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Abstract
Cardiovascular diseases are the leading cause of death worldwide. Approximately as many as half
of all cardiac deaths occur suddenly. For almost two decades, implantable cardioverterdefibrillator (ICD) has been used for primary prevention to reduce the risk of sudden cardiac death.
Primary prophylactic ICD implantation is used in patients with ischemic and non-ischemic
cardiomyopathy and impaired left ventricular ejection fraction (≤ 35%). Current guidelines are
mainly based on studies published at the beginning of the millennium. Both pharmaceutical and
invasive treatment as well as device programming have evolved since then, and the benefit-risk
ratio of ICD implantation has become less favorable. The need for better identification of patients
who truly benefit from ICD implantation is obvious. The aim of this thesis was to assess the role
of diabetes mellitus and different electrocardiographic variables in predicting the mortality benefit
from primary prophylactic ICD implantation.
The study population included retrospective and prospective cohorts of the EU-CERT-ICD
(EUropean Comparative Effectiveness Research to assess the use of primary prophylacTic
Implantable Cardioverter-Defibrillators) multicenter study (ClinicalTrials.gov Identifier:
NCT02064192). In study I, we evaluated the role of diabetes mellitus in a retrospective cohort of
3,535 primary prophylactic ICD patients. We found that diabetes associated with lower risk for
appropriate ICD shock, and patients with diabetes had significantly higher all-cause mortality. The
results suggest limited benefit from primary prophylactic ICD among patients with diabetes.
In study II, we constructed a low-risk ECG combination including normal QRS-complex
duration, normal corrected QT interval, and sinus rhythm. In a retrospective cohort of 1,687
primary prophylactic ICD patients, low-risk ECG predicted survival without appropriate shock.
Based on the results, patients with low-risk EGC prior to the ICD implantation may not have
significant benefit from the device.
In study III, single traditional and novel ECG variables were coded and investigated in a
prospective cohort of 1,477 patients with primary prophylactic ICD and 700 control patients with
conventional treatment. Pathological Q waves were a significant predictor of ICD benefit on
mortality. In addition, corrected QT interval associated with ICD shocks in ICD patients and with
death in control patients, QRS complex duration predicted death in control patients, atrial
fibrillation was prognostic for all-cause mortality in ICD patients, and lateral QRS complex
fragmentation predicted all-cause mortality in patients with ICD. The results showed a major
beneficial effect of primary prophylactic ICD implantation among patients with pathological Q
waves.
Overall, the findings provide increasing understanding of different benefits from primary
prophylactic ICD in patient subgroups. Some patients may have substantially limited mortality
benefit from the device, and the indications for ICD implantation require re-assessment.

Keywords: appropriate shock, diabetes mellitus, electrocardiogram, heart failure,
implantable cardioverter defibrillator, sudden cardiac death

Pelli, Ari, Sydänsähkökäyrä ja diabetes rytmihäiriötahdistinhoidon kuolleisuushyötyä ennustavina tekijöinä primaaripreventiopotilailla.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
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Acta Univ. Oul. D 1646, 2021
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Tiivistelmä
Sydän- ja verisuonisairaudet ovat maailmanlaajuisesti yleisin kuolinsyy. Arvion mukaan jopa noin puolet sydänperäisistä kuolemista on äkillisiä. Jo noin kahden vuosikymmenen ajan rytmihäiriötahdistimia
on käytetty sydänperäisten äkkikuolemien riskin vähentämiseksi primaaripreventiona. Rytmihäiriötahdistinta primaaripreventiona käytetään sekä iskeemisessä että ei-iskeemisessä kardiomyopatiassa kun
vasemman kammion ejektiofraktio on alentunut (≤ 35 %). Nykyiset hoitosuositukset perustuvat pääasiassa tutkimuksiin, jotka on julkaistu vuosituhannen alussa. Tämän jälkeen sekä lääkkeelliset että invasiiviset hoitomenetelmät ovat kehittyneet ja myös rytmihäiriötahdistinten ohjelmointi on edistynyt, ja laitehoidon hyöty-haittasuhde näyttää heikentyneen. On ilmeinen tarve tunnistaa paremmin potilaat, jotka
todella hyötyvät rytmihäiriötahdistimen asennuksesta. Tämän väitöskirjatutkimuksen tavoitteena oli
arvioida diabeteksen sekä erilaisten sydänsähkökäyrän muuttujien kykyä ennustaa rytmihäiriötahdistinhoidon kuolleisuushyötyä primaaripreventiossa.
Tutkimuksen potilasaineisto koostui EU-CERT-ICD (EUropean Comparative Effectiveness Research to assess the use of primary prophylacTic Implantable Cardioverter-Defibrillators) -monikeskustutkimuksen (ClinicalTrials.gov, tunniste: NCT02064192) retrospektiivisesta ja prospektiivisesta kohortista. Ensimmäisessä osatutkimuksessa arvioimme diabeteksen ennusteellista merkitystä retrospektiivisen
kohortin 3535 potilaalle, joille oli asennettu rytmihäiriötahdistin primaaripreventiona. Havaitsimme, että
diabetes liittyy matalampaan rytmihäiriötahdistimen tarkoituksenmukaisen iskun riskiin ja diabetesta
sairastavien potilaiden kokonaiskuolleisuus on merkitsevästi suurempi. Tulosten perusteella voidaan rytmihäiriötahdistinhoidosta saatavan hyödyn arvioida olevan diabetesta sairastavilla potilailla rajallinen.
Toisessa osastutkimuksessa muodostimme matalan riskin yhdistelmän sydänsähkökäyrän muuttujista, joihin kuuluivat normaali QRS-kompleksin leveys, normaali korjatun QT-intervallin kesto sekä
sinusrytmi. Retrospektiivisessa 1687:n rytmihäiriötahdistinhoitoa primaaripreventiona saavan potilaan
kohortissa matalan riskin sydänsähkökäyrän muuttujien yhdistelmä ennusti elossa pysymistä ilman tarkoituksenmukaisia rytmihäiriötahdistimen iskuja. Tämän tutkimuksen tulosten perusteella voidaan arvioida, että potilaat, joiden sydänsähkökäyrässä on matalan riskin muuttujien yhdistelmä, eivät välttämättä saa rytmihäiriötahdistimesta merkittävää hyötyä.
Kolmannessa osatutkimuksessa analysoimme ja tutkimme perinteisiä sekä uudentyyppisiä sydänsähkökäyrän muuttujia prospektiivisessa potilaskohortissa, joka koostui 1477 primaaripreventiona rytmihäiriötahdistinhoitoa saavasta potilaasta sekä 700 kontrollipotilaan ryhmästä. Patologiset Q-aallot ennustivat rytmihäiriötahdistinhoidosta merkittävää hyötyä. Lisäksi korjattu QT-intervalli assosioitui tarkoituksenmukaisiin rytmihäiriötahdistimen iskuihin tahdistinpotilailla ja kuolemaan kontrolliryhmän potilailla, QRS-kompleksin kesto ennusti kuolemaa kontrollipotilaiden ryhmässä, ja eteisvärinä sekä lateraalinen QRS-kompleksin fragmentaatio olivat ennusteellisia tahdistinpotilaiden kokonaiskuolleisuudelle.
Tutkimustulokset osoittivat rytmihäiriötahdistinhoidon erityisen kuolleisuushyödyn potilailla, joiden
sydänsähkökäyrässä havaittiin patologinen Q-aalto.
Tämän väitöstutkimuksen osatutkimuksista saatiin lisää tietoa ja ymmärrystä rytmihäiriötahdistinhoidosta eri tavoin hyötyvistä potilasryhmistä primaaripreventiossa. Osalla potilaista laitehoidosta saatava hyöty on hyvin rajallinen, ja rytmihäiriötahdistinasennusten indikaatioita olisi syytä tarkastella uudelleen.
Asiasanat: diabetes, rytmihäiriötahdistin, sydämen vajaatoiminta, sydänperäinen äkkikuolema,
sydänsähkökäyrä, tarkoituksenmukainen rytmihäiriötahdistinisku
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1

Introduction

Despite a reduction in cardiovascular disease (CVD) mortality, CVD is the leading
cause of death worldwide. In Europe, CVD mortality accounts for 47% and 39%
of all deaths in women and men, respectively (Timmis et al., 2020). Sudden cardiac
death (SCD) accounts for as much as half of cardiovascular mortality and one fifth
of all deaths. In addition to a substantial proportion of deaths, SCD accounts for a
significant proportion of years of potential life lost (Huikuri, Castellanos, &
Myerburg, 2001; Stecker et al., 2014). Coronary artery disease (CAD) is the most
common cause of SCD (Virani et al., 2020).
While the incidence of SCD among general population without known cardiac
disease is low, the number of SCDs in this population is high. In addition, sudden
cardiac death is often the first manifestation of CAD, in up to half of the cases
(Huikuri et al., 2001). Due to this, predicting SCD has remained challenging despite
active research in this area. Well-known risk factors for SCD are hypertension,
metabolic disorders, excessive alcohol intake, smoking, and physical inactivity.
Standard 12-lead electrocardiogram (ECG) is a routine in clinical practice, and it
has been widely studied to identify patients at high SCD risk. Some pathologies,
such as widened QRS-complex duration, prolonged corrected QT interval, and
pathological Q waves in ECG, seem to predict SCD (Eranti et al., 2016).
Some sudden cardiac deaths can be prevented with implantable cardioverter
defibrillator (ICD). The devices were originally implanted for secondary
prevention in patients with known prior life-threatening arrhythmia. Heart failure
has been shown to associate with SCD and all-cause mortality in several studies
(Bauer et al., 2009). The randomized studies MADIT-II and SCD-HeFT showed a
significant survival benefit from primary prevention with ICD among subjects with
impaired left ventricular ejection fraction (LVEF) in the beginning of the
millennium (Bardy et al., 2005; Moss et al., 2002). Since then, primary prevention
has become clinical routine among both ischemic- and non-ischemic patients with
advanced left ventricular dysfunction to prevent SCD. According to current
guidelines, selection of patients for therapy is mainly based on LVEF as the only
variable, suggesting primary prophylactic ICD implantation for patients with LVEF
≤ 35% (McDonagh et al., 2021).
During the past decades, both pharmaceutical and interventional treatment of
acute coronary syndrome and heart failure have evolved, and ICD technology has
improved (Moss et al., 2012; Shen et al., 2017). Appropriate shock rate has declined,
while complications of ICD therapy have remained mostly unchanged. While only
17

a fraction of primary prophylactic ICD patients ever receive appropriate shocks, up
to one fourth of the subjects suffer from complications, such as inappropriate
shocks and infections (Dagres & Hindricks, 2017; Koneru, Jones, Hammill, Wold,
& Ellenbogen, 2018). Patients receiving the device may have remarkable
comorbidities, leading to increased risk of non-arrhythmic death. In addition,
several important patient groups, such as women and elderly patients, seem to have
substantially limited benefit from the device therapy (Fauchier et al., 2015; Seegers
et al., 2016). All this has led to worsening benefit-risk ratio and discussion on the
need of updating guidelines and more accurate selection of patients for primary
prophylactic ICD implantation.
Diabetes mellitus (DM), often appearing together with other CVD risk factors,
is a known independent risk for all-cause mortality as well as SCD (MacDonald et
al., 2008). Patients with DM have a substantially high risk for SCD after myocardial
infarction, even with LVEF > 35% (Junttila et al., 2010). The prevalence of diabetes
has increased three-fold during the last 25 years in Europe, mainly due to obesity
and overweight. It is estimated that the number of DM patients will continue to
increase, highlighting the importance of both preventing diabetes and treating
patients with diagnosis (Timmis et al., 2020). Prior studies have shown limited
benefit from primary prophylactic ICD among diabetic patients (Sharma et al.,
2018).
Electrocardiogram has been little investigated in ICD patients. Several
variables, such as QRS duration, atrial fibrillation and QRS-complex fragmentation,
appear to be predictive of benefit from ICD treatment (Das et al., 2010; Hreybe &
Saba, 2007; Mustafa et al., 2018). Combining several ECG markers or combining
ECG with other variables may enhance the clinical effectiveness of predictive
models (Goldenberg et al., 2008; Lee et al., 2015).
The aim of this thesis was to clarify the role of diabetes mellitus and
electrocardiogram in predicting mortality benefit from primary prophylactic ICD
treatment and to provide additional, clinically applicable information for more
accurate selection of patients for ICD therapy.
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2

Review of the literature

2.1

Sudden cardiac death

2.1.1 Definition, etiology and mechanisms
Sudden cardiac death (SCD) is defined as death from an unexpected circulatory
arrest, occurring within an hour of the onset of symptoms, with or without
previously known cardiac disease (Deo & Albert, 2012; Zipes et al., 2006). A preexisting heart disease may have been known, but the time and mode of death are
unexpected. In unwitnessed cases, the 24-hour definition has also been used (De
Vreede-Swagemakers et al., 1997). Fishman et al. (2010) also recommend using
the term probable SCD in the case of unexpected death without obvious
extracardiac cause occurring in the previous 24 hours. SCD may be preceded by
symptoms such as chest pain, dyspnea, palpitations, pre-syncope and syncope
before the event. However, the majority of SCDs seem to occur without symptoms
(Zipes et al., 2006).
In general, the categories of SCD can be divided into those related to ischemic
heart disease, non-ischemic heart disease, primary electrical disease, and noncardiac disease (Kuriachan, Sumner, & Mitchell, 2015). Ischemic heart disease,
usually coronary artery disease (CAD) and its consequences, especially coronary
heart disease (CHD), account for the vast majority of SCD in Western countries.
CHD accounts for approximately 75% of all SCDs (Junttila et al., 2016). In addition,
ischemic heart disease may in rare cases be caused by coronary artery embolism,
coronary artery spasm or other non-atherogenic coronary artery disease. Nonischemic etiologies, mainly cardiomyopathies, comprise approximately 20% of
SCDs (Junttila et al., 2016). Other non-ischemic diseases causing SCD may include
myocarditis, valvular heart disease, cardiac tamponade, acute myocardial rupture
and aortic dissection (Kuriachan et al., 2015). Based on Finnish autopsy findings,
the proportion of ischemic etiologies causing SCD has decreased, while the
proportion of SCD associated with non-ischemic etiologies has increased. This may
be explained by improved primary prevention and improved invasive treatment of
acute coronary events (Junttila et al., 2016). Primary electrical diseases may include
Brugada syndrome, long or short QT syndrome and Catecholaminergic
Polymorphic Ventricular Tachycardia (CPVT) (Kuriachan et al., 2015). In addition,
pre-excitation and Wolf-Parkinson-White syndrome due to an accessory pathway
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between cardiac chambers increase the risk for SDC (Obeyesekere & Klein, 2017).
However, it is estimated that the proportion of these diseases without apparent
evidence of structural heart disease is approximately 5% of all SCDs (Bardy et al.,
1997). Non-cardiac causes of SCD may include diseases such as stroke, pulmonary
embolism, endocrine disorders and drug overdose or toxicity (Kuriachan et al.,
2015).
It is mainly thought that cardiac arrest is a result of an unfavorable triad: a
trigger for arrhythmia, a transient predisposing factor, and a structural heart disease
as a maintaining substrate. Arrhythmia may be triggered by ventricular premature
beats, which may be a result of structural heart disease, medications, increased
levels of adrenaline or caffeine, tobacco, or alcohol intake. Acute myocardial
ischemia is considered to be the most common predisposing factor for arrhythmias
(Davies, 1992). Other known predisposing factors include changes in autonomy
nervous system activity, metabolic disturbances, electrolyte abnormalities, acute
volume and/or pressure overload of the ventricles, ion channel abnormalities, and
proarrhythmic actions of cardiac and non-cardiac drugs. In addition, a transient
initiating event such as acute ischemia, autonomic nervous system dysfunction or
drugs is required (Zipes & Wellens, 1998). A structural heart abnormality such as
scar formation, alterations in chamber geometry, and electrical and anatomic
remodeling provides a regional slowing or block in conduction and creates a reentry mechanism, which provides circumstances for sustained ventricular
tachycardia. These circumstances may have been preceded by death of myocardial
cells due to ischemia, toxins, infectious agents, or chronic pressure/volume
overload (Goldenberg et al., 2008).
The mechanism of SCD is complicated; the factors and their role and weighting
in the triad varies. For example, mild electrolyte abnormality may not be sufficient
to provoke arrhythmia in a patient with stable corona artery disease, but it may
develop into life-threatening conditions in a patient with an old infarction scar
(Zipes & Wellens, 1998).
Regardless of the cause, the arrhythmic mechanisms of SCD include
tachyarrhythmia, bradyarrhythmia/asystole and pulseless electrical activity (PEA)
(McElwee, Velasco, & Doppalapudi, 2016). Death by fatal arrhythmia is usually
triggered by ventricular tachycardia leading to ventricular fibrillation and later, to
asystole. Bradyarrhythmia or pulseless electrical activity seem to cause a minority
of SCDs (Bayés de Luna, Coumel, & Leclercq, 1989; Huikuri et al., 2001; Kauppila
et al., 2018). The proportion of VT and VF as an initial rhythm seems to have
decreased during the last decades while the proportion of PEA and asystole has
20

