gadolinium-enhanced cardiac MRI (LGE-CMR) pre-implant were included in
this study. This study was reviewed by the Central Regional Ethics
Committee and found to conform to the New Zealand standards for
observational research.

ECG analysis
The pre-implant 60sec ECGs were exported and analysed offline as described
in Chapter 4 using LabVIEW 8.5 (National Instruments, Texas, USA). Only
the subgroup of 30 ECG parameters selected at the end of Chapter 5 was
included for analysis, and HRV parameters were excluded, as they are not
direct measures of myocardial electrophysiological property.

Cardiac magnetic resonance imaging acquisition and analysis
Imaging was performed on 1.5-T magnetic resonance imaging (MRI) scanner
(Philips Achieva, Philips Medical Systems, Best, The Netherlands). Sequences
were acquired prospectively during breath-hold using a 5-element cardiac
phased array coil using vector ECG gating. 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 1.8msec; flip angle 60°; spatial resolution 2 × 2 × 6mm). Late
gadolinium enhancement imaging was performed 10-15 minutes after the
contrast bolus (0.2mmol/kg bodyweight) of gadopentetate dimeglumine
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(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 1.3msec; 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 enddiastolic and end-systolic phase on the short-axis cine images to obtain
LVEDV, LVEF and LV mass, as illustrated in Figure 6-1. On LGE images,
presence of enhanced myocardium in the left ventricle was visually
determined in both short-axis and long-axis views. Areas of enhanced
myocardium were outlined manually by visual assessment on the LGE shortaxis images and quantity of scar was expressed in grams [394]. Patients were
divided into three groups based on their scar pattern: no scar, ischaemic scar
pattern and non-ischaemic pattern. No scar was defined as the absence of any
LGE. Ischaemic pattern was defined as sub-endocardial to transmural
involvement in one or more corresponding coronary artery territory. Nonischaemic pattern was defined as mid-myocardial or epicardial involvement
that did not correspond to coronary artery territory. Examples of short-axis
view of LGE imaging of no scar, ischaemic scar and non-ischaemic scar are
given in Figure 6-2.

!

Figure 6-1 Manual delineation of endocardial and epicardial border on short-axis image.
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A

B

C

Figure 6-2 Example of scar pattern: A) no scar, B) mid-myocardial non-ischaemic scar, C) sub-endocardial to
transmural ischaemic scar.
!

Statistical analysis
Categorical variables are expressed as absolute numbers and percentages.
Continuous variables are expressed in mean ± standard deviation for
normally distributed variables, and median (interquartile range) for nonparametric variables. Normality test for each variable was carried out using
D’Agostino & Pearson omnibus normality test. Correlations between
electrocardiographic measures and LVEF, LVEDV, LV mass, scar mass were
assessed using Pearson or Spearman correlation depending on normality test.
Clinical characteristics, CMR indices and electrocardiographic measures were
compared between patients with no scar, non-ischaemic scar and ischaemic
scar pattern using Chi-square test for categorical variables, and either
parametric or non-parametric analysis of variance (ANOVA) for continuous
variables. If ANOVA test was significant, post-hoc analysis was carried out to
detect where the significance lay between the three groups. In the result table,
the value that was significantly different as detected by post-hoc analysis is
highlighted in bold. A p-value of <0.05 was considered statistically significant
and all statistical analysis was performed using SPSS19 (IBM, New York).
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Results
Over the study period, 73 ICD patients were enrolled. There were 7 patients
excluded due to either poor MRI image quality (5) or poor quality ECG (2).
The demographic and clinical details of the 66 patients included in the
analysis are given in Table 6-1. Ischaemic heart disease was the underlying
pathology in the majority of patients (44%) followed by non-ischaemic
cardiomyopathy (32%).
The average LVEF was 35±19%, LVEDV was 253±98ml and LV mass was
172±52g. Therefore, a considerable proportion of patients had LV dysfunction,
dilatation and hypertrophy. LV scar was present in 42 (64%) patients, ranging
from 1.06 to 115.68g (1% to 54% of LV), with a mean of 22±29g. Of the 42
patients, 27 patients had ischaemic scar pattern and 15 patients had nonischaemic scar pattern.
Underlying pathologies are reflective of the scar pattern observed. The
ischaemic scar group is entirely made up of patients with known IHD. The
non-ischaemic scar group was predominantly patients with known nonischaemic DCM (60%) and the non-scar group had predominantly nonischaemic DCM patients (50%) and patients with idiopathic ventricular
arrhythmias (29%). Patients with LV ischaemic scar pattern were older (63±11
vs. 52±28 vs. 50±15, p=0.006), more likely to have heart failure (81% vs. 50%
vs. 40%, p=0.013) and exhibited lower LVEF (25±10% vs. 43±19% vs. 42±24%,
p=0.001) than the other two groups. The scar burden was greater in patients
with ischaemic scar than those with non-ischaemic scar (43±27g vs. 20±30g,
p=0.016), which reflected the pathophysiology of scarring in these two disease
modalities. No significant difference in LV mass (164±47g vs. 176±56g vs.
177±56g, p=0.66) or LVEDV (224±95ml vs. 243±100ml vs. 284±95ml, p= 0.08)
was found among the three groups.
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All

No scar

Non-ischaemic scar

Ischaemic scar

p-value

n=66

n=24

n=15

n=27

Male

56 (85%)

17 (71%)

13 (87%)

26 (96%)

0.04

Age

56±16

52±18

50±15

63±11*

0.006

Ischaemic heart disease

29 (44%)

1 (4%)

1(7%)

27 (100%)

<0.001

Non-ischaemic DCM

21 (32%)

12 (50%)

9 (60%)

0

<0.001

HCM

2 (3%)

0

2 (13%)

0

0.03

ARVC

3 (4.5%)

2 (8%)

1 (7%)

0

0.33

Channelopathy#

2 (3%)

2 (8%)

0

0

0.17

Idiopathic VT/VF

9 (14%)

7 (29%)

2(13%)

0

0.01

Heart Failure

40 (61%)

12 (50%)

6 (40%)

22 (81%)*

0.013

History of AF/flutter

19 (29%)

6 (25%)

2 (13%)

11 (41%)

0.15

Primary prevention

38 (58%)

12(50%)

9 (60%)

17 (63%)

0.63

ß-blocker

57 (86%)

17 (71%)

14 (93%)

26 (96%)

0.02

Class III anti-arrhythmics

8 (12%)

2 (8%)

1 (7%)

5 (19%)

0.41

ACEI/ARBs

47 (71%)

15 (63%)

8 (53%)

24 (89%)

0.03

Diuretics

35 (53%)

12 (50%)

6 (40%)

17 (63%)

0.34

Spironolactone

16 (24%)

6 (25%)

4 (27%)

6 (22%)

0.97

LVEF %

35±19

43±19

42±24

25±10*

0.001

LVEDV (ml)

253±98

224±95

243±100

284±95

0.08

LV mass (g)

172±52

164±47

176±56

177±56

0.66

Scar mass (g)

22±29

-

20±30

43±27*

0.016

Underlying Pathology

Clinical History

Medication

LV measurements

Table 6-1 Demographics and clinical characteristics in all patients and comparison of those without scar,
with non-ischaemic scar and with ischaemic scar. * highlighted in bold are values that are statistically
significantly different from the other groups as examined by post-hoc analysis with p<0.05. #Channelopathy
include Brugada syndrome and LQTS. Class III antiarrhythmic defined as amiodarone, sotalol and ibutilide.
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ECG correlation with global LV measures—LVEF, LVEDV and LV mass
Correlations between ECG measures and LVEF, LVEDV and LV mass are
shown in Table 6-2, Table 6-3, Table 6-4, and Table 6-5.

Depolarisation scalar measurements
We observed inverse correlations between both QRS duration and QRS
amplitude and LVEF, indicating that wider QRS duration and greater QRS
amplitude were observed in patients with reduced LVEF (r=-0.518, p<0.001,
r=-0.313, p<0.05). Positive correlations between QRS duration, QRS amplitude
and LVEDV (r=0.478, p<0.001; r=0.337, p<0.01) and LV mass (r=0.285, p<0.05;
r=0.339, p<0.001) were observed. QRS dispersion had no structural correlates.

LVEF
avg QRS

LVEDV LV mass Scar mass

-0.518*** 0.478***

0.285*

0.194

QRSd

-0.060

0.095

0.108

0.191

avg QRS amp

-0.313*

0.337**

0.559***

0.006

QRS/T amp ratio

-0.067

-0.089

0.029

0.109

Table 6-2 Correlation between QRS scalar measures and LV structure. ***p<0.001, **p<0.01, *p<0.05.
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Repolarisation scalar measurements
There was an inverse correlation between QTc and LVEF (r=-0.361, p<0.01)
and a positive correlation between QTc and LVEDV (r=0.305, p<0.05). The
correlation between QTc and the structural indices seemed to be purely
mediated by change in QRS as there was no correlation between JTc and the
structural measures. None of the other intervals (avg TpTe, tA25-75) or QT
dispersion had any structural correlates.
Morphologically average T wave amplitude was inversely related to LVEF
(r=-0.267, p<0.05), and positively correlated with LVEDV (0.455, p<0.001) and
LV mass (r=0.479, p<0.001). Average T wave flatness was correlated with
LVEDV and LV mass (r=0.341, p<0.01, r=0.261, p<0.05). Average net QT area
was positively correlated with LVEF, where smaller area was associated with
lower LVEF (r=0.363, p<0.01).

LVEF

LVEDV LV mass Scar mass

avg QTc

-0.361**

0.305*

0.240

0.279

avg JTc

0.069

-0.076

-0.006

0.052

avg TpTe

-0.168

0.100

-0.054

0.266

QTd

0.053

-0.178

-0.171

0.097

max T amp

-0.236

0.308

0.343

-0.043

avg T amp

-0.267*

0.455***

0.479***

0.284

avg T flatness

-0.057

0.341**

0.261*

0.074

avg netAQT

0.363**

-0.149

0.012

0.066

tA25-75

-0.148

0.105

0.206

0.187

Table 6-3 Correlation between repolarisation scalar measures and LV structure. ***p<0.001, **p<0.01,
*p<0.05.
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Vectorcardiography measures
There were significant correlations between all the QRS/T angles and LVEF
and LVEDV. The measure that had the strongest association with the
structural indices was integral spatial QRS/T angle that was inversely
correlated with LVEF (r=-0.573, p<0.001), positively correlated with LVEDV
(r=0.380, p<0.01) and LV mass (r=0.268, p<0.05), as shown in Figure 6-3.

LVEF
max spatial QRS/T
max frontal QRS/T

LVEDV LV mass Scar mass

-0.499*** 0.415***

0.260*

-0.016

-0.315*

0.334**

0.217

0.087

integral spatial QRS/T

-0.573***

0.380**

0.268*

-0.056

integral frontal QRS/T

-0.360**

0.307*

0.209

0.087

Table 6-4 Correlation between vectorcardiography measure and LV structure. ***p<0.001, **p<0.01, *p<0.05.

A

B

C

Figure 6-3 Correlation between integral spatial QRS/T angle and LV structure index of: A) LVEF, B)
LVEDV, and C) LV mass.
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SVD measures
Increased morphology dispersions of QRS and T wave derived from SVD
(QMD, TMD and TpTe TMD) were all inversely correlated with LVEF and
positively correlated with LVEDV (QMD: r=-0.612, p<0.001; r=0.435, p<0.001.
TMD: r=-0.600, p<0.001; r=0.473, p<0.001; TpTe TMD: r=-0.624, p<0.001;
r=0.368, p<0.01 respectively). Larger wavefront deviation between the QRS
and T vectors (TCRT) was also associated with reduced LVEF, increased
LVEDV and increased LV mass (r=-0.521, p<0.001; r=0.406, p<0.001; r=0.256.
p<0.05). Moderate correlation was found between QRS PCA and LVEF
(r=0.437, p<0.001), and increased QRS rel was marginally related to reduced
LVEF (r=-0.246, p<0.05).
Other repolarisation SVD measures, namely T PCA, TWR rel and TpTe rel
were largely uncorrelated with LV structure.

LVEF

LVEDV LV mass Scar mass

QRS PCA

0.437***

QMD

-0.612*** 0.435***

QRS rel
T PCA
TMD
TWR rel
TpTe TMD
TpTe rel
TCRT

-0.230

-0.164

-0.071

0.209

0.066

-0.246*

0.166

0.041

0.305*

0.157

-0.254

-0.277

0.078

0.359**

0.095

-0.600*** 0.473***
0.102

-0.182

-0.098

0.248

-0.524***

0.368**

0.337**

0.118

-0.038

-0.092

-0.159

0.185

0.256*

0.048

-0.521*** 0.406***

Table 6-5 Correlation between SVD measure and LV structure. ***p<0.001, **p<0.01, *p<0.05.
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ECG correlation with LV scar mass
Results of the linear correlations between ECG measures and LV scar mass
are shown in Table 6-2, Table 6-3, Table 6-4, and Table 6-5 above. QRS rel was
the only measure that was significantly correlated with scar mass, however
the correlation was relatively weak (r=0.305, p<0.05), as visualised in Figure
6-4.

scar mass vs. QRSrel

QRSrel %

1.5

1.0

0.5

r=0.305, p<0.05
0.0

0

50

100

150

200

mass scar (g)

Figure 6-4 Correlation between scar mass and QRS rel.

ECG correlation with LV scar pattern
Patients were divided into three groups according to their scar pattern, those
with no scar, non-ischaemic scar or ischaemic scar. Comparison of the ECG
features between the three groups of patients is given in Table 6-6, Table 6-7,
Table 6-8, Table 6-9, and Table 6-10. There was no significant difference in
BBB or presence of PVC between the three groups. About half of patients with
ischaemic scar had one or more PVC on their ECG (56%), and interestingly a
considerable proportion of patient without scar had PVC as well (38%).
All

No scar

Non-ischaemic scar

Ischaemic scar

p-value

n=66

n=24

n=15

n=27

Sinus rhythm

59 (89%)

21 (88%)

14 (93%)

24 (89%)

0.84

Atrial fibrillation

7 (11%)

3 (12%)

1 (7%)

3 (11%)

0.84

PVC

35 (53%)

9 (38%)

1 (7%)

15 (56%)

0.09

LBBB

20 (30%)

9 (38%)

2 (13%)

9 (33%)

0.25

RBBB

6 (9%)

0

3 (20%)

3 (11%)

0.10

Table 6-6 Comparison of ECG features between patients with different scar patterns.
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Depolarisation scalar measurements
There were no differences in depolarisation scalar measures, including QRS
duration, QRS dispersion, QRS amplitude or QRS/T amp ratio between the
three groups.
All

No scar

Non-ischaemic scar

Ischaemic scar

n=66

n=24

n=15

n=27

111.4 (102.0-144.0)

107.4 (94.7-154.7)

104.7 (94.5-134.9)

132.3 (103.9-145.3)

0.10

32 (24-40)

32 (24-40)

32 (30-40)

35 (24-40)

0.53

avg QRS amp

0.893 (0.741-1.167)

0.966 (0.768-1.173)

0.854 (0.654-1.195)

0.853 (0.933-1.168)

0.85

QRS/T amp ratio

3.164 (2.392-4.335)

2.926 (2.497-3.942)

2.918 (2.241-3.749)

3.47 (2.34-4.44)

0.56

avg QRS
QRSd

p-value

Table 6-7 Comparison of depolarisation scalar parameters between patients with different scar patterns.

Repolarisation scalar measurements
No differences in repolarisation intervals or dispersions were found between
the three groups (average QTc, average JTc, average TpTe or QT dispersion).
T wave morphology measured as amplitude or shape did not differ, except
average net QT area which was significantly reduced in patients with
ischaemic scar compared to the other two groups (median 13.3 vs. 28.4 vs.
38.1mV*ms, p<0.002).
All

No scar

Non-ischaemic scar

Ischaemic scar

n=66

n=24

n=15

n=27

avg QTc

445.4±40.4

441.6±44.0

440.2±36.0

451.2±40.0

0.61

avg JTc

313.8 (295.1-334.2)

313.8 (292.0-332.4)

319.5 (310.6-346.0)

309.2 (294.2-333.3)

0.34

98.0 (89.7-111.2)

95.3 (85.0-107.3)

100. 7 (87-109.4)

97.8 (91.6-117.6)

0.47

52.4±27.8

52±27.2

51.4±22.6

53.1±31.4

0.91

max T amp

0.636 (0.444-0.976)

0.615 (0.462-1.050)

0.716 (0.469-1.012)

0.607 (0.426-0.906)

0.78

avg T amp

0.364±0.163

0.357±0.143

0.373±0.172

0.365±0.179

0.96

avg T flatness

0.167±0.077

0.174±0.079

0.177±0.058

0.155±0.084

0.57

avg netAQT

22.6 (7.14-37.96)

28.4 (7.16-40.4)

38.1 (21.7-56.6)

13.3 (4.8-25.2)*

0.002

tA25-75

105.8 (88.7-118.9)

97.6 (83.2-119.1)

108.1 (86.2-120.7)

108.2 (96.4-120.9)

0.88

avg TpTe
QTd

Table 6-8 Comparison of repolarisation scalar parameters between patients with different scar patterns.
*highlighted in bold are values that are statistically significantly different from the other groups as
examined by post-hoc analysis with p<0.05.
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p-value

Vectorcardiography measures
Both maximum and integral spatial QRS/T angles were significantly different
depending on the scar pattern (maximum spatial angle median 122.2° vs.
137.1° vs. 156.7°, p=0.025; integral spatial angle median 122.9 vs. 118.9 vs.
156.9, p=0.032). Post-hoc analysis revealed significantly larger maximum and
integral spatial QRS/T angle in patients with ischaemic scar, while nonischaemic scar patients and patients without scar had similar maximum and
integral spatial QRS/T angle (maximum spatial angle median 122.2 vs. 137.1,
p=ns; integral spatial angle median 122.9 vs. 118.9 p=ns). Applying the
previously defined threshold of abnormal integral spatial QRS/T angle as
>135° [142], there were more patients with abnormal integral spatial QRS/T
angle in the ischaemic scar group than the other two groups (85% vs. 38% vs.
47%, p=0.001). Closer examination revealed maximum and integral spatial
QRS/T angle were closely correlated with each other in this cohort of patient
(r=0.870, p<0.001).
Frontal QRS/T angle has been proposed as a surrogate for spatial QRS/T
angle [395]; however, neither maximum nor integral frontal QRS/T angle was
significantly different based on scar pattern. By applying the suggested
threshold of greater than >90° of integral frontal QRS/T angle as a marker of
increased risk of ventricular arrhythmia [140], there were certainly more
patients with abnormal frontal QRS/T angle in both ischaemic and nonischaemic scar patients than the non-scar group (81% vs. 80% vs. 46%,
p=0.013).
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All

No scar

Non-ischaemic scar

Ischaemic scar

n=66

n=24

n=15

n=27

max spatial QRS/T

152.4 (99.8-165.8)

122.2 (64.0-165.3)

137.1 (63.3-157.6)

156.7 (133.9-171.1)*

0.025

max frontal QRS/T

127.9 (31.2-164.7)

62.6 (19.7-156.1)

100.8 (9.2-157.2)

141.2 (108.2-167.3)

0.098

integral spatial QRS/T

148.5 (109.8-166.5)

122.9 (82.3-160.0)

118.9 (79.4-157.5)

156.9 (139.0-168.7)*

0.032

39 (59%)

9 (38%)

7 (47%)

23 (85%)*

0.001

131.8 (52.7-165.3)

92.2 (38.8-168.4)

131.8 (86.0-150.9)

154.7 (115.3-166.9)

0.24

abnormal frontal
QRS/T (>90°)

45 (68%)

11 (46%)

12 (80%)*

22 (81%)*

0.013

abnormal QRS frontal

13 (20%)

2 (8%)

4 (27%)

7 (26%)

0.21

abnormal T frontal

37 (56%)

10 (41.7%)

8 (53.3%)

19 (70%)

0.17

abnormal spatial
QRS/T (>135°)
integral frontal QRS/T

Table 6-9 Comparison of vectorcardiography measures between patients with different scar patterns.
*highlighted in bold are values that are statistically significantly different from the other groups as
examined by post-hoc analysis with p<0.05.
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p-value

SVD measures
With the SVD measures, morphology dispersion markers QMD, TMD and
TpTe TMD were all significantly larger in patients with ischaemic scar, while
those with non-ischaemic scar and those without scar had similar values
(QMD median 89.0 vs. 62.5 vs. 63.6, p<0.004; TMD median 86.3 vs. 38.2 vs.
47.3, p<0.001; TpTe TMD median 78.8 vs. 20.45 vs. 41.9, p=0.001). TCRT was
also significantly larger in patients with ischaemic scar (median 162.3 vs. 132.4
vs. 134.6, p<0.027). None of the other SVD measures were different between
the three groups.

All

No scar

Non-ischaemic scar

Ischaemic scar

n=66

n=24

n=15

n=27

0.334 (0.190-0.531)

0.457 (0.164-0.692)

0.437 (0.259-0.551)

0.288 (0.194-0.423)

0.26

77.6 (55.7-94.2)

62.5 (47.8-91.4)

63.6 (39.3-90.3)

89.0 (74.7-96.3)*

0.0037

QRS rel

0.205 (0.0805-0.340)

0.1845 (0.0643-0.2408)

0.204 (0.0775-0.3450)

0.289 (0.112-0.479)

0.074

T PCA

0.138 (0.106-0.212)

0.138 (0.121-0.204)

0.126 (0.106-0.208)

0.147 (0.097-0.253)

0.48

TMD

70.8 (25.2-87.7)

38.2 (16.36-80.67)

47.4 (13.8-83.4)

86.3 (57.0-96.2)*

0.001

0.0219 (0.0090-0.0647)

0.024 (0.0081-0.0569)

0.0128 (0.005-0.0602)

0.0226 (0.0131-0.0716)

0.41

66.0 (15.2-83.2)

20.45 (10.76-72.4)

41.9 (9.46-80.7)

78.8 (55.6-96.5)*

0.001

0.0055 (0.0028-0.0194)

0.0072 (0.0031-0.0212)

0.0039 (0.0017-0.0107)

0.0082 (0.0030-0.0254)

0.31

153.8 (109.6-166.9)

132.4 (90.7-169.7)

134.6 (55.7-155.3)

162.3 (149.0-167.1)*

0.027

QRS PCA
QMD

TWR rel
TpTe TMD
TpTe rel
TCRT

Table 6-10 Comparison of SVD measures between patients with different scar patterns. *highlighted in bold
are values that are statistically significantly different from the other groups as examined by post-hoc
analysis with p<0.05.
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p-value

Discussion
This Chapter evaluated the correlation between ECG measures and LV
structural properties examined using cardiac MRI. Many of the ECG
parameters were not correlated with LV structural indices. This implied that
any prognostic information they may contain is likely to be independent of
information that can be derived from LV structural measurements. There
were a few ECG parameters such as QRS, QT intervals and increased
waveform voltage that were moderately associated with global LV
dysfunction, dilatation and hypertrophy. Vectorcardiography QRS/T angles
were associated with global LV dysfunction and dilatation, as well as being
greater in patients with ischaemic scar. Similar findings were seen with
greater QRS and T wave morphology dispersions derived from SVD. This
implied that these measurements might not contain information about
arrhythmic risk that is independent of LV structural measurements.