increased (Daya et al., 2015; Väyrynen, Boyd, Sorsa, Määttä, & Kuisma, 2011).
Despite this, survival in the case of sudden out-of-hospital cardiac arrest has
improved, and the greatest survival increase has been noted in patients with VT/VF
as an initial rhythm (Daya et al., 2015).
More than 50% of SCDs seem to be the first clinical event among CHD patients
without known heart disease or impaired cardiac function (Huikuri et al., 2001;
Myerburg, 2001). A recent Finnish study showed that a substantial number of
patients experiencing SCD had had a prior myocardial infarction without a
diagnosis of CAD. This can be called a silent myocardial infarction (Vähätalo et
al., 2019).
The pathophysiology of SCD is complex and in a remarkable proportion of
SCD patients, no apparent arrhythmia trigger can be identified (Fishman et al.,
2010). In children and young adults, in up to one third of the cases there is no
structural abnormality detected in autopsy. In these cases, the underlying causes
may include genetic syndromes such as long- or short-QT syndrome, Brugada
syndrome, or catecholaminergic polymorphic ventricular tachycardia (Puranik,
Chow, Duflou, Kilborn, & McGuire, 2005). Using genetic testing combined with
autopsy may identify a possible cause of death in these situations (Bagnall et al.,
2016).
2.1.2 Epidemiology
Despite a decline in cardiovascular disease (CVD) mortality, it remains the most
common cause of natural deaths worldwide (Myerburg, Interian, Mitrani, Kessler,
& Castellanos, 1997; Roth et al., 2017). Ischemic heart disease is the leading cause
of CVD deaths, followed by stroke (Roth et al., 2017). Despite a sustained decline
in several countries, CVD mortality has remained the most common cause of death
in European Society of Cardiology (ESC) member countries. CVD mortality
accounts for 47% and 39% of all deaths in women and men, respectively (Timmis
et al., 2020). In some individual EU countries, cancer has become the most common
cause of death (Townsend et al., 2016). About 15–20% of all deaths and more than
50% of CHD deaths are caused by SCD. It is worth highlighting that the incidence
of SCD in general population is low, but the total number of events is high. On the
other hand, while the incidence of SCD among high-risk post-MI population is high,
the total number of events is low (Myerburg, Mitrani, Interian, & Castellanos,
1998).
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The incidence of SCDs varies in different studies, depending strongly on
variability in the time definition of SCD and the post-mortem investigation used in
the studies. However, it is estimated that 500,000 SCDs occur in the European
Union annually, and the total annual number of SCDs in the U.S. varies between
300,000 and 350,000 (Priori et al., 2002; Roger et al., 2011). In Finland, the
estimated annual incidence of SCD is 1–2 cases per 1,000 inhabitants, accounting
for 5,000–10,000 cases every year (Junttila et al., 2016). While overall CHD
mortality has decreased over the past decades, SCD rates have declined to a lesser
extent (Deo & Albert, 2012; Zheng, Croft, Giles, & Mensah, 2001).
In general population, the risk of SCD varies significantly between different
subgroups, e.g. being 100-fold lower in adolescents and adults under 30 than in
adults older than 35 (Wren, O’Sullivan, & Wright, 2000). Two peaks in incidence
of SCD are established: one between birth and 6 months, and another between 45
and 75 years of age. The first one is mainly because of sudden infant death
syndrome, while the second one is mainly a result of CAD. The importance of CAD
causing SCD seems to be significant, as early as from the age of 35 years (Vähätalo
et al., 2021; Zipes & Wellens, 1998). In young adults and middle-age population,
men seem to have higher risk for SCD than women, while the risk for coronary
event and SCD increases in menopausal women. Both the incidence and prevalence
of CAD, the main etiology of SCD, increase with age in both men and women
(Schatzkin et al., 1984; Virani et al., 2020). Reports comparing SCD risk between
races have been conflicting, but there are some studies showing differences in SCD
rates among African Americans, white Americans and Hispanic populations
(Becker et al., 1993; Gillum, 1997) .
Psychologically, sudden cardiac death may be an easy way to confront death;
on the other hand, it provokes fear and uncertainty. It should also be noted that in
SCD, the number of years of potential life lost is greater than in other leading causes
of death (Stecker et al., 2014).
2.1.3 Risk factors for sudden cardiac death
While SCD is a significant public health problem and the number of sudden cardiac
deaths is highest among general population without known cardiac disease, the risk
stratification of SCD is challenging. One of the most well known and most widely
referred studies to assess the risk for SCD in general population is the Framingham
study, which was the first long-term study of its kind. The first patient was recruited
to the study as early as 1948 and the first findings were published in 1957
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(Mahmood, Levy, Vasan, & Wang, 2014). Over the decades, the study has identified
several cardiovascular disease risk factors, such as blood pressure, overweight,
cholesterol and cigarette smoking (Tsao & Vasan, 2015).
However, risk assessment for SCD has remained challenging. There are some
risk scores which may be used to predict cardiovascular diseases, including SCD.
The Framingham model, based on the Framingham study, includes blood pressure,
total cholesterol, high-density lipoprotein cholesterol, smoking, glucose
intolerance and left ventricular hypertrophy (Anderson, Odell, Wilson, & Kannel,
1991). The FINRISK model is a result of Finnish cross-sectional population
surveys and it takes into account sex, age, smoking, total cholesterol, high-density
lipoprotein cholesterol, systolic blood pressure and diabetes (Vartiainen et al.,
2000). The SCORE project combined European cohort studies from 12 countries.
The SCORE model assesses the risk using sex, age, smoking, total cholesterol
and/or total cholesterol/HDL cholesterol ratio, and systolic blood pressure (Conroy
et al., 2003). The following sections focus on several known risk factors of SCD.
Ischemic heart disease
Ischemic heart disease causes the majority, approximately 75%, of SCDs (Junttila
et al., 2016) Coronary artery disease is the main etiology in ischemic SCD. It is
pathologically defined as the heart showing at least one major coronary artery
narrowed 75% by plaque and/or thrombosis (De La Grandmaison, 2006). CAD is
usually defined as pathological findings confined within the coronary arteries,
while CHD is a phase when the heart as an organ is involved, resulting in diseases
such as angina, myocardial infarction, sudden death, or heart failure (TunstallPedoe, 2001). CAD may be described as a continuum from atherogenesis to
changes in atherosclerotic plaque anatomy, disruption of the plaque, activation of
thrombotic cascade and acute occlusion, followed by acute changes in myocardial
electrophysiology (Montagnana et al., 2008). Finally, arrhythmic risk and SCD in
CHD and CAD can be a result of transient ischemia, acute coronary syndrome,
scar-related pathophysiology and ischemic cardiomyopathy (Huikuri et al., 2001).
In acute myocardial infarction (AMI), the risk for ventricular arrhythmic (VA)
events is highest during the first days after the onset of symptoms. Ventricular
arrhythmia occurring within 48 hours of symptom onset is called early VA, whereas
late VA occurs more than 48 hours after symptom onset (Liang et al., 2014). The
incidence rate of VA during hospitalization due to AMI has decreased significantly
since the turn of the millennium. This is probably because of the increase in the
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delivery of early and complete coronary revascularization and the use of evidencebased medications in AMI (Goldberg et al., 2008).
However, various mechanisms may cause ischemic heart disease instead of a
thrombus. Imbalance between myocardial oxygen supply and demand in the
absence of acute coronary thrombosis is often called type 2 myocardial infarction
(Thygesen et al., 2012). The factors for increased myocardial oxygen supply may
include hypotension, sepsis, tachyarrhythmia, hypertension and thyrotoxicosis.
Decreased myocardial oxygen supply may be a result of hypotension, anemia,
hypoxia and coronary vasospasm. Prognosis of type 2 myocardial infarction is
similar to, if not worse than, that of an ischemia due to coronary thrombosis
(McCarthy, Januzzi, & Gaggin, 2018).
Non-ischemic heart disease
Cardiomyopathies account for the majority of non-ischemic SCDs and make up the
second largest category of SCD deaths (Huikuri et al., 2001). While the proportion
of CAD-related SCDs has decreased, the proportion of non-ischemic cardiac
diseases has increased, comprising approximately 20–25% of all SCDs (Junttila et
al., 2016).
Cardiomyopathy is defined as a myocardial disorder in which the heart muscle
is structurally and functionally abnormal, in the absence of CAD, valvular disease
or congenital heart disease, sufficient to cause the observed myocardial abnormality.
Cardiomyopathies are grouped into dilated cardiomyopathy (DCM), hypertrophic
cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy
(ARVC), restrictive cardiomyopathy (RVC) and unclassified cardiomyopathy.
Each etiology is sub-classified into familial or non-familial forms (Elliott et al.,
2008). The most common cardiomyopathies include DCM, HCM and ARVC. SCD
occurs in more than 30% of DCM patients, and the incidence of SCD is highest,
more than 50%, among New York Heart Association (NYHA) functional class I–II
patients. Among HCM and ARVC patients, the estimated SCD incidence varies
markedly, possibly due to the presence of competing risk factors and different
baseline characteristics among patients. However, it is estimated that SCD accounts
for an even greater proportion of deaths in HCM and ARVC patients compared to
DCM patients (Sen-Chowdhry & McKenna, 2012).
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Inherited arrhythmic disorders
In the absence of ischemic or non-ischemic cardiomyopathy, SCD may be the result
of an inherited arrhythmic disorder. These rare disorders may include long or short
QT syndrome, Brugada syndrome, Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT) and early repolarization syndrome (Priori et al., 2013). It is
estimated that the proportion of SCD deaths without apparent evidence of structural
heart disease is approximately 5% (Bardy et al., 1997).
In long and short QT syndrome, Brugada syndrome, and early repolarization
syndrome, the underlying mechanism of arrhythmic risk is inhomogeneous
repolarization of the myocardium. The risk of cardiac death is increased in all these
diseases, e.g. the cumulative risk of cardiac arrest by age 40 is greater than 40% in
short QT syndrome (Mazzanti, Underwood, Nevelev, Kofman, & Priori, 2017;
Nader, Massumi, Cheng, & Razavi, 2007). In CPVT, inappropriate changes in
cytosolic calcium concentration result in delayed after-depolarizations which, in
turn, can lead to triggered arrhythmias. This may occur during high adrenergic tone
such as physical exercise or strong emotions. When left untreated, patients with
CPVT have a mortality rate of 30% before age 40 (Lieve, van der werf, & Wilde,
2016).
Heart failure
According to a recent universal definition of heart failure (HF), HF is a clinical
syndrome with current or prior symptoms and/or signs of HF caused by a structural
and/or functional cardiac abnormality, corroborated by at least one of the following:
elevated natriuretic peptide levels or objective evidence of cardiogenic pulmonary
or systemic congestion (Bozkurt et al., 2021). The prevalence of heart failure is
higher in the older population. It ranges from 2% in people younger than 60 years
to more than 10% in patients older than 75 years. The lifetime risk for heart failure
is 20%. The New Your Heart Association (NYHA) functional classification system
is used to assess the symptoms of the patients with heart failure. For practical
purposes, heart failure is also divided into acute and chronic (Metra & Teerlink,
2017).
Left ventricular ejection fraction (LVEF) is a clinical marker of left ventricular
function. LVEF is estimated non-invasively using echocardiography or magnetic
resonance imaging. Heart failure may be represented with preserved LVEF (≥ 50%)
or with reduced LVEF (≤ 40%). The term mid-range ejection fraction has been used
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for patients with an ejection fraction of 40–49%. LVEF may be reduced by both
ischemic and non-ischemic cardiac diseases, while ischemic disease, CAD, is the
most common etiology. Heart failure is also commonly a result of hypertension or
a valvular disease. Determining underlying etiology of heart failure is mandatory
in diagnosis for optimal treatment (Metra & Teerlink, 2017).
Modern medical therapy in heart failure includes angiotensin-converting
enzyme inhibitors (ACE-inhibitors), angiotensin-receptor blockers (AT-blockers),
beta-blockers, mineralocorticoid receptor antagonists and other diuretics,
angiotensin receptor-neprilysin inhibitors and sodium-glucose co-transporter
(SGLT2) inhibitors (McDonagh et al., 2021). The age at heart failure and death due
to the disease seems to be increasing, suggesting that medical treatment has evolved
(Metra & Teerlink, 2017). In patients with reduced LVEF, risk for SCD is
substantially high. Up to one-half to two-thirds of the total annual death rate has
been reported to be due to SCD in patients with left ventricular systolic dysfunction
(Uretsky & Sheahan, 1997).
The risk stratification after myocardial infarction is based on LVEF. Lower
LVEF predicts both all-cause mortality and sudden cardiac death (Dagres &
Hindricks, 2013). After MI, the critical threshold level for mortality seems to be
40% (Rouleau et al., 1996). The Multicenter Unsustained Tachycardia Trial
(MUSTT) published in 1999 was one of the very first trials to show the increased
risk for SCD in patients with low LVEF (Buxton et al., 1999). Since then, this
finding has been confirmed in several studies.(Bauer et al., 2009; Exner et al., 2007).
The definition of impaired LVEF in the studies has varied from ≤ 30% to < 50%.
However, LVEF has several limitations as risk stratifier. A meta-analysis of 20
studies with a total of 7,294 patients demonstrated that the sensitivity and
specificity of LVEF for post-MI major arrhythmic events was 59% and 78%,
respectively (Bailey, Berson, Handelsman, & Hodges, 2001). In addition, LVEF is
not a persistent variable, and it may recover among a significant proportion of postMI patients. LVEF is recommended to be assessed 40 days post myocardial
infarction (Brooks et al., 2016).
Myocardial fibrosis
Cardiac fibroblasts are an essential cell type in healthy cardiac tissue, responsible
for homeostasis of the extracellular matrix. In addition, to maintain cardiac
structure and to prevent rupture in cardiac muscle after cardiac injury, fibroblasts
develop into myofibroblasts and form myocardial fibrosis (Travers, Kamal,
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Robbins, Yutzey, & Blaxall, 2016). Various reasons, such as ischemia,
inflammation, toxic exposure, pressure overload, genetic factors, and aging, may
be responsible for myocyte death. Fibrotic scar tissue replaces injured cardiac cells
due to the very limited regenerative capacity of the heart. As a result, the amount
of myocardial fibrosis increases in the myocardial tissue (Baudino, Carver, Giles,
& Borg, 2006). Myocardial fibrosis has two forms: replacement fibrosis and
reactive interstitial fibrosis. While replacement fibrosis locates at the active site of
myocardial injury, reactive fibrosis takes place remote from the active injury site
(Turner & Porter, 2013).
Myocardial fibrosis is involved in several cardiac diseases. Fibrosis may be
present as compact, dense fibrotic tissue, as well as diffuse, patchy and interstitial
fibrosis (Jellis, Martin, Narula, & Marwick, 2010). Although cardiac remodeling
with fibrosis plays an essential role in tissue repair, fibrotic tissue is not able to fully
replace cardiac muscle functions. This leads to impaired contraction and electric
conduction, leading further to cardiac dysfunction, such as heart failure and
arrhythmogenic substrates (De Jong, Van Veen, Van Rijen, & De Bakker, 2011).
Fibrosis disrupts the normal electrical connectivity of cardiac tissue and increases
the risk for arrhythmias. Fibrotic areas at the myocardial scar borders and in nonischemic myocardial diseases seem to be patchy and interstitial and have the
greatest arrhythmogenic potential. Compact, dense fibrotic areas, e.g., in ischemic
scars, may have the least arrhythmogenic potential, but once other circumstances
initiate the re-entry mechanism at scar borders, dense fibrosis can provide a
mechanism for a re-entry circuit. In addition, myocardial fibrosis may promote
premature ventricular contractions and trigger a ventricular arrhythmia (Nguyen,
Qu, & Weiss, 2014).
Lifestyle-related risks
Many lifestyle-related SCD risks, which may be controlled by the subject, have
been identified. Obesity has been linked to CHD and sudden deaths for decades
(Kannel & Thomas, 1982). However, a study of Jae et al. (2018) underlines the
metabolic condition as a risk for SCD, when comparing normal weight men and
overweight/obese men. Elevated lipoprotein level has been demonstrated to
associate with cardiovascular diseases such as acute coronary syndrome, CHD,
carotid atherosclerosis, ischemic stroke, and heart failure. A Finnish prospective
cohort study has also shown an independent association between elevated
lipoprotein level and risk for SCD (Kunutsor, Khan, Nyyssönen, & Laukkanen,
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2016). This may be explained by the pro-atherogenic, prothrombotic and proinflammatory properties of lipoproteins, especially low-density lipoproteins
(Tsimikas & Hall, 2012).
Hypertension has an important role as a CHD risk factor, and it is also
associates with SCD risk (Vedin et al., 1973). Increased systolic blood pressure may
lead to left ventricular hypertrophy (LVH) and coronary plaque rupture, but it is
also an independent risk for SCD. Each 10 mmHg increase in resting systolic blood
pressure associates with 15% higher risk for SCD (Laukkanen et al., 2012). High
dietary salt intake correlates with high blood pressure, and lowering the intake of
sodium has been found to significantly reduce blood pressure (Robinson, Edwards,
& Farquhar, 2019).
Smoking is often related to other less healthy lifestyles such as abdominal
adiposity, less physically activity and unhealthy diet. However, several reports
show that it is one of the strongest predictors of SCD in both current and former
smokers. Smoking increases the risk of atrial fibrillation (AF), increased blood
pressure, resting heart rate, type 2 diabetes, and cardiac arrhythmias, all of which
are associated with the risk of SCD (Aune, Schlesinger, Norat, & Riboli, 2018). It
also effects on progression of atherosclerosis (D’Alessandro, Boeckelmann,
Hammwhöner, & Goette, 2012).
Light-to-moderate alcohol consumption may even protect from cardiovascular
diseases. The cardiovascular protection of alcohol may be mainly due to the
enhancement of insulin sensitivity and elevation of high-density lipoprotein.
Establishing a safe drinking threshold is difficult, but alcohol consumption of more
than 2 drinks a day seems to associate with increased mortality (Minzer, Losno, &
Casas, 2020; O’Keefe, Bybee, & Lavie, 2007). Chronic heavy drinking may lead
to atrial fibrillation, increased ventricular ectopic activity and ventricular
arrhythmias, and it is a risk for sudden cardiac death. In addition, acute alcohol
intake may increase the instability in ischemic heart disease (Klatsky, 2009).
Chronic overconsumption of alcohol is also a major cause of non-ischemic dilated
cardiomyopathy in Western countries (Guzzo-Merello, Cobo-Marcos, GallegoDelgado, & Garcia-Pavia, 2014). Moreover, alcohol intake before the SCD is found
to be quite common in Finnish population (Perkiömäki et al., 2016).
Physical inactivity is often related to many of the SCD risks mentioned above.
Physical activity itself has a controversial relation to SCD. Physically inactive
persons are at higher risk for cardiovascular diseases, but physical activity may
increase the risk for acute cardiac events during exercise (Schmied & Borjesson,
2014). It seems that regular exercise decreases cardiovascular mortality and
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morbidity, whereas high-intensity exercise, especially among untrained individuals,
may provoke SCD and acute coronary syndrome (Zipes & Wellens, 1998). One
mechanisms to explain this may be that platelet function is reported to be
suppressed during moderate exercise, while strenuous exercise increases platelet
adhesiveness and aggregability (Wang et al., 1994). On the other hand, both
moderate and high-intensity exercise induce coronary collateral growth, which
protects patients from SCD and from re-infarctions in acute coronary syndrome
patients (Akin et al., 2013; Möbius-Winkler et al., 2016). However, a Finnish
prospective study highlights the role of cardiorespiratory fitness compared to
physical activity. In a study of Hagnäs et al. (2018), low cardiorespiratory fitness
in men was a more significant predictor of SCD than low leisure-time physical
activity. In addition, low cardiorespiratory fitness activity among the low leisuretime physical activity group was associated with SCD, while low leisure-time
physical activity did not associate with SCD in patients in the high
cardiorespiratory fitness group. This is in line with the findings that some
characteristics such as male sex, CAD, myocardial scarring, cardiac hypertrophy
and fragmented QRS are common findings in SCD victims during physical exercise
(Toukola et al., 2015, 2018). Moreover, having symptomatic or non-symptomatic
CAD seems to result in different risk of leisure-time physical activity, showing
increased risk for SCD among highly active patients with symptomatic CAD.
Inactivity increases the risk for SCD among all CAD patients (Tulppo et al., 2020).
In addition, mental life stress has associated with higher SCD risk (Friedman
et al., 1973; Rahe, 1974). This may be a result of unfavorable autonomic nervous
system arousal (Critchley et al., 2005). Mental stress seems to predispose to lethal
ventricular arrhythmias. It may provoke ventricular tachycardias with shorter cycle
length and more difficult to self-terminate (Lampert, Jain, Burg, Batsford, &
McPherson, 2000). An increase in the number of SCDs has been observed during
unexpected disasters, such as earthquakes and terrorist attacks (Gold, Kane,
Sotoodehnia, & Rea, 2007). Takotsubo cardiomyopathy is a reversible
cardiomyopathy mainly thought to be initiated by emotional and physical stress. It
leads to clinical characteristics similar to acute coronary syndrome, probably due
to catecholamine-induced cardiotoxicity and microvascular dysfunction (Amin,
Amin, & Pradipta, 2020).
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Diabetes mellitus
Diabetes mellitus (DM) has traditionally been divided into type 1 diabetes and type
2 diabetes. Type 1 diabetes is due to autoimmune destruction of insulin-secreting
beta cells in the pancreas, while type 2 diabetes is a consequence of insulin
resistance. Other types of diabetes mellitus also exist, but they are much less
common. Type 2 diabetes in particular is highly heterogeneous (Tuomi et al., 2014).
All types of DM lead to increase in blood glucose. The diagnosis is recommended
to be based on measured glycated hemoglobin (HbA1c) or fasting plasma glucose.
Prediabetes is a state of progression from normoglycemia to type 2 diabetes when
the diagnostic criteria of DM are not yet met. It is defined by the presence of either
impaired glucose tolerance during an oral glucose tolerance test or an impaired
fasting glucose level (Rydén et al., 2013).
Based on the estimation of the International Diabetes Federation, there were
451 million people living with DM globally in 2017. It is estimated that the number
will increase to up to 693 million by the year 2045 (Cho et al., 2018). In EU
countries, more than 60 million people live with diabetes, mainly type 2. The
prevalence has increased three-fold during the last 25 years, largely due to obesity
and overweight (Timmis et al., 2020).
Complications of DM can lead to increased morbidity, mortality and disability
(Naslafkih & Sestier, 2003). Microvascular complications, such as nephropathy,
retinopathy and neuropathy, are mainly due to the production of advanced glycation
end products, creation of a proinflammatory microenvironment, and induction of
oxidative stress (Chilelli, Burlina, & Lapolla, 2013; Nguyen, Shaw, & Grant, 2012).
Macrovascular complications, such as stroke, coronary artery disease and
peripheral artery disease, seem to result mainly from increased oxidative stress and
vascular calcification (Kay, Simpson, & Stewart, 2016). Diabetic cardiomyopathy
is a miscellaneous complication that develops independently of coronary artery
disease or hypertension and is due to structural remodeling of the left ventricle in
DM patients (Shang et al., 2016). It should be noted that patients with type 2
diabetes are a heterogeneous group, and patient characteristics and risk of diabetic
complications seem to differ remarkably between patient clusters (Ahlqvist et al.,
2018).
Diabetes mellitus has been shown to be a risk factor for cardiovascular
mortality. A Finnish study reported that DM patients without previous myocardial
infarction have as high a risk of myocardial infarction as non-diabetic patients with
previous myocardial infarction (Haffner, Lehto, Rönnemaa, Pyörälä, & Laakso,
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1998). Based on the Candesartan in Heart failure: Assessment of Reduction in
Mortality and morbidity (CHARM) study, DM increases the risk of cardiovascular
death, including SCD, in patients with heart failure (MacDonald et al., 2008). The
risk for SCD among post-myocardial infarction DM patients with LVEF > 35%
seems to be even as high as non-diabetic post-MI patients with LVEF < 35%
(Junttila et al., 2010). It is noteworthy that the incidence of major adverse cardiac
events in CAD patients with prediabetes does not seem to differ from patients with
normal glycemic status, highlighting the need for active efforts to prevent the
progression of prediabetes to DM (Kiviniemi et al., 2019).
However, the understanding and strategies of medications to treat type 2
diabetes patients have changed dramatically over the past few years. Recent studies
have shown that treatment with sodium-glucose cotransport-2 (SGLT-2) inhibitors
as well as with glucagon-like peptide-1 (GLP-1) analogs has dramatically
decreased the risk of DM complications such as cardiovascular death, heart failure,
kidney disease and all-cause mortality (Duan, Wan, Wang, & Yang, 2019;
Heerspink, Kosiborod, Inzucchi, & Cherney, 2018; Wiviott et al., 2019). SGLT-2
inhibitors have recently become a part of first line medication in heart failure, both
among diabetic and non-diabetic patients (McDonagh et al., 2021).
2.2