ECG scalar measurements
In the current study, there were significant and moderate correlations
between QRS interval and depressed LVEF, increased LVEDV and LV mass.
QT interval was also inversely correlated with LVEF and positively with
LVEDV. Similar observations have been reported in the literature on the
association of LV structural change with prolonged QRS [373, 396] and
prolonged QT intervals [397, 398]. The mechanism underlying QRS
prolongation was likely to be a function of physiological and pathological
changes including increased myocardial mass, change in conduction velocity,
and increased prevalence of bundle branch block [333, 396, 399]. Hence QRS
prolongation is a pathological sign and its prognostic value observed in
clinical studies may be partly due to its relation to structural remodelling.
Whether QRS duration exerts additional information and whether QRS
duration or direct imaging is better in terms of clinical utility of their
prognostic role needs to be evaluated in a combined fashion.
The literature is unclear on whether prolongation of QT interval was
independently associated with LV remodelling due to alterations in ion
channels resulting in longer APD, or it could be secondary to prolongation of
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QRS duration [400]. By examining the JT interval in the current study, no
correlation of JT with any of the structural indices was observed, suggesting
the prolongation of QT observed in patients with LV remodelling and
dysfunction was mainly mediated by QRS change; however, we cannot
exclude the possibility of false negative results in the relatively small cohort of
patients in the current study.
We observed that QRS and T wave amplitudes were positively correlated
with LV mass. However, the correlation was moderate, which was consistent
with the recognised limitation of voltage criteria for diagnosing LV
hypertrophy, which generally has high specificity but low sensitivity,
meaning negative criteria dose not necessarily rule out LVH [400-402]. This
implied imaging modality may hold better value in assessing LVH than ECG
assessment and may be a better measure prognostically.
QT dispersion was independent of LV structure in the current study, which
was consistent with some reports [403] despite some evidence of weak
correlation with LVEF, LVEDV and LVH in the literature [397, 404]. No
structural correlate of QRS dispersion was observed in the current study.
These suggested such measures that were not related to structure may have
independent prognostic value.
There has been little study looking at ECG correlation with scar. Scott et al.
correlated markers of ventricular repolarisation QTc, QTd and TpTe with
MRI assessment of scar. QTc and QTd and TpTe were found to be associated
with the number of LV segments with limited sub-endocardial scar (<25%
transmurality), but not with percentage LV scar or amount of transmural scar
[107]. Looking at their results closely, there were only 6 patients with 1
limited sub-endocardial scar segment and 3 patients with >2 segments, which
were very small numbers and could potentially make the analysis very
biased. In the current study, no association was observed between pattern of
scar or scar mass and depolarisation or repolarisation amplitudes, durations
or dispersion measures, making them all relative independent parameters.
Average net QT area in the present study was positively correlated with
LVEF, where reduced area was related to lower LVEF, and it was also
significantly reduced in patients with ischaemic scar. In the last Chapter,
average net QT area was significantly reduced in ICD patients as compared to
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healthy controls. The meaning and significance of reduced averaged net QT
area is unclear and needs further investigation to clarify.

Vectorcardiography
In our study, significant correlation was found between wider spatial QRS/T
angles and reduced LVEF, increased LVEDV and increased LV mass. The use
of vectorcardiography has been investigated for diagnosing LVH, and spatial
QRS/T angle has been found to be an outstanding discriminator for LVH
[405]. The mechanism has been suggested to be due to prolongation of APD
and reduced conduction velocity in the hypertrophic hearts that give rise to
both depolarisation and repolarisation changes [406, 407]. An association
between wider QRS/T angles and decreased LVEF has also been reported in
previous studies [140, 236].
In relation to scar, there has been no previous study examining the
relationship between vectorcardiography and LV scar. In the current study,
patients with an ischaemic scar pattern had significantly larger spatial QRS/T
angles than those without scar. Frontal QRS/T angle on the other hand was
not significantly different across the three groups. There is a lack of consensus
on the normal values for either spatial or frontal QRS/T angles, which may
also be dependent on the vectorcardiography transformation used, as well as
whether it was the maximum of the integral vectors being used [408]. Integral
QRS/T angle has been investigated more widely than maximum QRS/T
angle. A cut-off value of >135° for integral spatial QRS/T angle to define
abnormality was used, as this threshold has been demonstrated to predict risk
of sudden death [142]. Integral frontal QRS/T angle of >90° was used, as this
has been reported as an optimal prognostic threshold in both non-ischaemic
[140] and ischaemic cardiomyopathy cohorts [236].
Using these thresholds, a larger proportion of patients with LV ischaemic scar
exhibited abnormal integral spatial QRS/T angle than those with nonischaemic scar pattern and those without scar. Despite the absolute value of
integral frontal QRS/T angle being not statistically significant across the three
groups, abnormal integral frontal QRS/T angle was more common in both
ischaemic and non-ischaemic scar groups than those without scar. Frontal
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QRS/T angle was often used as a replacement for spatial QRS/T angle and
was moderately correlated with spatial QRS/T angle in our study (r=0.67,
p<0.001). From the result of the current study, it appears that integral spatial
and frontal QRS/T angle, although correlated, have slightly different
relationships to the type of underlying scar. While integral spatial QRS/T
angle was wider mainly with ischaemic scar, frontal QRS/T angle seemed to
derange with both ischaemic and non-ischaemic scar. The structural impact of
ischaemic and non-ischaemic scar can be quite different in terms of size,
location and which layer of the myocardium being affected. This can
potentially have different impact on the electrical activity of the heart, such as
the extent of conduction delay, and the transmural or apical-basal
repolarisation gradient that can be exaggerated with the scar. However, the
actual link between scar formation and related electrophysiological changes
was unclear and would require modelling or experimental studies to address.
Also patients with ischaemic scar had significantly lower LVEF as compared
to the other two groups. As a moderate correlation between QRS/T angle and
LVEF was observed, we were unable to separate how much of the
derangement in QRS/T angle was driven by scar alone and other remodelling
processes associated with depressed LVEF. However, the moderate
correlation observed between QRS/T angle and LV structure suggested it
may or may not carry additive information to structure changes and the
prognostic value of QRS/T angle in relation to arrhythmic events will be
examined in Chapter 7.

SVD
There has been limited study of structural correlates of SVD measures, with
scarce evidence on T wave morphology dispersion (TMD) being correlated
with LV mass in patients with echocardiographic LV hypertrophy [409]. In
the current study, T wave and TpTe morphology dispersion (TMD, TpTe
TMD) were both inversely correlated with LVEF, and proportionally
correlated with LVEDV and LV mass, and significantly larger in patients with
ischaemic scar. QRS morphology dispersion (QMD), which has never been
described in the literature, was also inversely correlated with LVEF and
proportionally to LVEDV, and increased in patients with ischaemic scar. The
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morphology dispersions measured by SVD quantify the morphological
dissimilarity of the QRS and T wave among the ECG leads. Their associations
with underlying structure may render them markers of disease rather than
independent predictors, yet this requires further investigation to clarify.
Other SVD measures such as QRS rel, TWR rel and TpTe rel did not differ
significantly in relation to global structural changes or presence of scar. There
was a significant yet relatively weak association between QRS rel and scar
mass (r=0.305, p<0.05). The lack of association between these measures and
structural changes may imply they represent unique information on deranged
electrophysiological changes, and whether any of the measures carry
predictive value in relation to arrhythmic occurrence will be investigated in
the next Chapter.

Limitations
The ICD population in this study was based on a subgroup of ICD patients
that had cardiac MRI done before implant based on the clinical decision of the
need to assess underlying viability or pathology in cases that were not clear.
Therefore, it cannot be excluded that the finding of the current study can be
potentially biased by the clinical selection of patients undergoing MRI, which
were more likely to be primary prevention patients, patients with structural
heart disease, and less likely to be patients with channelopathy.
The ICD population is heterogeneous in nature encompassing a range of
underlying cardiac pathologies, reflecting all patients presenting to our
service undergoing cardiac MRI. ECG parameters may be influenced
differently according to the disease process, such as those influenced by
ischaemic heart disease may not be influenced in the same way as by nonischaemic heart disease. Further investigation in sub-group of patients of the
same pathology is warranted to examine the role of ECG parameters in
relation to structure in each disease process.
Also features of scar other than scar pattern, such as scar location and
transmurality may also impact on the electrophysiological property.
However, the present study was not sufficiently large enough to further subdivide the patients to examine their association or carry out multivariate
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analysis. Inter-relationship between LV scar, LVEF, LVEDV and LV mass was
considerable and separation of the independent influence of each of these
factors was not possible given the size of the patient population. However, it
was not the purpose of the study to quantify the contribution of structural
remodelling to electrophysiological remodelling, but rather an assessment of
the correlation between structural and ECG measures to inform us their
potential interaction and role in risk stratification.
The use of MRI imaging in the current study is the most reliable and
reproducible method of measuring LV function, diameter, and mass as
compared to echocardiography that was used in many of the previous
studies, which is less reproducible and more observer dependent. Cardiac
MRI also enabled visualisation and quantification of scar tissue. However, it
needs to be noted that although late gadolinium enhancement is the best
technique of visualising scar, it cannot be excluded that some patients with no
visualised scar may still have diffuse fibrosis that could not be visualised, yet
would have an impact on the electrophysiological properties of the
myocardium and ECG markers.

Conclusions
In this study, correlations between ECG measures and LV structural indices
of LV systolic dysfunction, dilatation, hypertrophy, and LV scar were
investigated. Many of the ECG measures were not correlated with LV
structural parameters, suggesting if any of them were predictive of
arrhythmic events, they were likely to be independent from structural indices.
The other ECG measures that were correlated significantly with LV structure
were mostly of weak to moderate strength, suggesting they may or may not
provide additive information to risk stratification.
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Chapter 7 Digital 12-lead ECG Risk Markers in
ICD Patients
Introduction
As demonstrated in the previous chapters, the ECG appears to be a promising
tool for risk stratification of ventricular arrhythmias. Manual assessment of
the ECG is limited in that a number of potential risk markers can only be
derived from a digital ECG. Digital analysis was explored and correlated with
structural indices in Chapter 4-6, demonstrating that some ECG derived
parameters were not correlated with structural indices obtained from imaging
and suggesting that these parameters may be able to risk stratify arrhythmias
independent of structural indices. In this Chapter, the set of digitally derived
ECG parameters (those selected at the end of Chapter 5) were examined in a
prospective cohort of ICD patients in relation to the delivery of appropriate
device therapy over the follow-up period to identify if any of these measures
were predictive of ventricular arrhythmia.

Methods
Study population
As already described in the pervious chapter, all patients who received new
ICD implants over a three year period from March 2010 to December 2012 at
Wellington Regional Hospital, and all patients receiving an ICD replacement
or upgrade from November 2010 to December 2012 were prospectively
enrolled. No exclusion criteria were applied. One patient received 2 implants
during the study period, only the first event was included in the study.
Patient demographics and clinical characteristics were collected at the time of
the ICD implantation. The same definitions were used as described in
Chapter 2. This study was reviewed by the Central Regional Ethics
Committee and found to conform to the New Zealand standards for
observational research.
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Device implantation and programming
All implants involved systems with transvenous leads. Programming was
made at the discretion of implanting physician as well as guided by the NZ
programing guideline [410]. Programming of devices with VF zone occurred
in all cases, and programming of additional VT and monitoring zones was at
the discretion of the implanting cardiologist, where 69 patients had single VF
zone, 95 had 2 zones and 37 had 3 zones programmed. The average rate of
VT1/VT2 zone (lowest rate) is 174.4±17.5bpm. Average VF zone was
216.2±20.9bpm.!

ECG recording and analysis
As described in Chapter 4, 60sec ECG recordings were obtained pre-implant
in the electrophysiology laboratory with the patient in supine position after
resting for a minimum of 5 minutes. The ECGs were exported and analysed
offline according to the methodology described in Chapter 4 using custom
written programs on LabVIEW 8.5 (National Instruments, Texas, USA). Only
the subgroup of ECG parameters retained at the end of Chapter 5 were used
for analysis in relation to outcome.

Follow-up and clinical events
Patients were followed up clinically with device interrogation at regular
intervals of 3-6 months, as well as home monitoring which was enabled in
84% of patients, and had their transmissions reviewed as they arose. All ATP
or shock episodes were reviewed by specialised cardiac physiologists and
classified as appropriate or inappropriate. If in doubt, they were reviewed
independently by implanting cardiologists. The primary endpoint was
defined as first occurrence of appropriate therapy (either ATP or shock) for
VT/VF episodes.
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Statistical analysis
Categorical variables are expressed as absolute numbers and percentages.
Continuous variables are expressed as mean ± standard deviation or median
(interquartile range) as appropriate. A normality test for each variable was
carried out using D’Agostino & Pearson omnibus normality test. Univariate
Cox proportional hazard model was used to examine the predictive value of
clinical and ECG variables in association with the occurrence of appropriate
therapy. Multivariate analysis was carried out using stepwise backward
selection of the Cox proportional hazard model (p<0.1 for entry, p>0.05 for
removal) to assess any independent variables correlated with the occurrence
of appropriate therapy. Hazard ratio was reported with 95% CI. A p-value
<0.05 was considered statistical significant for all tests. All statistical analysis
was performed using SPSS 19 (IBM, New York, USA).

Results
There were 225 patients who received ICD implants over the study period.
Patients were excluded if they were ventricular paced (12), the ECG quality
was inadequate for analysis (5), no ECG was recorded pre-implant (5) and in
2 patients where anaesthetic medication was inadvertently given before ECG
was recorded. After exclusion, 201 patients remained for analysis.
Over an average follow-up of 2.1±0.8 years (762±301 days) with minimum
follow-up of 1.1 years, appropriate therapy occurred in 61/201 (30%) patients.
The Kaplan-Meier curve for the occurrence of appropriate therapy is shown
in Figure 7-1. The 1-, 2-, 3- year cumulative appropriate therapy rates were
21%, 30% and 38% respectively. Inappropriate therapy was delivered in 13
(6%) patients, in 8 patients this was delivered when the underlying rhythm
was AF and in 5 due to other SVT. There were 17 patients (8%) who died
during the follow-up period. Out of the 17, 7 patients received both
appropriate ATP and shock from the device, 1 patient received appropriate
ATP only, 1 patient had inappropriate ATP but no shock delivered for AF,
and the remaining 8 patients did not receive any therapy from the device.
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40
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Figure 7-1 Kaplan-Meier curve for overall appropriate therapy.

Clinical characteristics
Demographics and clinical characteristics of all patients and patients with and
without appropriate therapy are shown in Table 7-1. The study population
was predominantly males (78%), average age 59.1±14.6 years. Ischaemic heart
disease was the underlying pathology in the majority of patients (43%),
followed by non-ischaemic dilated cardiomyopathy (DCM) (24%), and other
cardiac diseases. Mean LVEF was 38.8±17%, 49% had heart failure and 28%
had history of atrial arrhythmias including atrial fibrillation and flutter. New
ICD implants made up 75% of patients, and the majority of patients were
implanted for secondary prevention (67%).
On univariate analysis, male gender and ischaemic aetiology were significant
predictors of appropriate therapy. In detail, male patients had a higher
therapy rate than females (35% vs. 13%), where males were 3.1 times as likely
to receive appropriate therapy (95% 1.33-7.22, p=0.009). Patients with
ischaemic aetiology were more likely to receive appropriate therapy than
those with non-ischaemic pathology (HR 2.20, 95% CI 1.30-3.74, p=0.003).
Heart failure, secondary prevention, older age and lower LVEF all tended to
be associated with appropriate therapy; however, none of these were
statistically significant.
History of atrial arrhythmias was not predictive of appropriate therapy either
(p=0.76), and there was no difference in any of the other clinical variables in
relation to therapy.
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All n=201 No therapy (n=140) Therapy (n=61) p-value
Male

156 (78%)

101 (72%)

55 (90%)

0.009

Age

59±15

58 ±15

62±14

0.080

Ischaemic heart disease

96 (48%)

56 (40%)

40 (66%)

0.003

Non-ischaemic DCM

48 (24%)

37 (26%)

11 (18%)

0.36

HCM

5 (2%)

4 (3%)

1 (2%)

ns

ARVC

4 (2%)

2 (1%)

2 (3%)

ns

Channelopathy#

10 (5%)

9 (6%)

1 (2%)

ns

Idiopathic VT/VF

24 (12%)

21 (15%)

3 (5%)

ns

Other^

14 (7%)

11 (8%)

3 (5%)

ns

Heart failure

98 (49%)

62 (44%)

36 (59%)

0.09

Hx of atrial arrhythmias

56 (28%)

39 (28%)

17 (28%)

0.76

LVEF %

38.8±17

40.3±16.7

35.4±17.4

0.066

"-blocker

169 (85%)

115 (82%)

54 (89%)

0.17

Class III antiarrhythmic

48 (24%)

27 (19%)

16 (26%)

0.13

ACEI/ARBs

146 (73%)

100 (71%)

46 (75%)

0.57

Diuretics

85 (42%)

54 (39%)

31 (51%)

0.077

Spironolactone

46 (23%)

28 (20%)

18 (30%)

0.095

New ICD

150 (75%)

103 (74%)

47 (77%)

0.62

Secondary Prevention

134 (67%)

89 (64%)

45 (74%)

0.099

Single chamber

104 (52%)

73 (52%)

31 (51%)

0.93

Dual chamber

68 (34%)

47 (34%)

21 (34%)

0.98

CRT-D

29 (14%)

20 (14%)

9 (15%)

0.93

Underlying pathology

Clinical history

Medication

Implant Information

Table 7-1 Patient demographics and clinical characteristics. #Channelopathy include Brugada syndrome and
LQTS. ^Other includes myocarditis, cardiac sarcoidosis, congenital heart disease and mitral valve prolapse.
Class III antiarrhythmic defined as amiodarone, sotalol and ibutilide. ns=non-significant.
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ECG variables
There were 23 patients in AF at the time of implant, 2 patients were atrially
paced and the rest of patients were in sinus rhythm. Bundle branch block was
present in 87 (43%) patients with the majority being LBBB. There were 92
patients who had one or more PVC during the 60sec ECG recording. Details
of ECG variables are shown in Table 7-2.
On univariate analysis, presence of PVC, average QRS duration, QRS/T amp
ratio, abnormal QRS frontal axis, QRS rel and TWR rel and TpTe rel were all
significant predictors of appropriate therapy, as shown in Table 7-3. In detail,
patients with one or more PVCs were 1.90 times likely to receive appropriate
therapy than those without PVC (95% CI 1.14-3.16, p=0.014). Longer QRS
duration was associated with appropriate therapy, where every 1 ms
increment of duration was associated with 1.008 risk of receiving appropriate
therapy, in other words increased risk of appropriate therapy by 0.8% (95% CI
1.0003-1.015, p=0.039). Larger QRS/T amp ratio was predictive of appropriate
therapy, where every 1 unit of increase had 1.137 risk of receiving appropriate
therapy (95% CI 1.039-1.243, p=0.005). For patients with abnormal QRS frontal
axis, they were at 1.778 (95% CI 1.023-3.090, p=0.041) risk of receiving
appropriate therapy. For QRS rel, each 0.1% increase was associated with
4.5% increased risk of receiving appropriate therapy (HR 1.045, 95% CI 1.0121.079, p=0.007). Each increase of 0.01% TWR rel raised the risk of receiving
appropriate therapy by 2% (HR 1.020, 95% CI 1.010-1.031, p=0.00013). Each
0.001% increase of TpTe rel was also associated with a small increased risk of
appropriate therapy (HR=1.00036, 95% CI 1.00014-1.00057, p=0.0001).
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All n=201

No therapy n=140

Therapy n=61

p-value

Atrial Fibrillation

23 (11%)

16 (11%)

7 (11%)

0.86

PVC

92 (46%)

56 (40%)

36 (60%)

0.014

BBB

87 (43%)

55 (39%)

32 (52%)

0.10

LBBB

66 (33%)

46 (33%)

20 (33%)

0.78

114 (101.4-150.7)

112.7 (99.3-149.2)

125.3 (103.0-155.7)

0.039

32 (24-40)

32 (24-40)

40 (32-48)

0.081

0.884 (0.706-1.12)

0.889 (0.730-1.148)

0.871 (0.651-1.087)

0.28

3.36 (2.51-4.69)

3.34 (2.55-4.54)

3.39 (2.35-5.14)

0.005

avg QTc

452.1±41.4

,,$%-",.%'

,(-%(",'%-

0.19

avg JTc

318.9 (300.4-345.3)

318.9 (303.6-346.8)

317.7 (295-341.5)

0.67

avg TpTe

101.3 (91.5-114.3)

101.0 (92.2-114.3)

102.2 (90.5-114.3)

0.67

48 (32-64)

48 (32-72)

40 (24-72)

0.25

max T amp

0.565 (0.383-0.891)

0.573 (0.376-0.895)

0.565 (0.394-0.897)

0.47

avg T amp

0.300 (0.214-0.419)

0.295 (0.214-0.438)

0.313 (0.212-0.402)

0.45

avg T flatness

0.146 (0.089-0.197)

0.148 (0.086-0199)

0.134 (0.094-0.192)

0.64

18.9 (5.79-35.4)

20.1 (7.17-35.5)

14.5 (3.79-35.7)

0.92

136 (112-168)

136 (114-168)

136 (104-172)

0.79

max spatial QRS/T

144.3 (78-164.5)

147.5 (90.0-164.3)

133.4 (68.4-165.7)

0.21

max frontal QRS/T

123.9 (31.7-160.8)

127.9 (34.3-161.5)

111.0 (30.9-156.8)

0.52

integral spatial QRS/T

141.4 (102.8-165.0)

142.1 (104.9-164.2)

140.8 (99.1-166.0)

0.70

integral frontal QRS/T

127.7 (43.3-164.6)

128.5 (40.8-163.4)

140.7 (99.1-166.0)

0.88

abnormal QRS frontal

44 (22%)

26 (19%)

18 (30%)

0.041

abnormal T frontal axis

101 (50%)

70 (50%)

31 (51%)

0.81

0.339 (0.202-0.557)

0.34 (0.20-0.57)

0.337 (0.198-0.524)

0.62

77.1 (60.4-92.9)

78.2 (62.1-92.9)

72.7 (54.2-90.8)

0.082

QRS rel

0.252 (0.102-0.331)

0.15 (0.09-0.30)

0.337 (0.198-0.524)

0.007

T PCA

0.153 (0.113-0.259)

0.164 (0.117-0.250)

0.135 (0.112-0.289)

0.085

TMD

67.4 (27.8-85.8)

67.5 (28.3-85.5)

67.4 (25.1-86.1)

0.52

avg QRS
QRSd
avg QRS amp
QRS/T amp ratio

QTd

avg netAQT
tA25-75

QRS PCA
QMD

TWR rel
TpTe TMD
TpTe rel

0.0261 (0.0116-0.0646) 0.0246 (0.0117-0.0561) 0.0282 (0.0111-0.0890) 0.00013
55.5 (17.4-80.9)

55.3 (17.8-79.8)

57.4 (15.0-83.4)

0.92

0.0074 (0.0034-0.0175) 0.0074 (0.0034-0.0184) 0.0083 (0.0029-0.0164)

0.001

TCRT

147.1 (99.9-166.4)

131.4 (87.7-166.5)

151.4 (107.6-165.9)

0.12

SDNN

26.9 (16.1-45.2)

28.5 (16.6-45.6)

21.1 (14.8-45.5)

0.13

13 (8-22)

13.3 (8.1-21.9)

11.2 (6.7-20.9)

0.49

Simple HRV

Table 7-2 ECG parameters in all ICD patients, and those with and without therapy, statistical analysis
carried out by Cox proportional hazard model.
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Hazard ratio (95% CI)

p-value

Male

3.1 (1.33-7.22)

0.009

Ischaemic aetiology

2.20 (1.30-3.74)

0.003

PVC

1.90 (1.14-3.16)

0.014

avg QRS (per 1 ms increase)

1.008 (1.0003-1.015)

0.039

QRS/T amp ratio (per 1 unit increase)

1.137 (1.039-1.243)

0.005

abnormal QRS frontal axis

1.778 (1.023-3.090)

0.041

QRS rel (per 0.1 increase)

1.045 (1.012-1.079)

0.007

TWR rel (per 0.01 increase)

1.020 (1.010-1.031)

0.00013

TpTe rel (per 0.001 increase)

1.00036 (1.00014-1.00057)

0.001

Table 7-3 Univariate clinical and ECG predictors.