Electrocardiography

2.2.1 Basic electrocardiography and electrophysiology
Electrocardiogram (ECG) has been in clinical use for more than a hundred years,
and it is still valuable, widely available method to assess the electrical activity of
the heart. It reflects differences in transmembrane voltages in myocardial cells
during depolarization and repolarization within each cycle. The ECG signal is
measured non-invasively at the body surface using ECG electrodes. Using 12-lead
ECG has become a standard method to diagnose and to promptly initiate and assess
therapy in acute coronary syndrome, conduction disturbances and arrhythmias, as
well as in electrolyte abnormalities and structural abnormalities (Kligfield et al.,
2007).
Surface ECG represents the sum vector of action potential in myocytes. In
standard 12-lead ECG, atrial action potential represents the P wave. The PQ interval
reflects delayed conduction in AV node. The QRS complex is a sum of action
potential spreading in the ventricles. Its morphology and electrical axis depend on
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the endocardial and transmural activation sequences. T wave represents ventricular
repolarization. Atrial repolarization is normally a peak of low amplitude and it is
hidden under the QRS complex. Depolarization in ventricles is directed throughout
the myocardium from the endocardium to epicardium, while repolarization is
directed from the epicardium to endocardium. For this reason, P wave, QRS
complex, ST segment and T wave are generally pointing in the same direction
(Sperelakis, 2001) (Figure 1).

Fig. 1. An illustration of electrocardiogram of heart in normal sinus rhythm. QRSd, QRS
duration.

Commonly, 10 electrodes are required for standard 12-lead ECG. Three electrodes
are placed on the limbs and measuring electrical potential differences between
electrodes form leads I, II, III, aVL, aVF and aVR. Six precordial electrodes are
placed on the chest, and they make up precordial leads V1-V6. 12-lead ECG
enables recognizing electrical activity from different anatomical areas of the heart.
The inferior lead category includes leads II, III and aVF, the lateral category
includes leads I, aVL and V4-V6, and the anterior category includes leads V1–V3.
However, standard 12-lead ECG may be unable to detect pathologies from the right
ventricle and posterior wall of the heart, and additional electrodes may be used to
generate leads V4R, V5R and V7-V9 (Sperelakis, 2001).
Cardiac tissue is composed of individual cells coupled through low-resistance
pathways, gap junctions. The cellular action potential in cells, myocytes, can be
divided into five phases (0–4). It is based on Na+-ion and K+-ion currents through
the cell membrane. Depolarization exists when Na+ ions enter the cell and
repolarization exists due to the outward flow of K+ ions. Phase 0 is a rapid
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depolarization, while phase 1 begins the repolarization, followed by the plateau
phase 2. Finally, depolarization ends rapidly in phase 3. In phase 4, the membrane
potential has reached the resting voltage. In a normal cardiac cycle, the sinus node
is the pacemaker. Action potential spreads from cell to cell by means of current
flow through gap junctions. The sinus node initiates the spread of the action
potential through the atria. It reaches the ventricles via the atrio-ventricular node
and continues to bundle of His, which then splits into left and right bundle branches.
The left bundle branch is divided into anterior and posterior divisions. Finally, the
action potential spreads to Purkinje fibers (DiFrancesco, 1993).
2.2.2 Traditional ECG variables
QRS duration
QRS duration (QRSd) is measured from the earliest onset of the QRS complex to
the latest offset of the waveform, and it is a result of ventricular contraction (Figure
1). QRS duration greater than 110 ms in adults is regarded as prolonged. The
changes in intraventricular conduction may increase the duration. Intraventricular
conduction change may be complete left bundle branch block (LBBB), complete
right bundle branch block (RBBB) or non-specific intraventricular conduction
disturbance (IVCD) (Surawicz et al., 2009). LBBB and RBBB are commonly
observed after myocardial infarction, myocarditis and cardiomyopathy, but isolated
bundle branch block in the absence of structural heart disease may also be found.
This is usually due to age-related degeneration of the conduction system. IVCD is
a pathology of the myocardium itself instead of the conduction system (Sridhar &
Padala, 2019). In addition, pre-excitation may prolong QRS duration due to
accessory pathway between cardiac chambers (Surawicz et al., 2009).
Several studies have shown prolonged QRSd to be associated with cardiac
death. It has been shown that it can predict cardiac death in both several cardiac
diseases and in healthy population (Aro et al., 2011; Iuliano, Fisher, Karasik,
Fletcher, & Singh, 2002; Teodorescu et al., 2011). In a Finnish cohort of 2,049
middle-aged men, each 10 ms increase in QRSd associated with a 27% higher risk
for SCD. In addition, QRSd > 110 ms was associated with a 2.5-fold increase in
SCD risk (Kurl, Mäkikallio, Rautaharju, Kiviniemi, & Laukkanen, 2012). A large
study of Desai et al. (2006) was in line with this finding, showing patients in general
population with QRSd > 130 ms experiencing nearly twice the risk of
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cardiovascular death compared to those with QRSd ≤ 110 ms. The same study
showed QRSd > 150 ms to associate with increased risk for cardiovascular death
among LBBB and RBBB patients. In patients with CAD, depressed LVEF together
with LBBB or IVCD predicts up to 50% increase in the risk of arrhythmic death
and all-cause mortality (Zimetbaum et al., 2004). A significant proportion of
patients hospitalized for heart failure have QRSd ≥ 120 ms, most commonly due to
LBBB, followed by IVCD and RBBB (Sandhu & Bahler, 2004). In hospitalized
patients, prolonged QRSd is associated with more advanced left ventricular
dysfunction as well as higher morbidity and mortality (Wang et al., 2008).
The reports on the significance of LBBB, RBBB and IVCD have been
conflicting. A number of studies have reported LBBB to associate with greater risk
of cardiovascular mortality and poorer prognosis compared to RBBB or normal
ventricular conduction both in cardiovascular diseases and in patients without
known underlying cardiac disease (Breithardt & Breithardt, 2012; Miller, Ballman,
Hodge, Rodeheffer, & Hammill, 2005; Sumner et al., 2009). Moreover, RBBB has
been mostly reported not to associate with higher mortality in the absence of any
other cardiac disease (Eriksson, Wilhelmsen, & Rosengren, 2005; Fleg, Das, &
Lakatta, 1983). Due to this, RBBB is widely considered a benign finding and
having a favorable prognosis when occurring in isolation. However, conflicting
results exist, showing increased cardiovascular risk and all-cause mortality among
patients with RBBB (Bussink et al., 2013; Rasmussen et al., 2019). In a large
Finnish cohort of 10,899 middle-aged subjects from the general population, RBBB
did not associate with increased mortality, while IVCD was a substantial predictor
of all-cause mortality, cardiac mortality, and arrhythmic death. LBBB was weakly
predictive of arrhythmic death (Aro et al., 2011).
QT interval
The QT interval is measured from the earliest onset of the QRS complex to the
latest offset of the T wave and is the result from ventricular depolarization to
ventricular repolarization (Figure 1). QT interval varies significantly in different
leads and it should be measured from the lead showing the longest interval, usually
V2 or V3 (Rautaharju et al., 2009). Also leads II, V5, V6 and I are often used
(Postema & Wilde, 2014). Defining the end of the T wave is not always so obvious,
and may be challenging even for trained cardiologists (Viskin et al., 2005). While
an increase in heart rate shortens the QT interval, it should be adjusted to heart rate
and corrected QT interval (QTc) should be used. This is most frequently done using
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Bazett’s formula. It is known that Bazett’s formula overcorrects the QT interval at
high heart rates and undercorrects it at low rates. It is often recommended to use
Framingham’s or Fridericia’s formula instead of Bazett (Vandenberk et al., 2016).
QTc is most commonly prolonged by long QT syndrome (LQTS) or drugs, but
also by hypokalemia, hypocalcemia and acute ischemia. LQTS is a congenital,
hereditary arrhythmogenic disorder in a structurally normal heart, presenting
prolonged QT interval (Rautaharju et al., 2009). Corrected QT interval of greater
than 450 ms in males or 470 ms in females is regarded as prolonged (Antoniou et
al., 2017; Anttonen et al., 2007). QTc > 500 ms repeatedly among adults refers to
LQTS. Patients identified with a pathogenic genetic variant with normal QTc also
fulfill the diagnostic criteria for LQTS. Three main genotypes of LQTS (LQTS1,
LQTS2 and LQTS3) cover approximately 90% of these cases (Priori et al., 2013).
Prolonged QTc is known to be a risk for arrhythmic events and SCD (Antoniou
et al., 2017). It has been reported to be a risk for SCD in LQTS patients but also in
healthy individuals (Straus et al., 2006; Zhang et al., 2011). In addition, in CAD
patients, idiopathic abnormal QTc prolongation has been reported to be a strong
predictor of SCD (Chugh et al., 2009).
Pathological Q waves
Acute myocardial infarction results in electronic disturbances in the myocardium,
inducing changes in ECG. In the acute phase, changes in ST interval and T wave
are often recognized. Changes in ST interval and T waves usually resolve, while
abnormal, pathological Q waves often persist (Uusitupa, Pyörälä, Raunio, Rissanen,
& Lampainen, 1983). In clinical practice, Q wave ≥ 40 ms is often cited as
pathologic. In studies, pathological Q wave is usually assessed according to the
Minnesota code (Godsk et al., 2012). The specificity of the diagnosis of prior MI
is highest when pathological Q waves are recognized in several leads or lead groups,
and when they are associated with ST deviations or T-wave changes in the same
leads (Mendis et al., 2011; Thygesen et al., 2012). For decades, pathological Q
wave has been considered a sign of old myocardial infarction (MI). However, even
transmural MI may occur without pathological Q wave, and Q-wave abnormalities
may decrease and recover (Uusitupa et al., 1983). Modern cardiac magnetic
resonance imaging has shown that the value of pathological Q wave in detecting
prior MI is limited. When Asch et al. (2006) analyzed 146 patients, sensitivity of
the Minnesota code to detect myocardial scar was less than 50%. In a study of
Nadour et al. (2014), when a modified Minnesota code was used, sensitivity was
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66%. In both studies, there was a significant number of pathological Q waves in
the absence of infarct, indicating false positivity. These findings, as well as the
complexity of the Minnesota code, have led to modified criteria of pathological Q
waves (Rautaharju, Park, Chaitman, Rautaharju, & Zhang, 1998; Thygesen et al.,
2012). Nevertheless, even modified criteria do not seem to provide an advantage
over Minnesota Code or prior clinical practice (Perino, Soofi, Singh, Aggarwal, &
Froelicher, 2015; Zhang, Prineas, & Eaton, 2010). Anterior and inferior
pathological Q waves are illustrated in Figure 2.