Multivariate model
In a multivariate model, potential risk markers that had univariate
significance value of p<0.1 were entered into the model as specified in the
statistics section. These were: LVEF, age, male gender, secondary prevention,
heart failure, ischaemic aetiology, diuretic and spironolactone use, presence of
PVC, average QRS, QRS dispersion, QRS/T amp ratio, abnormal QRS frontal
axis, QRS rel, QMD, TWR rel and TpTe rel. The result of multivariate analysis
is shown in Table 7-4. It was found that male gender, secondary prevention,
LVEF, PVC, TWR rel and QMD were independent predictors of appropriate
therapy. Males were 2.39 times likely to receive appropriate therapy (95% CI
1.02-5.62, p=0.045). Patients who had previous ventricular tachyarrhythmias
were at increased risk (HR 2.76, 95% CI 1.44-5.27, p=0.002). Depressed LVEF
was an independent predictor, where for each 1% decrease in LVEF, there
was 1.034 times risk of receiving appropriate therapy (95% CI 1.012-1.057,
p=0.002). Presence of at least one PVC also indicated increased risk (HR 2.08,
95% CI 1.21-3.59, p=0.009). Novel ECG measures TWR rel and QMD were the
only two other independent ECG parameters that were predictive of
arrhythmic events. With every 0.01% increase of TWR rel, there was 1.9%
increased risk of appropriate therapy (HR=1.019, 95% CI 1.009-1.030,
p<0.001). Alternatively by dichotomising TWR by upper quartile, patients
with TWR rel in the upper quartile had hazard ratio of 2.01 (95% CI 1.17-3.44,
p=0.011) of receiving appropriate therapy compared to the rest of the patients.
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For QMD with each 1° decrease, there was an increase in arrhythmic risk of
1.8% (HR 1.018, 95% CI 1.003-1.032, p=0.015), which translates to patients in
the lower quartile of QMD had hazard ratio of 1.78 (95% CI 1.003-3.15,
p=0.049) of receiving appropriate therapy when compared to patients in the
upper three quartiles.
Univariate Kaplan-Meier survival curves are shown for the independent
predictive variables of gender, implant indication, LVEF, PVC, TWR rel and
QMD (Figure 7-2 and Figure 7-3). For continuous variable, the upper/lower
quartile was used as cut-off point, which was less than 25% for lower quartile
of LVEF, more than 0.0646% for upper quartile of TWR rel and less than
60.43° for lower quartile of QMD. It needs to be kept in mind that KaplanMeier curves are univariate analyses, which are not entirely representative of
their prognostic value in a multivariate model that took into account other
risk markers and confounders. However, it can be seen that these predictors
are potentially useful for identifying those at higher risk of arrhythmic events.

Hazard Ratio (95% CI) p-value
Male

2.39 (1.02-5.62)

0.045

Secondary Prevention

2.76 (1.44-5.27)

0.002

1.034 (1.012-1.057)

0.002

2.08 (1.21-3.59)

0.009

TWR rel (per 0.01 increase)

1.019 (1.009-1.030)

0.00028

QMD (per 1 °decrease)

1.018 (1.003-1.032)

0.015

LVEF (per 1% decrease)
PVC

Table 7-4 Multivariate Cox regression model of independent predictors of appropriate therapy.
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A

B

Appropriate Therapy

Appropriate Therapy

80

80

Percent survival

100

Percent survival

100

60
40

Female
Male

20
0

0

1

2

40

Primary
Secondary

20
0

3

Years

Number at risk

60

0

1

2

3

48

30

10

100

45

9

Years

Number at risk

Female

45

41

34

34

Primary

Male

156

111

56

13

Secondary 134

67

Appropriate Therapy

C
Percent survival

100
80
60
40

LVEF>25%
LVEF <25%

20
0

0

1

2

3

Years

Number at risk
LVEF>25%

148

121

62

27

LVEF<25%

53

38

23

7

Figure 7-2 Kaplan-Meier curves for independent clinical predictors of appropriate therapy: A) gender, B)
primary vs. secondary prevention, and C) LVEF dichotomised by lower quartile.
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Appropriate Therapy

Appropriate Therapy

B

100

100

80

80

60
40

no PVC
PVC

20
0

Percent survival

Percent survival

A

60
40

0
0

1

2

3

Years

Number at risk

TWR rel<75th percentile

20

TWR rel >75th perentile
0

1

2

3

Years

Number at risk

No PVC 109

92

44

44

Low TWR rel 151

119

65

18

PVC

62

42

8

High TWR rel 50

31

17

17

92

Appropriate Therapy

C
Percent survival

100
80
60
40

QMD>25th percentile
QMD<25th percentile

20
0

0

1

2

3

119

64

18

37

19

7

Years

Number at risk
High QMD 150
Low QMD

51

Figure 7-3 Kaplan-Meier curves for independent ECG predictors of appropriate therapy: A) presence of
PVC, B) TWR rel dichotomised by upper quartile, and C) QMD dichotomised by lower quartile.

The patient population for the current study is heterogeneous in aetiology.
All ICD implants were included with no exclusion criteria. While the majority
of the patient group consists of IHD and DCM, other pathologies such as
HCM, ARVC, channelopathy, and idiopathic VT/VF can potentially have
different drivers of arrhythmic risk. To assess the impact of these smaller
groups on our results, analysis was repeated by removing patients with
ARVC and channelopathy as these were the groups identified to be most
likely to differ. Similar findings were found with the same set of independent
clinical and ECG variables that were predictive of appropriate therapy.
Therefore, the minority groups did not seem to exert significant bias to the
results of the whole cohort.
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Discussion
In this chapter, the prognostic value of clinical variables and digital ECG
variables were investigated in a prospective cohort of ICD patients. ECG
parameters including the presence of PVC, increased TWR rel and reduced
QMD were independent predictors of arrhythmic events along with the
clinical variables of LVEF, male gender and secondary prevention indication.
Over an average follow-up 2.1".%)!/0123, the end point of appropriate therapy
occurred in 30% of subjects with 3-year cumulative appropriate therapy rate
of 38%. This was largely in keeping with the literature where studies have
reported therapy rates of 29-51% for secondary prevention patients and 1537% for primary prevention patients over 3 to 5 years of follow-up [46-50].
Two historical cohorts of ICD patients from the same centre were studied in
Chapter 2 and Chapter 3 and had slightly higher therapy rates. The historical
cohort of patients implanted between January 2001 and December 2005 had
cumulative appropriate shock rate of 40% at 3 years, 52% at 5 year. In a more
recent cohort studied in Chapter 3 of patients implanted between March 2007
and March 2010, 44% patients received appropriate therapy over mean
follow-up of 29 months. This was reflective of the selective nature of the
implant population at our local practice and a high proportion of secondary
prevention implants. Comparing the therapy rate of the current cohorts with
the historical cohorts, the therapy rate of the current cohort was lower, which
could be mediated by a combination of factors, such as change in
programming practice with higher zone cut-off and longer detection time
[410], and expansion of patients implanted for primary prevention.

Independent ECG predictors—PVC, TWR rel and QMD
Presence of PVC
Three ECG features were found to be independent predictors of arrhythmic
events. The presence of a PVC over the 60 second ECG recording was found
in 46% of patients and was predictive of arrhythmic events where it was
associated with a hazard ratio of 2.08 (95% CI 1.21-3.591, p=0.009). In Chapter
3, presence of PVC over 10sec period was present in 21% of patients, and was
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predictive of appropriate therapy as well with very similar hazard ratio (HR
2.39, 95% CI 1.28-4.48, p=0.006).
The presence of ventricular arrhythmia in the form of PVCs or NSVT on
Holter recordings have long been recognised as a risk factor for adverse
outcome. Many studies have demonstrates the association of frequent PVCs
with cardiac mortality and arrhythmic events in post-MI patients [299].
MADIT-I and MUSTT used NSVT as inclusion criteria. Frequent PVCs over
10min (>3/10min) were associated with increased risk of appropriate ICD
therapy in MADIT-II patients over mean follow-up of 20 months [262].
The importance of PVCs and NSVT in non-ischaemic patients have been
studied less with NSVT being used more often than PVCs. NSVT was found
not to be associated with major arrhythmic events in a group of idiopathic
DCM patients over 43±26months follow-up [311]. However, further analysis
in a larger cohort of idiopathic DCM patients found longer runs of NSVT
(>10beats) were associated with major arrhythmic events [411]. In SCD-HeFT
the landmark trial of the prophylactic use of ICD implants in non-ischaemic
cardiomyopathy patients, the presence of NSVT of baseline 24-hour Holter
monitoring was an independent predictor of mortality as well as appropriate
ICD shock after 45.5 months of follow-up [412]. A similar finding of an
association between NSVT and ICD therapy was shown in a non-clinical trial
primary prevention group consisting of both ischaemic and non-ischaemic
patients with a mean follow-up of 2.1±1.4 years [300]. Mechanistically, PVCs
have been found to be responsible for the initiation of majority of VT and VF
episodes in ischaemic patients [413-415] and initiation of VT in non-ischaemic
patients [413, 414]; therefore, it is not unexpected that they carry prognostic
values.
In Chapter 6, a high proportion of patients with ischaemic scar had PVCs
(56%) as compared to 7% of those with non-ischaemic scar. However, 38% of
patients with no evidence of scar on MRI also had PVCs. Therefore, it was
plausible that scar was not the only contributing factor to the formation of
PVCs. Functional reentry which has long been recognised as another major
mechanism of re-entrant arrhythmias could be the mechanism in many
patients without scar, and repolarisation heterogeneity has long been
implicated in the mechanism of functional reentry as discussed in Chapter 1.

213

Therefore, the presence of PVCs regardless of the underlying substrate seems
to indicate higher risk.
The best method to quantify PVCs with the greatest predictive value remains
unknown. Longer ECG recordings such as Holter monitoring may provide
better prognostic value than shorter recordings, as they can quantify PVC
burden in terms of number per hour as well as catchment of NSVT. However,
it appears that PVC occurrence over shorter recordings may be a simple way
of reflecting high ectopic burden, and acts as a tool to prompt more
investigations or as a factor to be incorporated in a composite risk model.

Relative T wave residuum (TWR rel)
Another ECG parameter that was found to be an independent predictor was
TWR rel, where each 0.01% increasing TWR rel was associated with 1.9%
increase of arrhythmic events. By using upper quartile as cut-off, patients in
the upper quartile had 2.01 risk (95% CI 1.17-3.44, p=0.011) of receiving
appropriate therapy that was independent from all other predictors. TWR rel
is a relatively novel measure only proposed in recent years. Its derivation is
based on mathematical elaboration of the ECG signal, using principal
component analysis and singular value decomposition as described in the
methodology Chapter (Chapter 4). The concept is to extract information from
8 out of the 12 ECG leads, and present them into 8 components in descending
order of containing the most important to least important energy. The first 3
components contain the most energy representing the dipolar components of
the T wave vector in 3D space, which tracks the global voltage change during
the repolarisation phase contributed by synchronous signals from different
regions of the myocardium [365]. The remaining components are signals that
cannot be represented by the 3D dipole, and are called the non-dipolar
component, what was believed to represent regional repolarisation
heterogeneity that “correspond to discrepancy and asynchrony between
different

myocardial

pathophysiological

regions”

basis

of

[363].
TWR

Although
(the

the

non-dipolar

concept

of

component)

the
is

mathematical, simulation study has shown that non-dipolar component of T
wave is increased with increased repolarisation inhomogeneity generated by
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computer model [386], yet the exact electrophysiological basis needs further
validation by simulation and experimental studies.
As discussed in Chapter 1, there have not been many clinical studies
examining the predictive value of TWR, with no literature on their prognostic
value in ICD patients. In the current study, TWR rel was found to be
independent predictor of arrhythmic event. When comparing TWR rel to
normal volunteers, it was significantly higher in ICD patients (median 0.026
vs. 0.013%, p=0.0028). Structurally TWR rel was not correlated with LV scar,
LVEF, LVEDV or LV mass, which implied it might be a purer
electrophysiological measure independent of structural changes and provides
additive information.
TWR, the non-dipolar component, can be expressed either in absolute or
relative term, where the relative term was adjusted to the global overall
energy. In the current study, only TWR rel was found to be independent
predictor. TWR abs was not analysed in this chapter, because in Chapter 5 no
significant difference in TWR abs was found between normal volunteers and
ICD patients. Therefore, the finding of this study suggested that it is the
increase in relative proportion of the non-dipolar component adjusted for the
overall global T wave energy (TWR rel=TWR abs/overall energy) that
contained predictive value. As no previous study has examined this measure
in an ICD population, the finding of our study is novel and will need to be
confirmed and validated in larger studies. However, it supports the belief that
repolarisation heterogeneity is implicated in arrhythmogenesis and novel
markers can be useful risk markers.

QRS morphology dispersion (QMD)
QRS morphology dispersion (QMD) was the third ECG measure that was
shown to be an independent predictor, where lower QMD was associated
with increased arrhythmic risk. Patients in the bottom quartile had 1.78 risk of
receiving appropriate therapy (95% CI 1.003-3.15, p=0.049). The measure
QMD is a novel measure in this thesis that has never been reported in the
literature before. It is derived using the same methodology as T wave
morphology dispersion (TMD) on the QRS complex. TMD quantifies the
morphological dissimilarities of T wave among the ECG leads, where the
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higher the value the more dissimilar the T wave looks across the different
leads. It was proposed as another approach to characterise repolarisation
heterogeneity; however, there is lack of modelling or experimental studies to
examine its electrophysiological meaning and it could only be interpreted as a
quantification of spatial T wave morphology variance. A Finnish population
study demonstrated TMD to be an independent predictor of all cause and
cardiovascular mortality in men [160]; however, other studies have not found
significant predictive value of TMD in relation to adverse clinical outcomes
[159, 161, 166], and it had no predictive value in the current study.
To extend this concept to QRS, higher QRS morphology dispersion would
quantify greater morphological dissimilarity of QRS complex between ECG
leads. Closer examination confirmed that TMD and QMD were both
significantly greater in patients with BBB, which were consistent with the
knowledge that BBB is often associated with altered QRS morphology and
associated T wave change such as T wave inversion. In Chapter 6, QMD was
found to be higher in patients with LV ischaemic scar, and was also inversely
correlated with LVEF and positively with LVEDV, such that higher QMD was
associated with lower LVEF and larger LVEDV. Therefore, it was not
intuitively expected that lower QMD would be independently associated with
higher arrhythmic risk in this Chapter. It was noticed that patients with lower
value of QMD generally have quite similar looking QRS complexes across the
12-lead, perhaps implying there was a loss of the normal variation of the QRS
complex. Examples are given in
Figure 7-4, Figure 7-5 and Figure 7-6. Patient 1 had low QMD and looking at
the 12-lead, there was little variation in QRS morphology in the precordial
leads. In Patient 2 with low QMD as well, the QRS morphology also looked
very similar across the precordial leads. In Patient 3 however, there is
changing QRS morphology and transition from predominantly negative to
positive across the precordial lead and the measured QMD was high.
Therefore, it is plausible that higher QMD could be a marker of risk that
would be mediated by its association with lower LVEF and scar, while on the
other extreme lower QMD could be a risk marker as well that was
independent from other variables. Low QMD as a representation of reduced
variation in QRS morphology could be a sign of pathology that may be driven
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by some electrophysiological derangements that are not completely
understood. Further larger studies are needed to examine the role and
meaning of QMD to confirm our study finding.

Figure 7-4 Patient 1 with low QMD of 36.47.

Figure 7-5 Patient 2 with low QMD of 43.301.
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Figure 7-6 Patient 3 with high QMD of 101.28.
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Univariate independent ECG predictors
A number of ECG parameters were found to be significant univariate
predictors of outcome including depolarisation measures of QRS duration,
QRS/T amplitude ratio, abnormal QRS frontal axis and QRS rel, and the
repolarisation measure of TpTe rel. However, they were no longer significant
predictors in the multivariate analysis. This could be due to structural
correlates of some of the ECG measures, therefore exhibit no additional value.
Or it may be a result of statistical power limited by the study sample size.
Therefore, some of them may still be valuable predictors that warrant further
investigation.
QRS duration
In the current study, longer QRS duration was univariately associated with
arrhythmic events, however not in multivariate model. As discussed in
Chapter 1, QRS duration has been shown to be predictive of cardiovascular
mortality [194] as well as SCD in population studies [195]. It was a wellestablished marker of mortality and SCD in heart failure patients [196-198],
SCD in coronary artery disease patients [199], and mortality in post-MI
patients [200]. However, in high risk ICD patients, prolonged QRS was not
found to be predictive of arrhythmic event in some studies [204-206], despite
other studies concluding positive results [201-203]. In Chapter 6, QRS
duration was found to correlate with LV structure indices, such that
prolonged QRS was correlated with depressed LVEF, greater LVEDV and
larger LV mass. Thus, it was plausible that average QRS may be a marker of
disease, but did not exert independent prognostic value when LVEF was
included in the multivariate model.

QRS/T amplitude ratio
QRS/T amp ratio is another novel measure in this thesis, which measures the
ratio between 12-lead maximum QRS amplitude and maximum T amplitude.
Large QRS/T amp ratio was associated with high arrhythmic risk in
univariate

analysis

(HR

1.137,

95%

CI

1.039-1.243,

p=0.005).

The

pathophysiological basis was unclear, and exaggerated QRS/T amp ratio can
be mediated by either high QRS amplitude or reduced T wave amplitude, and
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may be a measure of loss of association between the depolarisation and
repolarisation processes. In Chapter 5, QRS/T amp ratio was greater in ICD
patients than healthy controls (median 3.36 vs. 2.53, p=0.0006); no difference
in maximum QRS amplitudes was found while maximum T wave amplitude
was lower in ICD patients than healthy volunteers (maximum T amplitude
0.57 vs. 0.97mV, p=0.0004), suggesting QRS/T amp ratio may be more
mediated by reduced T wave amplitude rather than change in QRS
amplitude. In Chapter 6, QRS/T amp ratio had no structural correlates. What
QRS/T amp ratio means is unclear and since it is a novel measure and the
finding of its univariate association with arrhythmic events was a new finding
that has never been reported before, our result needs to be examined and
confirmed by further studies.

Abnormal QRS frontal axis
Abnormal QRS frontal axis, defined as axis deviation beyond 90° or less than
–30°, was found to be significantly associated with the occurrence of
appropriate therapy with a univariate hazard ratio of 1.78 (90% CI 1.02-3.09,
p=0.041). QRS axis deviation is often observed in association with bundle
branch block. However, in this study the presence of BBB was not associated
with therapy. This suggested QRS frontal axis deviation beyond those caused
by BBB is a pathological sign of deranged depolarisation process and such
derangement could mediate increased risk of arrhythmia.

QRS rel
Similar to QMD, QRS rel is a novel measure where the concept of
methodology came from the computation of TWR rel, and that QRS rel may
be better quantification of regional depolarisation heterogeneity than
conventional measures of QRS duration or QRS dispersion. In the current
study, QRS rel was a univariate predictor, where increase QRS rel was
associated with arrhythmic event; however it was no longer significant in
multivariate analysis. In Chapter 6, QRS rel was found to have a weak but
significant correlation with LVEF and also LV scar mass, which may have
contributed to its lack of prognostic value in multivariate analysis. Therefore,
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QRS rel may be a risk marker of underlying structural changes that lead to
conduction abnormality; however, more investigations are needed about this
measure before any conclusion could be made.

TpTe rel
TpTe rel was the equivalent measure of TWR rel applied on the TpTe segment.
This was based on the proposal that TpTe interval represents transmural
repolarisation gradient, therefore may be of greater prognostic importance.
However as already discussed, this concept was highly controversial and a
previous study did not find useful prognostic value of the relative nondipolar component of TpTe [387]. In this study, TpTe rel was a univariate
predictor, however was no longer significant in multivariate analysis, and
TWR rel and TpTe rel were indeed closely correlated (r=0.689, p<0.001).
Therefore, the use of TpTe component may be limited and offer no additional
information, and the analysis of the whole T wave may present a better
option for characterising repolarisation heterogeneity.

Negative ECG findings
A number of ECG parameters that have been proposed in the literature to be
prognostic of adverse clinical outcome including arrhythmic events were not
found to be predictive in the current study.
QRS dispersion
QRS dispersion was found to be associated with appropriate therapy in a
retrospective ICD cohort by manual measurement in Chapter 3. In this study,
despite a trend of longer QRS dispersion to be univariately associated with
appropriate therapy, this was not statistically significant (p=0.08), and was
not a predictor in the multivariate model. As discussed in Chapter 3, QRS
dispersion has been hypothesised as a measure of conduction heterogeneity;
however, evidence of its use in clinical populations was limited. The lack of
association found in this chapter may be a reflection of more accurate
measurement with digital analysis, or a lack of statistical power. More
investigations into QRS dispersion is warranted as it may carry prognostic
value in certain subgroup of patients such as patients with bundle branch
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block, that we have been unable to carry out subgroup analysis due to the
limited sample size in the current cohort.

Repolarisation scalar measurements
Repolarisation intervals including QT, QT dispersion and TpTe were not
associated with appropriate therapy in this study. Despite much interest in
QT duration and QT dispersion, the literature is divided in their prognostic
usefulness. TpTe interval was a controversial concept as discussed previously.
With the development of more sophisticated and probably better ECG
measures, the prognostic value of these measures may be limited and of little
value.
A few of the T wave morphology measures that were not commonly
quantified were examined in the thesis, including T wave amplitude,
gradient, symmetry, flatness and area. Firstly many of the measures were
closely interrelated, such as area measurements and gradients were closely
related to amplitudes. Secondly, symmetry measure did not differ
significantly between ICD patients and normal volunteers. T wave flatness,
average net QT area and tA25-75 were the only measures that remained to be
analysed in this chapter and no relation was found with outcome. These
morphological

measures

were

proposed

mainly

in

the

context

of

distinguishing LQTS patients and monitoring cardiac effects of drugs as
discussed previously [348-351]; therefore, the current study suggested that
they might not be applicable in ICD populations.

Vectorcardiography QRS/T angle
Vectorcardiography QRS/T angles in this chapter were not associated with
arrhythmic events, while other studies have demonstrated their prognostic
power [139, 140, 383]. There are a few possible explanations to this. First of all
as already mentioned, the current study was limited by its sample size due to
the number of implants at local practice and the time scope of the PhD. Also
the current study included both primary and secondary prevention patients,
while the studies conducted in the literature were mainly based on primary
prevention patients, which in the current study we were unable to carry out
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subgroup analysis on primary prevention patients only due to the limited
sample size. Also it was known that BBB often leads to widening of QRS/T
angle due to associated depolarisation and repolarisation changes. The
current study had a significant proportion of patients with BBB (46%), while
studies in the literature had lower rates (23-25%) [140, 383], thus may have
impacted on the results. This may reflect the implant population at local
practice was more selective with more advanced disease, thus higher
proportion of BBB. The mixed pathology of the current ICD cohort may also
contribute to the negative result, as prognostic values may be different
depends on the populations studied. Therefore, due to a number of
limitations, the negative result of QRS/T angle in the current study did not
exclude that QRS/T angle may have role in contributing to risk stratification.
Significant association between QRS/T angle and LV structure was observed
in Chapter 6; therefore in future studies, it is warranted to include LV
structural indices along with QRS/T angle to assess their independent
prognostic value.