Fig. 2. Illustration of pathological Q waves. A: pathological anterior Q wave (leads V2,
V3) (arrows); B: pathological inferior Q wave (leads II, III) (arrows).

For decades, pathological Q wave has been regarded as a risk for cardiovascular
disease events, including cardiac death and sudden cardiac death, (Caird, Campbell,
& Jackson, 1974; Wong, Levy, & Kannel, 1990). In the case of acute myocardial
infarction, several studies suggest that the short- and long-term outcomes of Qwave infarction and non-Q-wave infarction differ. Q-wave infarction associates
with poorer prognosis (Desmarais & Cox, 2006; Liebson & Klein, 1997; Zaacks,
Liebson, Calvin, Parrillo, & Klein, 1999). Patients with persistent pathological Q
waves seem to have poorer prognosis compared with subjects in whom ECG
normalized in one-year follow-up after MI (Wong et al., 1990). However,
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conflicting results exist. Ablulla et al. (2001) compared 6,676 patients with Q-wave
infarction or non-Q-wave infarction and reported that Q waves associated with
increased mortality during the initial 30 days after MI, but had no influence
thereafter. A report from Uppsala Longitudinal Study of Adult Men was not able to
confirm this finding when comparing persistent and transient pathological Q waves,
probably due to low power of analysis. However, large pathological Q waves
(Minnesota code pattern 1.1) did predict CVD death and all-cause mortality (Möller,
Zethelius, Sundström, & Lind, 2007). Particularly large pathological Q waves are
also reported to associate with death and hospitalization for heart failure in
individuals without known heart disease (Godsk et al., 2012).
The incidence of Q-wave infarctions, as well as incidence of infarctions with
ST-segment elevation (STEMI) has declined over past decades. In contrast, the
proportion of infarctions without pathological Q wave and without ST-segment
elevation has increased. This may be explained with increased use of cardiac
biomarkers, particularly troponin. In addition, both in-hospital and long-term
mortality among Q-wave infarction patients has declined (Furman et al., 2001; Yeh
et al., 2010). Primary percutaneous coronary intervention has been shown to be
superior to fibrinolysis and it has become a routine in the management of STelevation myocardial infarction patients (Henry et al., 2007). Despite improvement
of acute MI therapies and Q-wave patient prognosis, the significance of Q wave
still exists. When 4,341 acute ST segment elevation MI patients treated with
percutaneous coronary intervention were analyzed in the PLATelet inhibition and
patient Outcomes (PLATO) study, pathological baseline Q wave associated with
both higher one-year all-cause mortality and higher one-year vascular mortality
(Siha et al., 2012).
T-wave inversion
T-wave represents ventricular repolarization from epicardium to endocardium, and
polarity of T wave is normally concordant with the QRS complex (Burgess, 1979).
T-wave inversion is a normal and benign finding in children aged more than one
month in leads V1–V3. In adults 20 years old or older, T wave is inverted in lead
aVR, and upright in leads I, II and V3–V6. Leads aVL, III and V1 may vary from
inverted to upright among healthy adults. Moreover, minor T-wave inversions in
V2 and aVF is considered to be a normal variation, especially in young adults
(Rautaharju et al., 2009). An isolated T-wave inversion in asymptomatic adults may
be a benign variant, but it can also be a sign of a structural heart disease such as
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hypertrophic cardiomyopathy, apical hypertrophy, myocardial ischemia, or
arrhythmogenic right ventricular cardiomyopathy (Okada, Yotsukura, Shimada, &
Ishikawa, 1994).
T-wave inversion seem to associate with SCD in general population
(Laukkanen et al., 2014). Even minor T-wave inversions as an isolated
electrocardiographic finding have been related to an increased risk of cardiac death
(Kumar & Lloyd-Jones, 2007; Prineas et al., 2002). The prognostic significance of
T-wave inversions in right precordial V1-V3 leads is not that clear, but it seems that
they are not associated with adverse outcome in general population (Aro et al.,
2012). It is worth to note, that in acute coronary syndrome, T-wave inversions in
the anterior precordial leads are associated with significant left anterior descending
artery occlusion (Thygesen et al., 2018).
Heart rate
Heart rate (HR) is measured as beats per minutes (bpm). In a normal sinus rhythm,
each beat is activated by the sinus node. Activity of the sinus node is regulated by
the autonomic nervous system. Whereas sympathetic branches activate the sinus
node and increase HR, parasympathetic branches are inhibitory and lower HR
(Levy, 1997). Coronary perfusion occurs predominantly during diastole. Elevated
heart rate increases oxygen consumption and decreases myocardial perfusion,
mainly by shortening the duration of diastole (Hall & Palmer, 2008). In addition,
high HR has been shown to correlate with progression of atherosclerosis and is
associated with microinflammatory response and increased risk of coronary plaque
distribution (Beere, Glagov, & Zarins, 1984; Rogowski et al., 2007).
Elevated resting heart rate has been reported to predict cardiovascular mortality
and SCD both in general population and in patients with ischemic disease (Benetos,
Rudnichi, Thomas, Safar, & Guize, 1999; Engel et al., 2007; Shaper, Wannamethee,
Macfarlane, & Walker, 1993). Despite the fact that elevated resting HR is
commonly associated with higher systolic blood pressure, total cholesterol,
triglycerides, waist circumference and lower levels of physical activity and high
density lipoprotein cholesterol, it has been shown to predict cardiovascular diseases
independently (Cooney et al., 2010; Hall & Palmer, 2008). A cohort of 5,438 stable
CAD patients showed 34% higher risk for cardiovascular death among patients
with resting HR 70 bpm or more compared to patients with resting HR less than 70
bpm (Fox et al., 2008). Moreover, Diaz et al. (2005) found that CAD patients with
resting HR ≥ 83 bpm had 31% higher cardiovascular mortality compared with the
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group with resting HR 83 bpm or less. In line with these findings, reducing the
heart rate in heart failure patients with elevated HR improves their clinical
outcomes (Lopatin et al., 2018; Swedberg et al., 2010). However, some recent
studies have evaluated that in CAD patients without heart failure, reducing resting
HR is helpful in preventing angina, but is not as beneficial for prognosis (Ferrari &
Fox, 2016; Tanna, Messerli, & Bangalore, 2019).
Atrial fibrillation
Atrial fibrillation (AF) is an atrial arrhythmia with uncoordinated atrial electrical
activation and consequently, ineffective atrial contraction, causing irregular, rapid,
fibrillatory waves varying in size, shape, and timing in ECG baseline. In addition,
ECG characteristics include the absence of distinct P waves. This leads to irregular,
monomorphic ventricular complexes, generally a mean of more than 100 beats per
minute. Regularization may occur in patients with an accelerated junctional or
idioventricular rhythm or a ventricular paced rhythm (Falk, 2001). AF may occur
in apparently structurally normal heart, or it may be a complication of an underlying
heart disease, such as myocardial infarction, coronary artery disease, or
hypertensive heart disease. On the other hand, AF itself may cause atrial
cardiomyopathy. AF is classified as paroxysmal, persistent, long-standing
persistent or permanent (Hindricks et al., 2021).
Worldwide, atrial fibrillation is the most common sustained cardiac arrhythmia
in adults. The incidence of AF increases with age, being up to 20-fold higher in the
age group 80–84 years compared to the age group 55–59 years (Heeringa et al.,
2006). During the past decades, the overall incidence of AF seem to be increasing,
mainly due to improved detection of AF, aging and increasing in the prevalence of
DM and obesity (Lane, Skjøth, Lip, Larsen, & Kotecha, 2017).
Atrial fibrillation associates with adverse prognosis. AF is an independent risk
for stroke as well as an independent predictor of all-cause mortality (Benjamin et
al., 1998). Despite improvement in pharmaceutical and interventional treatment,
AF associates with increased risk of myocardial infarction and heart failure
(Ruddox et al., 2017). In addition, progression of heart failure seems to be more
likely in patients with AF. This may partly explain the increased risk for all-cause
mortality (Dries et al., 1998). According to a meta-analysis of 71,638
anticoagulated AF patients, cardiac deaths accounted for 46% of all deaths, whereas
non-hemorrhagic stroke or systemic embolism and hemorrhage-related deaths
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represented 5.7% and 5.6% of the total mortality, respectively (Gómez-Outes et al.,
2016).
2.2.3 Early repolarization and QRS complex fragmentation
Early repolarization
The pathophysiological basis of ER is currently not fully understood. Usually it is
explained that early repolarization is generated by the balance between inward
sodium and calcium and outward potassium currents in the early part of
repolarization of the action potential of the ventricular myocardium (Ali, Butt, &
Sheikh, 2015). In addition, the exact definition of early repolarization (ER) has
varied between different investigators and for that reason, the prevalence of ER has
varied in different studies. In a widely used definition, ER can occur as J wave, Jpoint elevation or end-QRS notching or slurring. In a recently published consensus
paper, ER is defined as end-QRS notching or slurring, and ST-segment elevation
without notching or slurring should not be reported as ER (MacFarlane et al., 2015)
(Figure 3A).
For decades, ER was regarded as a benign ECG variant when occurring without
symptoms of ischemia or myocarditis (Goldman, 1953; Klatsky, Oehm, Cooper,
Udaltsova, & Armstrong, 2003; Myers & Klein, 1947; Uberoi et al., 2011). Since
the early 2000’s, this perception has changed as several studies have shown that ER
is prognostic for the risk of cardiac death (Antzelevitch & Yan, 2015; Gussak &
Antzelevitch, 2000). For instance, ER has been shown to be more common in
patients with a history of idiopathic ventricular fibrillation than in individuals
without heart disease (Haïssaguerre et al., 2008; Nam, Kim, & Antzelevitch, 2008;
Rosso et al., 2008). A meta-analysis by Cheng et al. (2017) showed that ER is
associated with increased risk of ventricular arrhythmias and SCD in patients with
structural heart diseases.
It seems that the prognostic value of ER depends on its form and location. It
has been shown that the most dangerous form is ER with horizontal or descending
ST segment in lateral or inferior leads (Junttila et al., 2012; Tikkanen et al., 2011;
Tikkanen et al., 2009). By contrast, ST-segment elevation in the absence of J wave,
often found in young athletes, is considered benign (Viskin, Rosso, & Halkin, 2012).
When comparing notched and slurred ER form, it seems that notched J-point
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elevation associates with higher risk of all-cause and cardiovascular death (Rollin
et al., 2012).
It is noteworthy that although ER increases the relative risk of arrhythmic
events, the absolutely risk remains very low in patients without symptoms, and
incidental identifications of ER should not be considered as high-risk marker. From
a clinical point of view, it is also challenging that ER may be present intermittently
and there is no proven provocative test to identify a hidden ER (Obeyesekere et al.,
2013).
QRS complex fragmentation
QRS complex fragmentation (fragmented QRS, fQRS) is a sign of conduction
abnormality that may derive from an infarction scar. The scar leads to
inhomogeneous activation in ventricles (El-Sherif, 1970; Flowers, Horan, Thomas,
& Tolleson, 1969). fQRS is usually defined as an additional R wave or as notching
in R wave or S wave, when QRSd is less than 120 ms (Das et al., 2008) (Figure
3B). Fragmented wide QRS has been little investigated. In the presence of wide
complex QRS (≥ 120 ms), such as a bundle branch block (BBB), fragmentation is
defined to be present if there are more than two notches in the R or S wave (Das et
al., 2008).
It has been reported that fQRS is an even better indicator of prior myocardial
infarction than Q wave, and it may be an independent prognostic factor for
mortality in patients with acute coronary syndrome (Das, Khan, Jacob, Kumar, &
Mahenthiran, 2006; Das et al., 2009). There is also increasing evidence that fQRS
may be connected to ventricular arrhythmias and SCD. It has been reported that it
predicts SCD in patients suffering from cardiomyopathy (Pei et al., 2012). It also
seems to predict mortality and cardiac death in patients with CAD (Das et al., 2007).
In addition, fQRS has been reported to predict recurrence of infarction in patients
with former myocardial infarction better than Q wave (Pietrasik, Goldenberg,
Zdzienicka, Moss, & Zareba, 2007). In a meta-analysis of Rosengarten et al. (2015),
fQRS was significantly associated with ventricular arrhythmia and mortality both
in ischemic and non-ischemic cardiomyopathy patients with LVEF more than 35%.
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Fig. 3. Illustration of early repolarization and QRS-complex fragmentation. A: early
repolarization (leads II, III) (arrows); B: QRS-complex fragmentation (leads V4–V6)
(arrows).