Ventricular gradient—net QT integral
As discussed in Chapter 1, ventricular gradient was an old concept proposed
to reflect pure primary repolarisation changes [145]. Ventricular gradient can
be either measured as spatial ventricular gradient from vectorcardiography or
net QT integral on 12-lead ECG. In Chapter 5, spatial ventricular gradient
magnitude was closely related to average T amplitude (r=0.834, p<0.001), and
therefore removed from analysis. Average net QT integral had no strong
correlation with conventional ECG measures and it was significantly reduced
in ICD patients than healthy controls. In Chapter 6, it was found to be
proportionally related to LVEF (r=0.363, p<0.01) and significantly reduced in
patients with ischaemic scar. The current study did not find prognostic value
carried by average net QT integral. A previous study examining absolute QT
integral, which is a slightly different metric, in primary prevention ICD
patients found reduced absolute QT integral to be associated with risk of
ventricular arrhythmia [150]. More investigations are required to clarify the
pathophysiological meaning as well as the clinical role of net QT integral.
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T wave SVD measures
While TWR rel was an independent predictor in multivariate analysis, other
measures derived from SVD such as T PCA ratio, TMD, TWLD and TCRT
have also been proposed to be markers of repolarisation heterogeneity.
TWLD was not included in the analysis for this Chapter, as it did not show
significant difference between ICD patients and normal controls in Chapter 5.
Other variables were not found to be predictive of appropriate therapy in the
present study. Clinical studies on the predictive value of these measures in
relation to adverse outcome in various patient groups were mixed as
discussed in Chapter 1 [158-161, 163, 165, 166, 416]. In the current study, TMD
was not found to be predictive of outcome, despite its correlation with LVEF,
LVEDV, LV mass and ischaemic scar as observed in Chapter 6. Although T
PCA ratio was a marginally significant univariate variable, it was not an
independent predictor in multivariate analysis.
TCRT was the wavefront direction descriptor that measures the angle
between the QRS and T loop in the 3 dimensional space spanned by the first 3
principal components. It resembled the idea of spatial QRS/T angle, but with
some differences. Spatial QRS/T angle is based on vectorcardiography and
the X, Y, Z axes represent true spatial orientation. Different from this, the first
3 components of SVD just represent the first three independent components
and, although they can be presented in a 3D space as well, its spatial
orientation does not have any true geometrical meaning. Closer examination
showed they were closely correlated (correlation between integral spatial
QRS/T angle and TCRT in ICD population r=0.866, p<0.001) and neither
QRS/T angle nor TCRT demonstrated any predictive value in the current
study.
The negative findings in the current study may be due to lack of statistical
power with the small sample size; therefore, one cannot exclude their clinical
use. Further larger studies are warranted to investigate the use of SVD
measures as they have never been investigated in ICD patients prior to this.

Heart rate variability
Depressed HRV has been studied extensively in the literature and shown to
be a good risk marker of adverse outcome as discussed in Chapter 1. It is
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commonly measured over a 24hr period with Holter monitoring and HRV
quantified over shorter period has not been used widely. We found HRV to
be depressed in our ICD cohort when compared to healthy volunteers as
examined in Chapter 5 (SDNN median 26.9 vs. 44.1ms, p=0.0010, simple HRV
median 13% vs. 24%, p=0.0003). However, in Chapter 3, 10-sec HRV was not
found to be associated with device therapy using a simple calculation. HRV
quantified by SDNN and simple HRV (the method used to quantify 10-sec
HRV in chapter 3) over 60 seconds in the current cohort were also not
predictive of appropriate therapy.
There are a few possible explanations for this negative finding. HRV
calculated over different time frames may reflect different processes of the
autonomic modulation, such as parasympathetic control is more dynamic and
exerts its influence over shorter time frame as compared to sympathetic
control that is slower [252]. The recording obtained in this cohort of patients
was limited to 60sec due to practicality. Thus, short-term recording may not
be adequate to capture enough information and HRV quantified over longer
time period may offer better information on autonomic function, as studies in
the literature have largely used 24hr Holter monitoring to quantify HRV and
demonstrating its prognostic potential [253-255]. There is also circadian
variation of HRV that we have not been able to account for in the current
thesis and would require further investigation. The small sample size and
heterogeneity of the study population may also explain the negative finding
in the current cohort.

Independent clinical predictors
In addition to the ECG variables, 3 clinical variables have been identified to be
independent predictors of appropriate therapy, including male gender,
secondary prevention and depressed LVEF.
Gender
In the current chapter, males were 2.39 times likely to receive appropriate
therapy, which was similar to findings in Chapter 2, where males were found
to have hazard ratio of 1.95 of receiving appropriate shock (HR=1.95 95% CI
1.07-3.55, p=0.03), with no mortality difference between males and females.
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There have been a number of studies that demonstrated similar results, where
women have been shown to have lower therapy rate, and either similar or
lower rate of all-cause mortality [273-275, 277]. As discussed in Chapter 2,
there was ongoing controversy about the use of ICDs in females. Women
were shown not derive the same mortality benefit from primary prevention
ICDs as males in two different meta-analyses [272, 276]. However, another
study did not conclude such a finding [417]. The reason for the apparent lack
of benefit of ICDs in females is uncertain. Studies have suggested women
tended to have lower arrhythmic risk but similar all-cause mortality possibly
due to difference in myocardial remodelling in response to different insults
[418]. The gender issue is difficult to solve, as the number of women enrolled
in landmark trials was small, which could be the reason of perceived lack of
benefits. Therefore, gender of itself cannot be a justification of withholding
ICD therapy at this stage. However, it may be that in combination with
additional risk markers, it can give us a better picture to risk assess women
instead of using LVEF alone.

Secondary Prevention
Patients with secondary prevention experienced higher arrhythmic events
than primary prevention patients (HR 2.76), as has been consistently
demonstrated in previous studies [48, 50]. In the two retrospective cohorts
studied in Chapter 2 and Chapter 3, similar hazard ratios of 2.11 and 2.55
were found respectively. Although implantation in secondary prevention
patients is less controversial, there are still about a third of patients who may
not benefit from the device implant. There also remain areas of uncertainty in
secondary prevention such as treatment of patients with undocumented
syncope and patients with uncertainty regarding the role of reversible
ischaemia as their cause of arrhythmic events. Therefore, additional risk
factors may be helpful in these contexts.

LVEF
In the current study, lower LVEF was an independent predictor of higher
arrhythmic risk, which was consistent with other studies [391]. LVEF is a
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strong predictor of arrhythmic events and remains the most important risk
marker

that

influences

the

decision

making

for

prophylactic

ICD

implantation. However, risk stratification using LVEF has its limitations as
discussed in detail in Chapter 1 [264]. On one hand, the majority of SCD
victims do not have overtly reduced LVEF that would meet the criteria for
prophylactic ICD implantation [24, 26], while on the other hand the therapy
rate among patients implanted for primary prevention with depressed LVEF
are relatively low. Therefore, while LVEF is useful for risk stratification, the
use of additional risk markers to further improve risk stratification for
individual patients is desirable.

Limitations
As mentioned already, the small sample size and heterogeneity of the study
population constrains our ability to detect risk markers due to a lack of
statistical power. Despite this, 3 ECG derived parameters were found useful
in a multivariate model of risk. Due to the heterogeneous population, the
variables found to be associated with arrhythmic risk may not be applicable
in all disease groups, and may confer better predictive value in certain
subgroups. Unfortunately this could not be examined further in the current
study. Further investigations with larger sample size and more homogeneous
populations such as primary prevention only, and single aetiology are
warranted to confirm and validate the use of ECG parameters as potential
risk stratifiers.

Conclusions
In this chapter, three clinical variables (male, secondary prevention, and
LVEF) and three ECG parameters (PVC, TWR rel, and QMD) were identified
to be independent predictors or arrhythmic events in a population of ICD
patients examined prospectively. While the clinical variables including male
gender, secondary prevention and depressed LVEF are widely accepted as
significant risk markers as reported by many previous studies, the presence of
PVCs and two novel ECG measure (TWR rel and QMD) that have never been
examined in an ICD population before were identified to have independent

227

predictive value. Our findings suggest that the ECG in combination with
advanced analysis technique is able to provide additional risk stratification
beyond the use of LVEF and other clinical variables. Further investigations
are required to confirm and validate our findings in larger cohort with more
homogenous populations, and a combined approach of risk stratification of
multiple factors is likely to be a better approach instead of the use of a single
variable.
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Chapter 8 Discussion
Summary
Better risk stratification of SCD has long been recognised as a necessary yet
challenging task [266]. A number of testing modalities have been proposed to
provide additional information for better risk stratification, including the
invasive technique of programmed electrical stimulation, and non-invasive
techniques such as risk markers from 12-lead surface ECG, scar imaging with
CMR, exercise testing, Holter monitoring, sympathetic innervation imaging
using 123-I metaiodobenzylguanidine (MIBG), and potentially serum
biomarkers and genetic testing [419]. In this thesis, we focused on the use of
12-lead surface ECG as it is an accessible, widely used and low-cost clinical
tool. A series of studies were carried out to explore the value of 12-lead ECG
for risk stratification of ventricular arrhythmias in an ICD population.
In Chapter 2, a local cohort of ICD patients was reviewed retrospectively with
long-term follow-up. A higher appropriate therapy rate was found locally as
compared to those reported in the literature. Despite this there were still
almost half of the patients (45%) who did not seem to benefit from the device,
and

a

significant

minority

(17%)

who

either

experienced

adverse

complications from the device without actually receiving benefit, or died
before any device activation.
In Chapter 3, the use of paper 12-lead ECG with manual assessment was
examined for potentially useful risk markers. The presence of PVC over a
10sec recording and an increased QRS dispersion were found to be associated
with arrhythmic events, while some of the previously proposed measures
such as QRS duration, QT duration, QT dispersion, early repolarisation, fQRS
and Selvester score were not associated with arrhythmic events. The use of
paper ECG has its limitations in terms of accuracy associated with manual
measurement, a limited number of parameters that can be derived and
inability to derive more complex measures; thus, digital ECG analysis may
present a more useful technique.
In Chapter 4 the use of digital ECG analysis was explored with a large
number of ECG parameters computed using custom written software.
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Parameters were derived including scalar measurements from 12-leads
characterising the depolarisation and repolarisation processes and heart rate
variability, as well as vectorcardiography and SVD analysis on transformed
signal from the 12-lead ECG.
In Chapter 5, the digital ECG parameters derived from Chapter 4 were
examined in a group of healthy volunteers and a prospective cohort of ICD
patients. The original 95 parameters computed were reduced to a subset of 30
ECG parameters, which were relatively uncorrelated with conventional ECG
parameters and differed in ICD patients when compared to normal
volunteers, thus were identified as potentially useful risk markers.
In Chapter 6, the selected subset of ECG measures from Chapter 5 was related
to CMR structural indices of LV scar and LV global remodelling of ventricular
function, size, and hypertrophy. While some measures such as QRS-T angle,
QRS and T wave morphology dispersion exhibited moderate correlation with
global LV function and deviated in patients with ischaemic scar, many of the
other measures did not have strong structural correlates, suggesting they
could potentially contribute independent information on the electrical
property of the myocardium.
In Chapter 7, the ECG measures were related to arrhythmic events in 201
prospectively enrolled ICD patients with an average follow-up of 2 years.
Appropriate therapy was observed in 30% of patients. Multivariate analysis
found male gender, secondary prevention, LVEF, presence of PVC, TWR rel
and QMD to be independent predictors of appropriate therapy. Among these
the independent predictive values of high TWR rel (a SVD-based measure of
regional

repolarisation

heterogeneity)

and

low

QMD

(spatial

QRS

morphology dispersion across 12-lead) were new findings that have never
been reported in the literature. Other ECG-based parameters such as average
QRS, QRS dispersion, QRS/T amplitude ratio, abnormal QRS frontal axis and
QRS rel also showed univariate predictive value of arrhythmic event,
however were no longer significant in multivariate analysis. This may be
partly due to statistical power of the relatively small study size and their
predictive role warrants further evaluation in a larger cohort.
As mentioned in Chapter 1, the development of any novel risk markers
requires extensive investigation before they can be implemented into clinical
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practice, as shown in Table 8-1 [263]. In this thesis we prospectively identified
2 novel ECG markers (TWR rel and QMD) and clinical variables that
predicted development of arrhythmic events (phase 2), and their predictive
value was independent of established risk markers i.e. depressed LVEF and
secondary prevention indication (phase 3). Some ECG markers were also
shown to be potentially useful in predicting clinical events; however, they did
not add incremental value. The results of our study need to be validated in
larger prospective cohort and preferably in subgroups of patients of the same
aetiology as different markers may perform differently depending on the
underlying pathology. How to incorporate these potential risk markers into
clinical practice needs to be further investigated.