2.3

Implantable cardioverter defibrillator

2.3.1 Basics of ICD therapy
Some SCDs can be prevented by implantable cardioverter-defibrillator (ICD)
therapy. The very first ICD devices were implanted surgically in 1980. Operations
in the 1980s required thoracotomy and large generators were implanted in the
abdominal wall (Haqqani & Mond, 2009). Since then, ICD technology has
dramatically improved and implantation has become clinical routine, resulting in
an increase in the number of implanted ICDs. Nowadays, more than 100,000 ICDs
are implanted in the European countries annually. In Europe, ICD implantation
rates are the highest in Western Europe. During the 10-year period 2006–2016, the
rate of ICD implantation has increased in all European countries expect for
Switzerland, Italy, Armenia and San Marino (Raatikainen et al., 2017).
Today, ICD is a small, battery-powered device implanted under the skin in the
chest wall and connected to the heart with coil leads. The devices are in most cases
conducted with transvenous leads, but surgical implantation is still occasionally
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necessary. ICD therapy enables pacing, antitachycardia pacing (ATP), and
defibrillation of the heart (Priori et al., 2015). The effect of ICD on the prevention
of SCD is based on termination of life-threatening arrhythmias by delivering a
defibrillation shock and/or ATP. The device itself acts as an electrode and delivers
a high-voltage shock through the ventricular myocardium. As the coil lead is
implanted directly to the endocardium, the required energy for therapies is low.
Current transvenous ICD technology can deliver energies of 35–40 joules (Wilkoff
et al., 2016) (Figure 4). ICD terminates VT/VF episodes with remarkably high
efficacy. In the NORDIC ICD trial, VT/VF episodes were successfully terminated
in 100% of cases in patients without intra-operative defibrillation testing, and in
96.7% of cases in patients with intra-operative testing (Bänsch et al., 2015).

Fig. 4. Illustration of implantable cardioverter defibrillator (ICD) device. A coil lead is
placed in the right ventricle. ICD terminates life-threatening arrhythmia with
antitachycardia pacing and/or defibrillation shock. VT, ventricular tachycardia; FVT, fast
ventricular tachycardia; VF, ventricular fibrillation; ATP, antitachycardia pacing; J,
joules; CV, cardioversion; HV, high-voltage defibrillation. Reused with permission of the
publisher from Koivisto et al. (Koivisto, Junttila, & Karvonen, 2020).

A dual-coil lead includes a coil in the superior vena cava and right ventricular, while
a single-coil lead only uses a right ventricular coil. The dual-coil lead system has
been widely used because of early studies suggesting improved defibrillation
efficacy when compared to single-coil system (Neuzner & Carlsson, 2012).
However, device technology has improved. Based on a meta-analysis of eighteen
studies and 138,124 patients, Sunderland et al. (2018) reported that dual-coil leads
were associated with lower defibrillation thresholds while single-coil leads
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associated with lower all-cause mortality. There was no difference in the first shock
success between the systems. On the other hand, dual-coil leads are more complex
to extract.
The ICD system may include only one lead in the right ventricle (a singlechamber system) or one lead in the right ventricle and another lead in the right
atrium (a dual-chamber system). The main benefit of a dual-chamber ICD is the
possibility of atrial-based pacing and sensing; therefore it is recommended for
patients with symptomatic bradycardia. In clinical practice, a single-chamber ICD
should be preferred to a dual-chamber system (Goldenberg, Huang, & Nielsen,
2020).
To avoid problems with intravenous implantation, subcutaneous implantable
cardioverter (S-ICD) has been developed, and it may be considered as an alternative.
The generator and lead are placed entirely subcutaneously, outside the thoracic
cavity, without intravascular leads. S-ICDs are effective in preventing SCD when
pacing therapy for bradycardia, cardiac resynchronization, or antitachycardia
pacing is not needed (Bardy et al., 2010). The benefit from S-ICD seems even to
be comparable to intravenous implantation, although long-term, randomized data
is missing (Brouwer et al., 2018). Some studies have shown a higher rate of
inappropriate shocks and complications requiring intervention in S-ICD patients
compared to ICD patients, but complications and inappropriate shocks can be
consistently reduced with strategic programming and along with operator
experience (Burke et al., 2015). Moreover, lower anxiety levels and greater
reduction in depression have been reported in S-ICD patients when compared to
transvenous ICD patients (Pedersen et al., 2019). S-ICD may be a relevant choice
for young patients to avoid long-term transvenous leads, patients at risk for
bacteremia, or when intravenous implantation is difficult. The limitations of S-ICD
therapy need to be considered when making the decision between devices (Jarman
et al., 2012). A novel alternative extravascular ICD system is substernal placement
of the ICD lead. A substernal ICD system may enable defibrillation with energy
levels similar to intravenous system as well as option for ATP (Boersma et al., 2019).
Wearable cardioverter defibrillator (WCD) is a harness-style vest containing
sensing electrodes and defibrillator electrodes, and it should be worn continuously.
WCD may be used for a limited period for patients at risk of sudden cardiac death,
including patients waiting for ICD implantation, patients waiting for heart
transplantation, patients with active myocarditis, and high-risk patients in the early
post-myocardial infarction phase (Reek et al., 2017). Mainly based on case series,
WCD can successfully terminate life-threatening arrhythmias (Chung et al., 2010;
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Epstein et al., 2013; Reek et al., 2003). However, the randomized, controlled trial
of Olgin et al. (2018) could not show significant reduction of arrhythmic deaths
during 90 days after myocardial infarction in patients with LVEF < 35%. It is
notable that only 12 of the 48 participants in the device group who died were
wearing the device at the time of death. This shows that low adherence to wearing
the device may be a limiting factor in the potential benefit of the WCD.
2.3.2 Current guidelines for implantation
Secondary prevention
At first, the use ICD therapy was secondary prevention for survivors of ventricular
fibrillation or aborted cardiac arrest, to prevent a recurrent cardiac arrest caused by
VF or VT. The trials Antiarrhythmic drugs Versus Implantable Defibrillator (AVID),
Canadian Implantable Defibrillator Study (CIDS), and Cardiac Arrest Study
Hamburg (CASH) provided strong evidence on the benefit of ICD treatment for
secondary prevention, showing higher survival rate when compared to antiarrhythmic pharmacology treatment (Connolly et al., 2000; Kuck, Cappato, Siebels,
& Rüppel, 2000; McAnulty et al., 1997). A meta-analysis of these three trials
showed that secondary ICD implantation associated with a 50% reduction in antiarrhythmic mortality and 28% reduction in all-cause mortality (Connolly et al.,
2000).
The current class I ESC guideline recommends secondary ICD implantation in
patients with documented VF or hemodynamically not tolerated VT in the absence
of reversible causes or within 48 h after myocardial infarction who are receiving
optimal medical therapy and have a reasonable expectation of survival with a good
functional status > 1 year (Priori et al., 2015).
Primary prevention
After secondary prophylactic ICD implantations started in 1980, the interest in
primary prophylactic treatment began to increase in the 1990’s, and the first
randomized controlled trial investigating the efficiency of primary prophylactic
ICD was published in 1996 (Moss et al., 1996). The current guidelines for primary
prophylactic ICD implantation are largely based on two landmark trials, the
Multicenter Automatic Defibrillator Implantation Trial-II (MADIT-II) and the
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Sudden Cardiac Death in Heart Failure Trial (SCD-HeFT). These studies
demonstrated the efficacy of primary prevention ICD therapy at the beginning of
the millennium. MADIT-II, published in 2002, enrolled 1,232 patients with
myocardial infarction and left ventricular dysfunction (LVEF ≤ 30%). The patients
were randomized to receive an ICD or conventional medical therapy in a 3:2 ratio.
As a result, ICD implantation was associated with a 31% reduction in the risk of
death compared to conventional therapy (Moss et al., 2002). In SCD-HeFT,
published in 2005, 2,521 congestive heart failure patients with LVEF ≤ 35% were
randomly assigned to receive conventional therapy and an ICD, conventional
therapy and amiodarone, or conventional therapy and placebo. ICD was associated
with a decreased risk of death of 23% compared to placebo, while amiodarone did
not differ from the placebo. This study included both ischemic and non-ischemic
patients (Bardy et al., 2005). The smaller Defibrillators in Non-Ischemic
Cardiomyopathy Treatment Evaluation (DEFINITE) trial included 458 nonischemic DCM patients and prospectively randomized patients to receive a primary
prophylactic ICD or standard medical therapy. The trial was published in 2004 and
showed a reduction in both all-cause mortality and arrhythmic deaths among the
ICD group; however, the difference between groups in all-cause mortality did not
reach statistical significance (Kadish et al., 2004). The main characteristics and
results of the studies are summarized in Table 1.
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Table 1. Primary prevention ICD treatment landmark studies.
Characteristic
Published
Patient enrolment
Cohort size
ICD group
Conventional arm
Etiology
LVEF inclusion criteria
Average follow up
ICD benefit on death
1

MADIT-II

SCD-HeFT

DEFINITE

2002

2005

2004

1997 - 2001

1997 - 2001

1998 - 2002

1232

2521

458

742

829

229
1

490

1692

229

All ischemic

52% ischemic

All non-ischemic

≤ 30%

≤ 35%

≤ 35%

20 months

45.5 months

29 months

31% reduction

23% reduction

35% reduction2

Conventional arm included conventional + placebo group (847) and conventional + amiodarone group

(845 patients).
2

The result did not reach statistical significance.

LVEF, left ventricular ejection fraction.

Several individual trials have failed to show a reduction in all-cause mortality with
primary prophylactic ICD implantation in non-ischemic patients (Bänsch et al.,
2002; Køber et al., 2016; Strickberger et al., 2003). However, in a meta-analysis of
Stavrakis et al. (2017) which included six randomized trials involving 2,967 nonischemic patients, ICD implantation substantially decreased total mortality and
arrhythmic deaths. In line with this, a meta-analysis of 11 trials showed a
statistically significant 24% decrease in mortality among both ischemic and nonischemic etiologies (Shun-Shin et al., 2017). Lower annual mortality of nonischemic ICD patients may partly explain the challenges to confirm significant
benefit from the device in individual studies.
According to the current ESC guidelines, the class I recommendation for
primary prophylactic ICD includes ischemic patients with LVEF ≤ 35% with
symptoms in NYHA class II–III. The recipients should be expected to survive for
at least 1 year with good functional status. LVEF should be assessed after ≥ 3
months of optimal medical therapy. Among patients with non-ischemic etiology,
primary prophylactic ICD should be considered (class IIa recommendation) in
patients with LVEF ≤ 35% despite ≥ 3 months of optimal medical therapy, when
expected to survive longer than 1 year with good functional status (McDonagh et
al., 2021). In hypertrophic cardiomyopathy patients, using HCM Risk-SCD score
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is recommended, and ICD is not recommended if the risk for SCD falls below 0.8%
per year (Elliott et al., 2014). ICD implantation within < 40 days after myocardial
infarction is not indicated, because randomized trials have not shown benefit from
implantation in the early phase after infarction (Hohnloser et al., 2004; Steinbeck
et al., 2009). The American Heart Association (AHA) guidelines are mainly
comparable to those in Europe, except patients with non-ischemic etiology are
recommended to receive primary prophylactic ICD (class I recommendation). In
addition, AHA guidelines include additional class I indications for patients with
LVEF ≤ 30% in NYHA class I and patients with LVEF ≤ 40% having non-sustained
VT ≥ 4 days after MI (Al-Khatib et al., 2018). An ICD may be combined with
cardiac resynchronization therapy (CRT) implantation (cardiac resynchronization
therapy-defibrillator, CRT-D) if heart failure is due to left ventricular mechanical
dyssynchrony (Brignole et al., 2013).
According to a survey conducted by the European Heart Rhythm Association
in 2017, only 40% of 48 European centers implanted primary prophylactic ICD on
a regular basis (> 75% of patients) for non-ischemic patients fulfilling current
indications for ICD. The most important patient-related reasons to withdraw an
ICD were advanced age (80%), frailty (61%), co-morbidities, advanced heart
failure, patient preferences, and renal replacement therapy. For ischemic patients,
primary prophylactic ICDs were implanted on a regular basis for patients fulfilling
current indications in 70% of the centers. Patient-related reasons for not implanting
the device were similar to those in non-ischemic subjects (Haugaa et al., 2017).
2.3.3 ECG variables predicting ICD therapy
The knowledge about ECG as a predictor of ICD therapy is very limited. ECG
could be a potential non-invasive method to identify the candidates for primary
prevention ICD therapy as optimally as possible (van Hemel, 2011). ECG is cheap,
widely available, and routinely taken from patients with cardiovascular diseases. In
addition, it is known to be an attractive tool for SCD risk stratification (Eranti et
al., 2016).
Traditional ECG variables
Prior studies have shown that prolonged QRS duration may predict sudden death
and life-threatening arrhythmias among patients with ICD. In a study with 562
patients with primary or secondary ICD treatment, wider QRSd predicted
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arrhythmic events and was also a predictor of overall mortality (Stecker et al., 2006).
Hreybe & Saba (2007) reported that QRSd ≥ 120ms was a predictor of appropriate
shock in a cohort of 399 primary or secondary ICD patients. The role of QRSd was
more significant in the secondary ICD group. However, conflicting results exist.
When 431 patients receiving primary or secondary ICD in the PainFREE Rx II
study were analyzed, QRSd did not predict ventricular arrhythmias resulting in ICD
therapies (Buxton et al., 2005). In addition, in the MADIT-II population, prolonged
QRSd (≥ 140 ms) predicted SCD in the medically-treated arm, but did not predict
VT or VF in the ICD-treated arm (Dhar et al., 2008). However, QRSd ≥ 150 ms
associated with greater survival benefit from ICD in that population (Moss et al.,
2002). It has also been reported that QRSd 130 ms exhibits the highest risk of
appropriate shock, while shorter or longer values from this peak demonstrated
lower hazards ratios (Lee et al., 2015).
Even though QTc prolongation has been widely associated with increased risk
of death, the knowledge about it in primary prophylactic ICD patients is very
limited (Antoniou et al., 2017; Y. Zhang et al., 2011). Barbhaiya et al. (2013) did
not find a significant difference in the QTc interval between CRT-D patients
receiving or not receiving defibrillation shocks. Due to small cohort (n = 128) and
minimum follow-up time of only two months, the results need to be treated with
caution. By contrast, in a study of 195 hypertrophic cardiomyopathy patients,
prolonged QTc predicted ventricular tachyarrhythmia and death in patients with
primary or secondary ICD (Debonnaire et al., 2015). Results in line with this
finding among HCM patients with ICD have been published (Gray, Ingles, Medi,
& Semsarian, 2013). Data from the European LQTS ICD Registry of primary and
secondary prevention showed that QTc > 500 ms predicted appropriate shocks
(Schwartz et al., 2010). In addition, LQTS patients with primary prophylactic ICD
were recently assessed. In line with Schwartz et al., QTc ≥ 500 associated with
increased risk of appropriate shock, while QTc ≥ 550 ms was the strongest predictor
of recurrent appropriate shocks (Biton et al., 2019).
Heart rate (HR) has been investigated in ICD patients using long-term heart
rate observation. In the Inhibition of Unnecessary RV Pacing With AV Search
Hysteresis in ICDs (INTRINSIC RV) trial, high mean intrinsic HR was predictive
of mortality and hospitalization in primary and secondary prophylactic ICD
patients (Ahmadi-Kashani et al., 2009).
Atrial fibrillation (AF) is present in a substantial proportion of ICD patients, in
up to one fourth of the subjects (Zweibel et al., 2019). Atrial fibrillation has been
reported to be a risk factor for appropriate shocks and mortality in ICD treatment
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(Borleffs et al., 2010; Smit et al., 2006). Moreover, ICD patients with AF seem to
receive more inappropriate shocks compared to subjects without AF (Borleffs et al.,
2010; Jagielski et al., 2019). A meta-analysis of 63,283 primary or secondary ICD
patients confirmed the increased risk for all-cause mortality and higher appropriate
shock rate in patients with AF. A separate meta-analysis of 387 patients even
questioned the benefit from ICD treatment in AF patients as there was not
statistically significant mortality benefit from ICD compared with medical therapy
in AF patients (Mustafa et al., 2018).
Early repolarization and QRS-complex fragmentation
There are very few studies reporting the role of early repolarization in ICD
recipients. A small study of 35 patients reported ER to be the strongest predictor of
arrhythmia recurrence and ICD shocks among secondary prevention patients with
idiopathic ventricular fibrillation. Appropriate shocks were observed more often
and earlier in patients with ER (Siebermair et al., 2016). Moreover, in a group of
vasospastic angina patients with secondary prevention ICD, ER predicted
recurrence of ventricular fibrillation (Kitamura et al., 2016). There are no existing
reports describing the role of ER in primary prophylactic ICD patients, although it
has been discussed. For instance, Desimone & Ackerman (2014) ask for further
investigations on ER in LQTS patients to assess the need for primary prophylactic
ICD implantation in that patient group.
Brenyo et al. (2012) found inferior wide fQRS to be predictive of SCD and
ICD shocks in the MADIT II population among 1,040 patients who had received
an ICD implantation for primary prevention. The association was primarily based
on the increase of events in LBBB patients. Fragmented QRS complex in any
location associated with higher risk for SCD and appropriate ICD shocks. Das et
al. (2010) conducted a study of 361 CAD or DCM patients with ICD implantation
for primary or secondary prevention. The study revealed that fQRS is a predictor
of arrhythmic events. Also Apiyasawat et al. (2014) have reported that the presence
of fQRS appears to be associated with appropriate ICD therapy. The study included
107 patients, and more than half had an ICD implanted for secondary prevention.
A study of 215 patients also found that the number of fQRS leads predicted
appropriate ICD shocks in primary prophylactic therapy (Özcan et al., 2014). In
another study, QTc interval greater than 460 ms and fQRS in more than 2 territories
(inferior, lateral, septal, and/or anterior) predicted SCD and appropriate ICD
therapy in secondary prevention ICD therapy patients (Debonnaire et al., 2015). By
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contrast, Forleo et al. (2011) did not find any prognostic value of QRS-complex
fragmentation in primary prevention ICD patients when they evaluated 394 patients
in a retrospective study.
2.3.4 Challenges regarding current guidelines
The risks, benefits, and cost-effectiveness of primary ICD therapy are still widely
unknown. Patient selection based on LVEF as the only factor probably oversimplifies the decision-making. A recent randomized DANISH-ICD trial,
published in 2016, showed that non-ischemic primary prophylactic ICD patients
have limited benefit from ICD therapy. ICD treatment did associate with lower risk
for SCD, but not with all-cause mortality in this cohort of 556 ICD patients and
560 control patients (Køber et al., 2016). There are also randomized trials that
challenge the efficiency of the treatment among ischemic patients. Even though the
risk for arrhythmic death seems to decrease, overall mortality remains challenging
to reduce with primary prophylactic ICD implantation early after myocardial
infarction (Hohnloser et al., 2004; Steinbeck et al., 2009).
The participants in the MADIT-II and SCD-HeFT studies were enrolled almost
two decades ago, between 1997 and 2001. Both pharmacological and interventional
treatments for heart failure and acute coronary events have improved considerably
since the beginning of the millennium (Sabaté et al., 2014; Schmidt, Ulrichsen,
Pedersen, Bøtker, & Sørensen, 2016) Shen et al. (2017) analyzed 12 non-ICD trials
of heart failure patients published in 1995–2011 and reported a 44% decline in SCD
rate across the trials. In addition, even though cardiovascular diseases remain the
leading cause of death, the trend is decreasing (Hartley et al., 2016). It should also
be noted that despite correct application of the current guidelines, a substantial
number of primary prophylactic ICD patients differ in their characteristics as
compared to the landmark studies. It seems that real-life ICD recipients are older
and patients have a higher burden of comorbidities when compared to subjects
enrolled in the trials (Al-Khatib et al., 2013). An increasing number of
comorbidities attenuate the benefit from primary prevention ICD, probably due to
competing risks of mortality. Comorbidities may explain a proportion of the
diminished benefit from therapy (Steinberg et al., 2014).
The efficiency of ICD therapy seems to vary remarkably in different patient
subgroups. Such important groups as women, elderly patients, and patients in
NYHA class III have been described to have lower-than-average benefit from ICD.
In women, lower appropriate shock rate has been reported in several primary
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prophylactic ICD studies, while overall mortality remains equal or even lower
compared to men (Bergau, Seegers, & Zabel, 2014; Providência et al., 2016;
Seegers, Conen, et al., 2016). Differences in the characteristics of SCD victims by
sex may affect the results (Haukilahti et al., 2019). When considering age at
implantation, all-cause mortality increases with age, but the average rate of
appropriate shocks seems to be similar in different age groups. An increase in risk
of death from causes other than SCD probably explains the diminishing benefit
from ICD (Elming et al., 2017; Fauchier et al., 2015). Pooled data from the SCDHeFT, MADIT-II and DEFINITE trials did not show patients in NYHA class III
having benefit from ICD therapy when compared to the medical therapy arm. This
result also emphasizes the role of competing risks of death instead of SCDs (Barra,
Providencia, & Agarwal, 2016).
It is also known that only a fraction of ICD patients receive appropriate ICD
shocks during their lifetime, and there is also a trend of a decrease in appropriate
ICD therapies. In the MADIT-II cohort, the average annual rate of appropriate
shock was up to 17%, while in the Primary Prevention Parameters Evaluation
(PREPARE) cohort, published in 2008, the average annual appropriate shock rate
was 5.4% (Sabbag et al., 2015; Wilkoff et al., 2008). Even though the appropriate
shock rate has declined dramatically, 1-year mortality has decreased to a lesser
extent (Sabbag et al., 2015). However, a decreasing number of appropriate shocks
is also a result of more advanced programming (Moss et al., 2012; Wilkoff et al.,
2008). On the other hand, a proportion of patients may benefit less from ICD
because of comorbidities as death occurs regardless of appropriate shocks. In
addition, appropriate ICD therapy is not an unambiguous surrogate for sudden
cardiac death. In other words, an appropriate shock does not always mean
prevented SCD (Ellenbogen et al., 2006; Koller et al., 2008). Tung and colleagues
(2008) even assessed that the ratio of the number of appropriate shocks to prevented
sudden cardiac deaths would be greater than 2 to 1.
The efficiency of ICD therapy to abort sudden arrhythmic death is apparent,
but ICD implantation may be followed by severe complications. As many as one in
four patients may experience considerable side effects, such as device infections or
inappropriate shocks, from ICD therapy within 10 years of implantation (Koneru
et al., 2018). In addition, lead failures, generator erosion, lead displacement and
perforation of the right ventricle are possible (Haqqani & Mond, 2009). A study
with more than 3,000 patients reported a 12-year cumulative incidence of adverse
events of 20% for inappropriate shock, 6% for device-related infection, and 17%
for lead failure in patients with ICD or CRT-D device (Heijden et al., 2015).
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Prospective data from Canadian centers published by MacFadden et al. (2012)
showed women with ICD having significantly greater risk for complications than
men.
The most common side effect of ICD therapy are inappropriate defibrillation
shocks (Alter, Waldhans, Plachta, Moosdorf, & Grimm, 2005; Nunain et al., 1995).
A high number of defibrillation shocks seems to increase the incidence of
depression and decrease the quality of life (Tomzik, Koltermann, Zabel, Willich, &
Reinhold, 2015). The shocks are not only disruptive, but they have also been shown
to cause permanent cardiac muscle injury (Epstein, Kay, Plumb, Dailey, &
Anderson, 1998; Xie et al., 1997). It has been speculated that this may result in
deterioration of LVEF (Van Rees et al., 2011). Moreover, frequent device therapies
appear to be a risk for arrhythmia recurrence and non-sudden cardiac death
(Germano, Reynolds, Essebag, & Josephson, 2006). Thus, as shown in a systematic
review and meta-analysis of Proietti et al. (2015), both inappropriate and
appropriate shocks may have even life-threatening risks.
It seems that the benefit-risk ratio and cost-effectiveness of primary prevention
ICD therapy has declined over the years (Dagres & Hindricks, 2017). There is an
obvious need for more accurate patient selection to ICD therapy and there is a
continuous search for novel, easily accessible risk stratification methods to allocate
treatment more precisely. The rates of appropriate ICD shock therapies among
primary prevention ICD patients seem to be lower when compared to subjects with
secondary prevention ICD (Fontenla et al., 2016; Sabbag et al., 2015). In addition,
compared to secondary prevention patients, subjects in the primary prevention
group have not experienced life-threatening arrhythmias before implantation.
These properties in primary prophylactic ICD treatment underline the importance
of optimal patient selection.
There has been active investigation to identify patients who are more or less
likely to benefit from primary prophylactic ICD. One of the most widely known is
the study of Goldenberg et al. (2008). In this study, the Goldenberg score was
constructed using the MADIT-II cohort, and considering NYHA class, age, blood
urea nitrogen, QRS duration and existing atrial fibrillation. Using the Goldenberg
score, 18% of low-risk patients and 26% of patients with ≥ 1 risk factor received
appropriate ICD therapy during a mean follow-up time of 20 months. In addition,
the score was able to identify very high-risk patients who did not benefit from ICD.
Identifying high-risk subjects using Goldenberg score was confirmed in a data set
of 2,485 patients gathered from 12 French centers between 2002 and 2012
(Providência et al., 2015). However, the Goldenberg score was not predictive for
53

low-risk patients when it was used in a real-life cohort of 789 patients by Sjöblom
et al. (2016). The Seattle Heart Failure Model is a multivariate risk model
developed to predict all-cause mortality and cause-specific mortality in heart failure
patients. The model includes several clinical variables but no ECG variables. When
conducted as modified among the SCD-HeFT population, the quintile with the
highest risk did not benefit from ICD (Levy et al., 2009). Lee at al. (2015) identified
several primary prevention subgroups at different risk of appropriate ICD shocks
using a bimodal survival and implantable defibrillator shock (BaSIS) scoring
system. The scoring system for appropriate shock consisted of 11 different
variables, including ECG markers QRSd and atrial fibrillation. Whereas a
cumulative incidence of 0.9% of appropriate shock was revealed in patients in the
lowest risk group, an incidence of 9.3% at 1-year follow-up was observed in the
highest risk group.
Figure 5 illustrates different patient groups of primary prophylactic ICD
recipients with different benefit from treatment. The horizontal and vertical axis
represent increasing number of comorbidities and increasing number of appropriate
shocks, respectively. Patients in group 1 without comorbidities receive appropriate
shocks and benefit from ICD. Patients in group 2 receive appropriate shocks and
have comorbidities, but they probably benefit from ICD. Patients in group 3 receive
appropriate shocks but have substantial comorbidities, which may lessen the
benefit from ICD. Patients in group 4 do not receive appropriate shocks and do not
have comorbidities. The patients have a favorable prognosis and they probably do
not benefit from ICD. Patients in group 5 do not receive appropriate shocks and
they have comorbidities. They have poor prognosis regardless of ICD.
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Fig. 5. Primary prophylactic ICD patient groups and benefit from treatment. Group 1,
few comorbidities, many appropriate shocks, benefit from ICD; Group 2, less
appropriate shocks, some comorbidities, probably benefit from ICD; Group 3, many
appropriate shocks but substantial comorbidities, which may lessen the benefit from
ICD; Group 4, few appropriate shocks, few comorbidities, favorable prognosis and
probably no benefit from ICD; Group 5, few appropriate shocks, substantial
comorbidities, poor prognosis regardless of ICD.
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3

Study design

The EUropean Comparative Effectiveness Research to assess the use of primary
prophylacTic Implantable Cardioverter-Defibrillators (EU-CERT-ICD) multicenter
study (ClinicalTrials.gov Identifier: NCT02064192) was conducted primarily to
investigate major outcomes and cost-effectiveness of primary prophylactic ICD
treatment in the prevention of sudden cardiac death. The project was investigatorinitiated, and it was funded by the European Community’s 7th Framework Program
FP7/2007-2013 (grant agreement number 602299) (Seegers, Bergau, Tichelbäcker,
Malik, & Zabel, 2016).
The EU-CERT-ICD includes a retrospective and a prospective cohort. The
retrospective cohort of primary prophylactic ICD patients was gathered from local
registries. The prospective cohort included primary prophylactic ICD patients and
control patients without ICD implantation. The prospective study was a nonrandomized, controlled, observational multicenter cohort study. According to the
original research plan, the prospective study aimed to enroll 1,500 patients with
ICD and 750 comparable control patients.
Approval was given by all local ethics committees. The study was conducted
in accordance with the Declaration of Helsinki and Good Clinical Practice (GCP)
principles.
3.1

Aims of the study

The aim of the EU-CERT-ICD study was to identify subgroups with a lower or
higher benefit from ICD treatment. These subgroups could include patients with
too high a risk of all-cause mortality to benefit from ICD, and patients with too low
a risk of shockable arrhythmic events to benefit from ICD. The study aimed to
validate or challenge current guidelines for primary prophylactic ICD treatment.
This thesis aimed to evaluate the role of diabetes mellitus and standard 12-lead
ECG variables on the prognosis of primary prophylactic ICD patients.
The specific aims of the present thesis were:
1.
2.

To assess the significance of diabetes mellitus on the prognosis of primary
prophylactic ICD patients.
To study the role of ECG combination to identify low-risk patients in primary
prophylactic ICD recipients.
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3.
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To investigate the significance of single traditional and novel ECG variables
on ICD mortality benefit in primary prophylactic ICD patients.

4

Study populations and methods

4.1

Study populations

Retrospective cohort
The retrospective cohort analyzed in studies I and II included 5,111 patients
collected from local registries from 14 European centers in 11 countries (Figure 6).
Diabetes status was available for 12 centers and digital pre-implantation ECG was
available for 5 centers. Final cohorts included 3,535 patients and 1,687 patients in
studies I and II, respectively. The patients had primary prophylactic ICD implanted
between February 2002 and December 2014. The cohort included both ischemic
and non-ischemic patients. There were patients with ICD only, as well as patients
with cardiac resynchronization therapy-defibrillator. Patients had single chamber
(VVI)-ICD or dual chamber (DDD)-ICD devices.
Due to retrospective data collection, patients could not give their informed
consent. All the data was previously collected data, and no new patients were
enrolled in the retrospective phase. Baseline data were collected at each
participating center. The data quality of the clinical parameters and outcome
variables was assessed by the coordinating clinical trial unit of the University
Hospital of Basel, Switzerland. All personal, demographic, and clinical data was
handled by the University Hospital of Basel.
Prospective cohort
The prospective cohort of study III included 2,177 patients. The cohort included
two groups: ICD-group with primary prophylactic ICD implantation (1,477
patients) and control group with conservative treatment (700 patients).
All patients were candidates for first primary prophylactic ICD treatment and
the cohort included patients with ischemic cardiomyopathy or dilated
cardiomyopathy. Minimum age to be enrolled to the study was 18 years, left
ventricular ejection fraction was required to be ≤ 35% and NYHA-class was II or
III (or NYHA-class I and LVEF ≤ 30%). Exclusion criteria were indication for
secondary prophylactic ICD, indication for cardiac resynchronization therapy
(CRT-D), previous pacemaker or cardiac device therapy, high-degree
atrioventricular block (> II), unstable cardiac conditions such as NYHA-class IV
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or acute coronary syndrome, or life-expectancy of 1 year or less. The number of
patients with atrial fibrillation was limited to 15%. The control group was required
to fulfill the same inclusion and exclusion criteria, and the control patients received
optimal conservative therapy.
LVEF was measured by echocardiography using Simpson’s method. Other
documented clinical variables included underlying cardiac disease, NYHA
functional class, heart rate, resting blood pressure, weight, height, and
cardiovascular pharmacological treatment, as well as the presence or absence of the
following comorbidities: peripheral arterial disease, cerebral vascular disease,
pulmonary disease, diabetes mellitus, hypertension, sleep apnea, tobacco use, and
any malignant disease within the last 5 years. In addition, standard laboratory
parameters were recorded, including creatinine, estimated glomerular filtration rate,
serum blood urea nitrogen, and N-terminal pro BNP or BNP.
The groups were not randomized. The decision was made due to ethical
considerations. Most of the control patients were recruited from countries where
primary prophylactic ICD treatment was practically unavailable due to national
guidelines or lack of reimbursement. In addition, there were patients noted as ICD
refusers. In the ICD group, ICDs were implanted according to local practice at the
centers. ICD programming was consistent between the centers. Programming
included ventricular tachycardia therapy zone (200–250 beats per minute),
ventricular fibrillation therapy zone (> 250 beats per minute), and a monitor zone
(170–200 beats per minute). Ventricular tachycardia was treated by ATP followed
by shocks of maximum output. Ventricular fibrillation was treated by ATP during
charge (if applicable) and shocks of maximum output. ICD programming could be
individualized by the physician on clinical grounds. ICD patients were followed up
regularly every 3–6 months and control patients every 6–12 months. Episodes of
shock or ATP were stored as electrograms for adjudication, and programming
changes were recorded.
Cohort size calculations were performed for the comparison of ICD patients
with controls regarding mortality and for stratification of the ICD cohort regarding
appropriate shocks and mortality. 1,500 ICD patients and 750 control patients was
required for a power of 80% at the two-sided significance level of 5%.
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Fig. 6. Participating centers of EU-CERT-ICD study.