Table 8-1 Phases of Evaluation of a Novel Risk Marker. Goldberger J et al. Circulation 2014;129:516-526.
Reproduced with permission from Wolters Kluwer Health [263].
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Future direction
Combined approach of multiple risk markers
As already mentioned, while potentially useful ECG and clinical markers
have been identified in this thesis and in the literature, where to go from here
is challenging. No single measure has proved superior to LVEF and
increasingly it has been recognised that it is unlikely that a single risk marker
identifying all patients at risk of SCD. Mechanisms of ventricular
tachyarrhythmia are multifactorial involving complex interactions between
structural and electrophysiological properties of the ventricle. Therefore, a
combined approach for risk stratification incorporating multiple risk factors
that reflect the multitude of abnormalities contributing to arrhythmia
propensity seems to be a more sensible approach to refine risk stratification,
such as incorporating measures reflecting LV global remodelling, LV scar,
cardiac depolarisation abnormality, repolarisation dispersion and autonomic
dysfunction.
There have been a few studies that have attempted such approach. Using the
MADIT-II population, a post-hoc analysis identified 5 easily clinical factors
(NYHA class >II, AF, QRS duration >120ms, age >70 years, blood urea
nitrogen >26mg/dl) that were all associated with increased mortality risk.
The absence of any of the factors were associated with relatively low
mortality and no benefit from the ICD [420]. A post-hoc study from MUSTT
study also looked at the use of a combined approach of risk stratification
[391]. In that study a number of variables were identified to have prognostic
value for all-cause mortality and arrhythmic death independent of LVEF,
such as NYHA functional class, NSVT, LV conduction abnormality etc. By
scoring each patient according to the above risk factors, it was found that
patients with a LVEF<30% but no other risk factors exhibited very low
mortality and arrhythmic risk, as compared to some patients with LVEF>30%
and other risk factors who could have a much higher mortality and
arrhythmic risk. These findings suggested multiple factors in addition to
LVEF contribute to the prognostic outcome of a patient, and supported the
use of a combined approach. Another prospective cohort of post-MI patients
assessed the use of combined assessment of autonomic function (heart rate
turbulence), electrical substrate (mTWA) and LVEF, and found that the
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combination predicted the development of arrhythmic and adverse clinical
outcomes better than LVEF alone, supporting the notion of combined tests
[421].
As many of the risk markers are interrelated with each other due to the
complex interaction between structural and electrophysiological changes,
ideally a multi-modality approach where clinical variables and measures
from a range of clinical tests including ECG, echocardiography, CMR
imaging, Holter monitoring, exercise testing and biomarkers should be
examined all together to evaluate independent predictors. However, there
have been few studies that have assessed multiple modalities together. There
has been no study that has included both ECG markers and CMR
measurements to assess their independent predictive value. In this thesis we
have demonstrated some structural correlates of the ECG measures with LV
structure, implying it would be important to assess their prognostic value
together to decide the best risk stratifier; however, we were unable to carry
out such analysis in the current thesis due to the small number of patients
with pre-implant MRI.
Such a scoring system is not only needed to identify patients at high
arrhythmic risk, but would also be useful for identifying competing risk of
non-arrhythmic mortality. As shown in Chapter 2, a significant proportion of
patients die before receiving any therapy from the device. Therefore, better
ways to more reliably assess each patient’s risk by weighing up the patient’s
arrhythmic risk, mortality risk and complication risk from the device would
enable us to make a more informed individually-tailored decision on ICD
implant.

Sequential testing approach
An alternative strategy to a combined model encompassing multiple risk
markers to assess a patient’s arrhythmic risk is a sequential approach of
guiding further testing to classify patient’s risk. The use of cardiac MRI has
been shown to be a very promising tool in both ischaemic and non-ischaemic
aetiologies

where

mechanistically

it

directly

predisposes

visualises
to

anatomical

re-entrant

substrate

arrhythmia.

that
Also
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electrophysiological study of programmed stimulation, although no longer
used routinely, may still have a role in identifying patients at high arrhythmic
risk as demonstrated by some recent evidence [422]. The electrophysiology
group in Westmead Australia have been investigating the utility of EP study
in guiding ICD implantation in the early post-MI phase of STEMI patients
treated with primary percutaneous coronary intervention (PCI) for many
years. In this group of patients, they have demonstrated that patients with
early inducible VT post-MI had considerable long-term arrhythmic risk that
ICD implantation conferred protective benefit, while patients with negative
EP study were at significantly lower risk of arrhythmic events [423].
Comparing patients with depressed LVEF (LVEF<30% or LVEF<35% with
HF) but negative EP study with patients with LVEF>40%, no difference in
survival or occurrence of arrhythmia was found over median follow-up of 32
months, while on the other hand patient with depressed LVEF and positive
EP had significantly more arrhythmic events [422]. This result suggested
patients with negative EP study despite LV dysfunction assessed in the early
phase post-MI were at low risk of arrhythmic event with good long-term
prognosis without implantation of an ICD; therefore, EP study may be a
valuable tool of risk stratifying and guiding ICD implantation. Yet this result
needs to be confirmed with further studies with longer follow-up and
questions remain on whether the role of EP study was only limited to STEMI
patients treated with primary PCI and to be assessed during the early phase
post-MI, or whether it could be extended to wider context.
However, both CMR and EP study are expensive procedures with limited
availability and EP studies are invasive and associated with a small but
significant risk of complications [424]. Therefore, it may not be practical to
take every patient to the EP laboratory or for every patient to be scanned by
MRI. The use of ECG, which is more accessible and low-cost, can thus
potentially act as an initial tool of assessment and guide further assessment
such as cardiac MRI or EP study. This concept of approach has been
previously examined, where the limited sensitivity and specificity of any
single risk marker was recognised and a three-stage algorithm of testing was
developed [425]. As illustrated in Table 8-2, in Stage 1 patients underwent
assessment of LVEF and signal averaged ECG (SAECG) initially. If both were
negative or positive, no further testing was needed, as it would categorise
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them into either low or high-risk group straightaway. If one was positive,
24hr Holter monitoring would be carried out and further categorise more
patients into high or low risk groups. A final stage of EP study was only
indicated in patients still with only 1 positive test at the end of Stage 2. As a
result, the majority of patients would be categorised into either high or low
risk groups, where the low-risk group exhibited very low risk of 2-year major
arrhythmic event (2.9%) as compared to the high risk group (41.4%). This
algorithm was developed more than 10 years ago, and with the development
of many more novel ECG risk markers and advancement in cardiac MRI, a
similar approach with better performance is possible and desirable to provide
better risk stratification.

Table 8-2 Algorithm of sequential testing to assess arrhythmic risk of patients developed by Bailey et al.
[425]. MAE=major arrhythmic event; AECG=ambulatory ECG, SVA=serious ventricular arrhythmia.

The development and validation of either a combined risk model or a
sequential testing approach is challenging. Standardisation of methodology of
clinical tests needs to be established, such as digital ECG analysis and ways of
quantifying scar on CMR where variable methods have been developed and
used in the literature. Prospective data collection is needed with adequate
sample size and ideally study populations of the same aetiologies, as different
risk markers may perform differently with different conditions. Any
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proposed models developed would then need to be validated before
becoming clinical applicable to change current clinical practice.
Overall, better risk stratification tools would allow better patient selection
with regard to ICD implantation. It would enable us to identify patients who
currently meet criteria for an ICD but are unlikely to benefit due to their low
arrhythmic risk; to identify those who experience malignant arrhythmia
despite having LVEF >35%; and to identify the group of patients who may
possess high mortality risk from other causes and therefore may not derive a
survival benefit from an ICD.

Limitations
There are a number of limitations associated with the various studies in this
thesis as mentioned in each chapter.

In summary, the 3 ICD cohorts (2

retrospective and 1 prospective) were all relatively small in size. The size of
these cohorts was limited by the number of implants carried out in a single
centre in New Zealand and the time scope of the PhD. Therefore, it is possible
that relatively small difference could have been missed in these studies due to
a lack of statistical power. As mentioned before, results from these studies
need to be validated in larger cohorts. Our results provided proof of concept
for novel ECG-based risk markers, and needs further validation in larger
prospective datasets and thus potential incorporation into multi-factorial risk
prediction models.
The prospective cohort was recruited over 3 years period with an average
follow-up of 2 years, minimum of 1 year. The follow-up period was not as
long as would be ideal, which again was limited by the timeframe of the PhD;
however, we believe it is adequate to assess any potential risk stratifiers as a
starting point, and ongoing follow-up will be continued in this cohort of
patients to assess longer-term outcome.
The relatively small number of implants meant the cohort of patients studied
included patients of variable aetiologies, and it was not possible to study each
pathology group alone due to the limited number. It may be that some ECG
risk markers perform differently in patient populations of different

236

aetiologies, and this would require further investigation in larger
homogenous cohort.
The number of ECG parameters that can be derived digitally is extensive and
not limited to the ones computed in Chapter 4. Pragmatically it is not
warranted to include every single parameter that can be derived because of
statistical disadvantage of multiple comparison as well as lack of scientific
basis to do so. Therefore, only representative measures such as 12-lead
averages were chosen to be computed in Chapter 4, and in Chapter 5 further
selection of the ECG measures were made to remove redundancy among the
parameters and select ones that were more likely to be useful measures, and
this was believed to be a pragmatic approach.
The thesis had an exclusive focus on use of short-term 12-lead ECG recording,
and did not include other forms recordings that would enable the computing
of other variables such as mTWA and conventional HRV parameters. Also
because only a subset of patients had CMR done, we were unable to
incorporate characteristics of LV scar into Chapter 7 to relate them to outcome
together with the ECG measures.
Across the thesis, appropriate device therapy has been used as the primary
end-point for analysis. As discussed in Chapter 1, ICD firing rate always
overestimates real SCD rate, as not all VT/VF episodes are fatal.!4560702+!13!
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Conclusions
In summary, the current selection criteria for ICD implantation as
recommended by current guidelines are inadequate, as they are largely based
on either the occurrence of previous ventricular arrhythmia or impaired
LVEF. Better risk stratification is needed and a risk model incorporating
multiple risk markers from multiple modalities that represent the multitude
of factors implicated in the mechanism of arrhythmogenesis is likely to be a
more appropriate approach to move beyond the current guideline. In this
thesis, two novel ECG markers (TWR rel and QMD) were found to be
independent predictors of arrhythmic events. Some clinical variables and a
number of other potentially useful ECG variables were also identified that
may be useful in identifying arrhythmic outcome. This provided proof of
concept for novel ECG-based risk markers, and needs further validation in
larger prospective datasets and thus potential incorporation into multifactorial risk prediction models. Lastly, ongoing investigation of the
mechanism of ventricular arrhythmia and the electrophysiological meaning of
many of the ECG variables is warranted to enhance the understanding of SCD
and thus enable us to predict these events in a more robust way.
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