4.2

ECG analysis

In the retrospective cohort, standard 12-lead ECGs were obtained from participants
prior to the ICD implantation. ECGs were collected from the registry and were
analyzed digitally in the University of Oulu, Finland.
In the prospective cohort, 12-lead 24-hour Holter recorded at 1 kHz sampling
frequency was obtained from each patient at enrolment, prior to ICD implantation
in the ICD group. ECG data was stored digitally at the University of Göttingen
(Göttingen, Germany). Data pre-processing was done at the Technical University
of Munich. Standard 12-lead ECG was analyzed from a resting phase of 24-hour
recording.
All ECG analyses were performed blinded to the clinical and follow-up data.
Custom-made EASE-software was used for the ECG analysis (EASE, Oulu
University Hospital and University of Oulu, Oulu, Finland) (Holkeri et al., 2017).
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Traditional ECG variables measured and coded included QRS duration (QRSd),
heart rate (HR), heart rate-corrected QT intervals (QTc with Framingham’s
formula), pathological Q waves, T-wave inversions, and rhythm (sinus-rhythm,
atrial fibrillation). In addition, ventricular conduction delays were coded. Novel
ECG variables included QRS complex fragmentation (fQRS) in studies II and III,
and early repolarization (ER) in study III. Ventricular conduction delays were
divided into left bundle branch block (LBBB), right bundle branch block (RBBB)
and non-specific intraventricular conduction delay (IVCD) according to the
American Heart Association (AHA) recommendation (Surawicz et al., 2009). Twave end was defined as the latest point where the T wave reached the isoelectric
line. Q waves were assessed manually according to the Minnesota code (Godsk et
al., 2012). Two or more large Q waves (Minnesota code pattern 1.1) in two
contiguous leads were cited as pathological. The presence of T-wave inversion was
defined as T wave negative by 0.1 mV or more in leads other than aVR, III or V1.
fQRS was defined according to our own criteria (Haukilahti, Eranti, Kenttä, &
Huikuri, 2016) in patients with QRSd ≤ 120 ms and according to Das et al. (2008)
in patients with QRSd 120 ms or more. Early repolarization was coded based on a
consensus paper of MacFarlane et al. (2015). The territory of the Q waves, T-wave
inversions and fQRS was defined as anterior (V1 to V3), inferior (II, III, aVF) or
lateral (I, aVL, V4 to V6), while in ER we excluded anterior leads V1 to V3 from
the analyses to avoid confusion with the Brugada pattern.
4.3

Follow-up and study outcomes

Follow-up time started at the time of ICD implantation in the retrospective cohort
(I, II). In the retrospective phase, follow-up time could not be controlled, and it
varied substantially between patients. Due to this, follow-up time was limited to
five years in the low-risk ECG study (II). In the prospective cohort (III), follow-up
time started at the time of implantation in ICD patients and at the time of enrolment
in control patients. Minimum follow-up time was pre-defined as one year. Followup was censored if the patient underwent heart transplant or implantation of
ventricular assistant device.
While the aim of the thesis was to evaluate the role of diabetes mellitus and
standard 12-lead ECG variables on the prognosis of primary prophylactic ICD
patients, the study outcomes were all-cause mortality, first appropriate shock,
survival without appropriate shock and mortality benefit from ICD. In the DM
study (I), the outcomes were all-cause mortality and first appropriate shock. In the
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low-risk ECG study (II), the primary outcome was novel, survival without
appropriate ICD shock therapy or heart transplantation, i.e. shock and heart
transplant free survival. Secondary outcomes were time to first appropriate shock
and time to death or heart transplantation. All other possible events led to censoring
of the patient. In the prospective study of ECG variables (III), the primary outcome
was all-cause mortality, and the co-primary outcomes were time to first appropriate
shock and ICD mortality benefit.
In both cohorts, all-cause mortality and first appropriate shock were reviewed
by the external committee which provided blind adjudication. ICD shocks were
adjudicated after review of device electrograms and classified as appropriate or
inappropriate. An appropriate ICD shock could be primarily delivered in the
ventricular fibrillation zone, delivered as a backup to failed antitachycardia pacing
in the ventricular tachycardia zone, or delivered after acceleration of a failed ATP
into the ventricular fibrillation zone. ICD mortality benefit in the prospective ECG
study was assessed statistically, using propensity score matching.
4.4

Statistical analysis

Based on the original research plan of EU-CERT-ICD, a statistical team (University
Medical Center Göttingen, Germany) provided statistical support to the project and
was responsible for the final statistical analyses.
Continuous variables were described by means and standard deviation,
categorical variables by absolute and relative frequencies.
In the DM study (I), analyses were performed using a competing risk model
stratified by study center, based on the proportional subdistribution model by Fine
and Gray (Fine & Gray, 1999). The stratification by center accounts for betweencenter heterogeneity in the baseline risks. First, parameters were tested in a
univariate model. All parameters with a significant effect in the univariate scenario,
i.e., p-value < 0.05, were included in a multivariable model. Missing values were
very few; therefore, no imputation methods were applied. All analyses were done
using SAS software version 9.4.
In the low-risk ECG study (II), to assess an optimal low-risk ECG combination,
binary logistic regression model using forward stepwise selection was applied to
the measured ECG variables. At each iteration, the statistically most significant
marker was included in the model, provided that the p-value of the said marker was
< 0.05. This process was repeated until there was no improvement in the model
performance. The influence of a low-risk ECG combination on the probability of
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survival without appropriate shock as well as on the hazard of all-cause mortality
was analyzed using a Cox regression model. The Fine & Gray model was applied
to account for the competing risk of death or heart transplantation against time to
first appropriate shock. The models were stratified by center. Multivariable Cox
and Fine & Gray regression models were adjusted for age at inclusion in the study,
sex, LVEF, diabetes and heart rate. Kaplan-Meier survival curves or cumulative
incidence functions were calculated for both low- and high-risk ECG groups
regarding each outcome as appropriate. Kaplan-Meier curves were compared using
the log-rank test, while cumulative incidence functions were compared by Gray's
test. A time-dependent ROC-analysis was performed for the low-risk predictor. The
study prevalence (regarding the outcome “death or appropriate shock”) was used
to calculate the positive as well as the negative predictive value. Statistical analyses
were performed using SPSS (Version 23, IBM SPSS Statistics, Armonk, NY, USA)
and SAS Software, version 9.4. All tests were two-sided and p-value < 0.05 was
considered statistically significant. The ROC analysis was calculated in R version
3.6.0.3.
To analyze time to the primary outcome all-cause mortality in prospective ECG
analysis (III), Cox regression model was used. Time to first appropriate shock was
analyzed using a Fine & Gray competing risk model accounting for death, heart
transplantation and implantation of a Ventricular Assistant Device as competing
events to shocks. Predictors of mortality were assessed in both groups, while
predictors of first appropriate shock were assessed in the ICD treatment group only.
We aimed to adjust the analyses of individual ECG markers for clinical prognostic
factors. The latter were identified by a stepwise variable selection procedure with
p < 0.1 for entry and stay resulting in a multivariable model that we refer to as the
“base model”. Individual ECG markers were then added one by one to the relevant
base model, meaning that the hazard ratios of the ECG markers are adjusted for the
variables of the base model but not for other ECG markers. All multiple analyses
were adjusted and stratified by region (Eastern Europe, Western/Central Europe,
Northern Europe, Southern Europe). For the assessment of interaction between
ECG variables of interest and ICD mortality benefit, we first calculated a
propensity score based on all baseline variables of interest. Then, we considered
two adjustments for the propensity score: Stratification by propensity score
quintiles (n = 2,073) and a matched analysis of 1,398 patients (2 ICD patients for
each control patient, 2:1 matching) with similar baseline characteristics based on
the propensity score. In a second step, Cox regression analyses of all-cause
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mortality were conducted including treatment (ICD vs. control), individual ECG
variables of interest and their interaction with treatment.
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5

Results

5.1

Baseline characteristics

Diabetes mellitus (I)
In this thesis, Studies I and II are based on a retrospective cohort and study III is
based on a prospective cohort of the EU-CERT-ICD study. For the analysis of
Diabetes mellitus and ICD therapy (I), 3,535 patients (82.2% male, mean age
63.7±11.2 years) were included from the retrospective cohort from 12 European
centers. Mortality data was available from 3,509 patients, of whom 990 (28.2%)
had DM, and data for appropriate shocks was available from 3,379 patients, 948
(28.0%) with DM. In the study population, 2,254 patients (63.8%) had ischemic
etiology, and 1,500 patients (42.4%) had CRT-D. NYHA class I-II was found in
1,409 patients (39.9%).
During the mean follow-up time of 3.2±2.3 years, 233 deaths (233 of 990;
23.5%) occurred among patients with DM, while 439 deaths (439 of 2519; 17.4%)
occurred among patients without DM. Of patients with DM, 110 patients (110 of
948; 11.6%) received appropriate shocks and of patients without DM, 352 patients
(352 of 2,431; 14.5%) received appropriate shocks (Table 2).
Low-risk ECG (II)
Assessment of low-risk ECG combination (II) included 1,687 patients (80.0% male)
from the retrospective cohort, gathered from five European hospitals. Mean age at
the time of implantation was 63.6±11.4 years. In this cohort, 1,092 patients (64.7%)
had ischemic etiology, and 685 patients (40.6%) had CRT-D device implanted. A
total of 1,224 patients (72.6%) survived the follow-up (2.9±1.7 years) without
shocks or heart transplantation, while 224 patients (13.3%) received their first
appropriate shock, 260 patients (15.4%) died, and 44 patients (2.6%) underwent
heart transplantation.
In ECG analyses, normal QRS duration (< 120 ms) was identified in 680
(40.4%) recordings, and normal corrected QT interval (< 450 ms in male, < 470 ms
in female) in 1,084 (64.4%) recordings. Sinus rhythm was found in 1,413 (83.9%)
ECGs. Of the patients, 430 (25.5%) had pathological Q waves, 888 (52.7%) had
fragmented QRS complex, and 962 (57.1%) had inverted T waves (Table 2).
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ECG variables in prospective cohort (III)
In prospective EU-CERT-ICD cohort (III), a total of 2,327 patients with ischemic
cardiomyopathy (ICM) or dilated cardiomyopathy (DCM) were recruited at 44
centers across 15 EU countries between May 12, 2014 and September 7, 2018. Of
these patients, 1,553 were ICD recipients; the control group with conventional
treatment consisted of 774 patients. The participating countries were Hungary,
Bulgaria, Croatia, Poland, Slovakia and Czech Republic (Eastern Europe);
Germany, Belgium, Netherlands and Switzerland (Western/Central Europe);
Denmark, Sweden and Finland (Northern Europe, i.e. Scandinavia); and Spain and
Greece (Southern Europe).
The final population of our study of ECG variables included 2,177 subjects
(18.2% female), 1,477 (67.9%) in the ICD group and 700 (32.1%) in the control
group. Mean age at the time of implantation was 62.4±11.6 years. During mean
follow-up time (2.4±1.1 years) to death or censoring, 329 deaths (15.1%) occurred.
First appropriate shock occurred in 105 patients (7.1%) during mean follow-up time
(2.3±1.2 years) to appropriate shock, death, or censoring.
In the prospective cohort, 1,542 patients (70.8%) had normal QRS duration,
and 1,155 patients (53.1%) had normal corrected QT interval. Sinus rhythm was
shown in 1,858 ECGs (85.3%). Pathological Q waves were identified in 407
patients (18.7%), T-wave inversion in 1,369 patients (62.9%), ER in 229 patients
(10.5%), and fQRS in 879 patients (40.4%). Some differences in baseline
characteristics between ICD group and control group exist. However, differences
were small in absolute and relative terms, and the groups are mostly well matched
and comparable.
The baseline characteristics of the study cohorts are summarized in Table 2.
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Table 2. Baseline characteristics of study cohorts.
Characteristic

DM (I)

Low-risk ECG (II)

ECG variables (III)

N = 3535

N = 1687

N = 2177

Female

629

(17.8)

338

(20.0)

396

(18.2)

Age [years]

63.7

11.2

63.3

11.4

62.4

11.6

BMI [kg/m^2]

27.2

4.6

27.2

4.7

27.9

5.1

LVEF [%]

25.4

6.1

24.9

6.2

28.0

5.6

Diabetes

995

(28.2)

438

(26.0)

658

(30.2)

Ischemic cardiomyopathy

2254

(63.8)

1092

(64.7)

1416

(65.0)

CRT-D

1500

(42.4)

685

(40.6)

-

-

NYHA class I or II

1409

(39.9)

689

(40.8)

1321

(60.7)

Follow-up [years]

3.2

2.3

2.9

1.7

2.3

1.2

Death

672

(19.0)

260

(15.4)

329

(15.1)

224

(13.3)

105

1

(7.1)1

QRSd < 120 ms

680

(40.4)

1542

(70.8)

QTc < 450 ms (male)/470 (female)

1084

(64.4)

1155

(53.1)

Sinus rhythm

1413

(83.9)

1858

(85.4)

Heart rate [bpm]

71.9

15.2

68.6

13.6

Pathological Q waves

430

(25.5)

407

(18.7)

QRS-complex fragmentation

888

(52.7)

879

(40.4)

2

2

229

(10.5)

962

(57.1)

1369

(62.9)

First appropriate shock

462

(13.1)

Early repolarization
T-wave inversion
1
2

Considering ICD group only (N = 1477)
Early repolarization was analyzed only in study III

The values are depicted as mean (SD) or counts (percentages). BMI, body mass index; LVEF, left
ventricular ejection fraction; CRT-D, cardiac resynchronization therapy-defibrillator; NYHA, New York
Heart Association functional class; QRSd, QRS duration; QTc, QT interval corrected by Framingham´s
formula.

5.2

Diabetes mellitus (I)

In our retrospective data, DM was significantly associated with increased risk of
mortality (HR 1.42; 1.21–1.67; p < 0.001). When conducting multivariate
competing risk analyses adjusted with other significant covariates (increasing age,
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ischemic etiology of heart failure, lower LVEF, NYHA class III or IV, and male
sex), DM remained a statistically significant predictor of all-cause mortality (HR
1.30; 1.11–1.53; p = 0.001). In addition, other significant covariates mentioned
above remained predictive of all-cause mortality in multivariate analysis (Table 3).
By contrast, in the competing risk analyses, diabetes was associated with
decreased risk for first appropriate shock (HR 0.81; 0.65–1.00; p = 0.047).
Multivariate competing risk analyses adjusted with other significant covariates
(ischemic etiology of heart failure, lower LVEF, and male sex) showed even
stronger association between DM and lower risk for the first appropriate shock (HR
0.77; 0.62–0.96; p = 0.017). All covariates predictive of appropriate shock in the
univariate model remained significant in the multivariate model (Table 3).
Table 3. Significant risk variables in multivariable competing risk analyses for death
and appropriate shock. (I)
Outcome/variable

p-value

HR (95% CI)

<0.0001

1.035 (1.206-1.044)

DM (yes vs. no)

0.0014

1.300 (1.107-1.528)

Etiology (ischemic vs. non-ischemic)

0.0128

1.262 (1.051-1.515)

LVEF

<0.0001

0.962 (0.950-0975)

NYHA (class I or II vs. III vs. IV)

<0.0001

0.676 (0.563-0.831)

0.0122

1.356 (1.069-1.720)

DM (yes vs. no)

0.0172

0.770 (0.621-0.955)

Etiology (ischemic vs. non-ischemic)

0.0034

1.374 (1.111-1.700)

LVEF

0.0012

0.976 (0.962-0.991)

Sex (male vs. female)

0.0009

1.665 (1.232-2.250)

Death
Age

Sex (male vs. female)
Appropriate shock

First ordered variable as reference. DM, diabetes mellitus; LVEF, left ventricular ejection fraction; NYHA,
New York Heart Association.

When considering cumulative incidence of death and first appropriate shock among
patients with and without DM, there was statistically significant difference between
these patient groups (Figure 7).
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Fig. 7. Cumulative incidence of death (A) and first appropriate shock (B) for patients
with and without diabetes in competing interest analyses. Reused with permission of
the original publisher from the original article.
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5.3

Low-risk ECG (II)

When using binary logistic regression model with forward stepwise selection, we
found the following combination of ECG variables predicting survival without
appropriate shock: QRSd < 120 ms, QTc < 450 ms for males and < 470 ms for
females, and sinus rhythm. The prognostic value of the combination was not
improved by any other ECG variable measured. The recording was defined as lowrisk ECG when all criteria were met and patients with low-risk ECG comprised a
low-risk group. Consequently, high-risk ECG was defined as the presence of ≥ 1
ECG risk markers (QRSd ≥ 120 ms, QTc ≥ 450 for males and ≥ 470 ms for females,
or other than sinus rhythm). Out of the patients with analyzable ECG, 515 patients
(30.5%) met the criteria for low-risk ECG.
In the retrospective cohort, low-risk ECG was a significant predictor of
survival without appropriate shocks. Univariate Cox regression model, stratified by
center, showed significantly higher probability to survive without appropriate
shocks in the low-risk group (HR 1.899; 95% CI 1.496–2.411; p < 0.001) compared
to the high-risk group. Multivariable Cox regression showed that the hazard for
death, heart transplantation or appropriate shock reduced by 42.5% in the low-risk
group (HR 0.575; 95% CI 0.447–0.738; p < 0.001) compared to the high-risk group.
The risk for first appropriate shock was 45.4% lower in the low-risk group (HR
0.546; 95% CI 0.388–0.769; p < 0.001). The results remained statistically
significant in multivariate competing risk model analysis in the whole cohort (HR
0.579; CI 0.407–0.824; p = 0.002). The hazard rate for death was 52.8% lower in
the low-risk group (HR 0.472; 95% CI 0.347–0.644; p < 0.001) and the results
remained statistically significant in the multivariable model (HR 0.520; 95% CI
0.376–0.720; p < 0.001) (Table 4).
When comparing groups separately among ischemic and non-ischemic patients,
the model was more significant among ischemic patients than among the whole
cohort. In ischemic patients, risk for death, heart transplantation or appropriate
shock was 55.7% lower in the low-risk group in the multivariate model (HR 0.443;
0.330–0.595; p < 0.001). In addition, risk of first appropriate shock was 56.9%
lower (HR 0.431; 0.288–0.645; p < 0.001) and risk for death was 54.2% lower (HR
0.458; 0.306–0.684; p < 0.001) in patients with low-risk ECG among ischemic
patients. However, the model could not identify survivors without appropriate
shocks or patients receiving appropriate shocks in non-ischemic group, while it was
predictive of death (HR 0.541; 0.301–0.970; p = 0.039) (Table 4). Kaplan-Meier
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curve using log-rank test indicated improved survival without appropriate shock
among the whole cohort (Figure 8).
Table 4. Influence of low-risk ECG on primary and secondary outcomes during 5-year
follow up, multivariate model. (II)
Outcome/patient group

p-value

HR (95% CI)

All

<0.001

0.575 (0.447-0.738)

Ischemic patients

<0.001

0.443 (0.330-0.595)

0.254

0.754 (0.465-1.224)

0.002

0.579 (0.407-0.824)

<0.001

0.431 (0.288-0.645)

0.542

1.258 (0.602-2.632)

All

<0.001

0.520 (0.376-0.720)

Ischemic patients

<0.001

0.458 (0.306-0.684)

0.039

0.541 (0.301-0.970)

Death, appropriate shock or heart
transplantation

Non-ischemic patients
First appropriate shock
All
Ischemic patients
Non-ischemic patients
Death

Non-ischemic patients
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Fig. 8. Low-risk ECG predicts higher cumulative survival without appropriate shock
among whole cohort (p < 0.001). Reused with permission of the original publisher from
the original article.

In the low-risk group, 75.0% of the patients survived year 5 without an appropriate
shock or heart transplant vs. 55.0% of those with any ECG abnormality. During
follow-up, occurrence of first appropriate shock was 13% in the low-risk ECG
group and 24% among patients with ≥ 1 ECG risk marker. Death occurred in 18.0%
of patients in the low-risk ECG group while it occurred in 33.0% among patients
with abnormal ECG. Having a low-risk ECG was predictive of longer survival
without appropriate shock or heart transplant, and of lower risk of appropriate
shock and death in ischemic heart disease.
The model showed high positive predictive value (0.84), moderate negative
predictive value (0.80–0.84) and sensitivity (0.80), but low specificity (0.38) for
the primary outcome during the 5-year follow up.
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5.4

ECG variables in prospective cohort (III)

When the prospective cohort of primary prophylactic ICD recipients and control
patients was analyzed, we found atrial fibrillation, any Q waves, anterior Q waves,
and lateral QRS-complex fragmentation showing statistically significant influences
on all-cause mortality in ICD cohort. Atrial fibrillation (HR 1.42; 95% CI 1.07–
1.90; p = 0.02) and lateral QRS-complex fragmentation (HR 1.50; 95% CI 1.12–
2.00; p < 0.01) increased the risk for mortality, while any pathological Q waves
(HR 0.54; 95% CI 0.35–0.84; p < 0.01) and pathological anterior Q waves (HR
0.40; 95% CI 0.21–0.76; p < 0.01) were associated with a reduced risk of death
among ICD patients. In control patients, QTc and QRSd as continuous variables,
as well as categorical variables QTc with cut-off point 450 ms in males and 470 ms
in females and QRSd with cut-off point 120 ms were predictive of all-cause
mortality. Prolonged QTc (HR 1.02; 95% CI 1.01–1.02; p < 0.01) as well as wide
QRSd (HR 1.01; 95% CI 1.00–1.02; p = 0.03), QTc ≥ 450 ms in males and ≥ 470
ms in females (HR 1.77; 95% CI 1.1–2.74; p = 0.01) and QRSd ≥ 120 ms (HR 1.61;
95% CI 1.06–2.44; p = 0.03) increased the risk of death among control patients
(Table 5).
The multiple competing risk model showed that only QTc as a continuous
variable demonstrated a significant effect on first appropriate shock in a multiple
analysis accounting for baseline covariates. Prolonged QTc increased the
probability of first appropriate shock (HR 1.01; 95% CI 1.00–1.01; p = 0.02).
Nevertheless, the abnormal QTc intervals defined above (cut-off 450 ms for males
and 470 ms for females) were not associated with increased risk of ICD shocks
(Table 5).
QTc as continuous variable, pathological Q wave in any location, and anterior
pathological Q wave were associated with mortality benefit from ICD treatment.
Patients with prolonged QTc appeared to benefit from ICD, but QTc prolongation
evaluated according to the QTc cut-offs was not associated with ICD benefit.
Patients with any Q wave (HR 0.44; 95% CI 0.21–0.93; p = 0.03) or with anterior
Q wave (HR 0.37; 95% CI 0.14–0.96; p = 0.04) benefited significantly more from
ICD than patients without Q waves (Table 5). The benefit from ICD therapy
regarding Q-wave status in both ICD and control populations is presented in Figure
9.
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Table 5. Multiple Cox regression model on death in ICD patients and control patients,
Multiple Fine and Gray competing risk model on first appropriate shock in ICD patients
and propensity score adjusted Cox regression results on ICD benefit.
Outcome/variable

HR

95% CI

p-value

Q_ant (yes vs. no)

0.40

0.21

0.76

<0.01

fQRS_lat (yes vs. no)

1.50

1.12

2.00

<0.01

Q_tot (yes vs. no)

0.54

0.35

0.84

<0.01

Atrial fibrillation (yes vs. no)

1.42

1.07

1.90

0.02

QRSd120

1.30

0.98

1.73

0.07

QTc (ms)

1.00

1.00

1.01

0.08

QRSd (ms)

1.01

1.00

1.01

0.09

QTc (ms)

1.02

1.01

1.02

<0.01

QTc 450/470 (yes vs. no)

1.77

1.15

2.74

0.01

QRSd (ms)

1.01

1.00

1.02

0.03

QRS 120 (yes vs. no)

1.61

1.06

2.44

0.03

IVCD (yes vs. no)

1.47

0.94

2.30

0.09

QTc (ms)

1.01

1.00

1.01

0.02

Atrial fibrillation (yes vs. no)

1.50

0.97

2.31

0.07

QTc (ms)

0.99

0.90

1.00

0.02

Q_tot (yes vs. no)

0.44

0.21

0.93

0.03

Q_ant (yes vs. no)

0.37

0.14

0.96

0.04

Death, ICD patients

Death, control patients

Appropriate shock, ICD patients

ICD mortality benefit

All variables with p < 0.10 are presented, statistically significant results in bold.
HR, hazard ratio; 95% CI, 95% confidence interval; QRSd, QRS duration (ms); QTc, QT-interval
corrected by Framingham’s formula (ms); fQRS, QRS-complex fragmentation; QRS120, QRS duration ≥
120 ms (1) or less (0); QTc 450/470, QTc ≥ 450 ms in males and ≥ 470 ms in females (1) or less (0);
Q_tot: any pathological Q wave; Q_ant: anterior pathological Q wave.
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Fig. 9. Mortality among subjects with and without Q waves in ICD and control
populations. Reused with permission of the original publisher from the original article.
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6

Discussion

The studies of this thesis included more than 5,700 primary prophylactic ICD
patients with ischemic or non-ischemic cardiomyopathy in two cohorts, 3,864 of
them with analyzable ECG. We assessed the role of diabetes mellitus on all-cause
mortality and appropriate shocks among primary prophylactic ICD patients in a
retrospective cohort. In addition, we retrospectively evaluated the role of low-risk
ECG combination to identify patients surviving without appropriate shocks in
primary prophylactic ICD patients. Finally, we investigated the significance of
single traditional and novel ECG variables on all-cause mortality, appropriate
shocks, and ICD mortality benefit among primary prophylactic ICD patients in a
prospective cohort with a control group. Both cohorts are remarkably large in the
field of primary prophylactic ICD research, and the prospective cohort with control
group is unique in providing contemporary information of ICD benefit in European
population. The studies provide additional and valuable information on the benefit
from primary prophylactic ICD treatment.
6.1

Diabetes mellitus and primary prophylactic ICD (I)

We analyzed the association of diabetes mellitus with death and first appropriate
shock in a retrospective, “real life” cohort of 3,535 primary prophylactic ICD
patients. We found 30% increased risk of all-cause mortality and 33% lower risk
of first appropriate shock in patients with DM compared to patients without
diagnosed diabetes.
When DM patients were assessed in the MADIT-II and SCD-HeFT studies,
ICD did not predict a significant reduction in mortality in diabetics (Bardy et al.,
2005; Moss et al., 2002). In addition, a meta-analysis of the MADIT-I, MADIT-II,
SCD-HeFT and DEFINITE studies showed ICD to reduce risk of all-cause
mortality among patients without diabetes but not among patients with diabetes
(Sharma et al., 2018). In our data, we were able to confirm a significant excess of
mortality among ICD patients with diabetes compared with patients without
diabetes. Importantly, the decreased cumulative incidence of first appropriate shock
was a finding that has not been reported previously. This finding was independent
of the etiology of heart failure and LVEF. Since our publication, the first analysis
of the prospective cohort of EU-CERT-ICD agrees well with our findings. The
prospective EU-CERT-ICD cohort showed 27% lower mortality in ICD patients
when compared to the control group, but in subgroup analyses improved survival
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association was not present in those aged > 75 years or in DM patients (Zabel et al.,
2020).
The initial rhythm causing sudden death in DM patients might be different from
ventricular tachyarrhythmia, which would be treatable by the ICD device. While
the decline in the incidence of out-of-hospital VF seems to have ended, cardiac
etiology causes fewer arrests, and these arrests do not present with VF as often as
previously. Instead, the incidence of pulseless electrical activity and asystole as
primary rhythm of sudden cardiac arrest has even increased in the last decades
(Bunch et al., 2004; Väyrynen et al., 2011). This has been speculated to be due to
the increased number of heart failure patients. In addition, a recent study regarding
out-of-hospital cardiac arrest survival showed that compared to non-diabetes
patients, DM patients were less likely to have shockable heart rhythm (Mohr et al.,
2019).
While post-MI subjects with diabetes with LVEF > 35% have been reported to
have an incidence of SCD similar to subjects without diabetes with LVEF < 35%
(Junttila et al., 2010), LVEF might not be a sufficient tool to assess the benefit from
ICD implantation in DM patients. By contrast, while the benefit from ICD among
diabetics with LVEF < 35% seems to be low, there has been discussion about ICD
indications among post-MI DM patients with LVEF ≥ 35%. This group of DM
patients might benefit from primary prophylactic ICD treatment (Kutyifa et al.,
2017). Based on our results, ICD implantation indications among this patient cohort
would require careful assessment.
Based on our study and previous reports, it seems that among patients with
diabetes with LVEF < 35%, primary prophylactic ICD therapy may not be effective,
even though the rate of SCD among patients with diabetes is higher according to
multiple previous studies (Haffner et al., 1998; Jouven et al., 2005; Junttila et al.,
2010, 2018). This may be primarily due to increased comorbidity-related mortality
(i.e., competing non-arrhythmic mortality) among patients with DM. Due to this,
new risk stratification models among DM patients are needed to identify the
subjects who would benefit from ICD implantation. Diabetes as a single
characteristic would not be sufficient to make the decision on ICD implantation,
but it provides a potential patient group to be assessed in further studies. There may
be some subgroups among diabetics in which the device should not be implanted.
Diabetes mellitus is one of the largest epidemics in the world, both globally
and in EU countries. In EU countries, the prevalence of DM has increased threefold over the last 25 years (Timmis et al., 2020). DM is a remarkable risk for both
all-cause mortality and sudden cardiac death (Haffner et al., 1998; MacDonald et
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al., 2008). Pharmacological treatment of type 2 diabetes has improved dramatically
over the last few years. Interestingly, modern drugs, sodium-glucose cotransporter-2 inhibitors and glucagon-like peptide-1 receptor antagonists, are not
only effective in diabetes, but they also lower cardiovascular mortality and decrease
heart failure (Palmer et al., 2021; Williams & Evans, 2020). This may remarkably
affect the prognosis of DM patients with heart failure and the ICD benefit among
diabetics. However, the risk of DM-associated complications and comorbidities
exists. While ICD treatment among DM patients seems to have very limited benefit,
preventing diabetes in general population, addressing patients’ lifestyle-related
risks in prediabetes, and focusing on active treatment in patients with DM need to
be highlighted.
6.2

Low-risk ECG combination and ECG variables (II, III)

In the study of a low-risk ECG combination (II), we obtained 1,687 ICD patients
from the retrospective cohort. The study showed that combination of parameters
measured from a standard ECG may identify ICD patients having a low risk of
unfavorable outcomes regardless of ICD. The low-risk group represented about one
third (30.5%) of the cohort, and our data suggest that ICD therapy may provide
very limited short-term effect in these patients. Patients with low-risk ECG had a
substantially low risk of all-cause mortality and of appropriate ICD shock. The
model did predict favorable outcome especially among ischemic patients, while it
did not reach statistical significance in the non-ischemic subgroup. Our study was
one of the largest assessing the role of a combination of ECG variables in primary
prophylactic ICD treatment. In addition, survival without appropriate shock or
death was a novel outcome which has not been reported previously.
The prospective cohort of our study (III) included patients with ICD
implantation and a non-randomized control group with conventional treatment.
When analyzing single traditional and novel ECG variables from 1,477 ICD
patients and 700 control patients, we found that some ECG markers might be
valuable in the evaluation of risk of all-cause mortality as well as estimation of ICD
benefit in primary prophylactic ICD recipients. QTc duration as a continuous
variable, but not as a categorical variable, was associated with appropriate shocks
in ICD patients and with death in control patients. Prolonged QRS duration
predicted death in control patients both as a continuous variable and as a categorical
variable. Atrial fibrillation and lateral fQRS were prognostic of all-cause mortality
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in ICD patients. The most important result of the study was a significant mortality
benefit from ICD in patients with pathological Q wave.
Traditional ECG variables
QRS-complex prolongation has been reported to predict cardiac death both in
general population and among patients with various cardiac diseases (Aro et al.,
2011; Teodorescu et al., 2011). In ICD patients, several prior studies have shown
that prolonged QRS duration may predict sudden death, life-threatening
arrhythmias, and mortality (Bode-Schnurbus et al., 2003; Hreybe & Saba, 2007;
Stecker et al., 2006). Our retrospective data indicated survival benefit without ICD
shocks in primary prophylactic ICD patients with low-risk ECG, including normal
QRS duration. In the prospective cohort, prolonged QRSd predicted death in
control patients both as a continuous and a categorical variable with a cut-off point
≥ 120 ms. In contrast, widened QRS complex did not predict death among the ICD
group. It may be speculated that ICD patients with QRSd ≥ 120 ms have benefit
from the device, despite the results in ICD benefit remaining statistically nonsignificant. Dhar et al. (2008) reported that QRSd ≥ 140 ms predicted SCD in the
medically treated arm of the MADIT-II cohort, but did not predict SCD or VT/VF
in the ICD cohort. Our results are in line with this finding. These results may
indicate that patients with wide QRS complex benefit more from ICD than patients
with normal QRS duration, and there may be some patient subgroups with normal
QRSd without any mortality benefit from implantation.
Prolonged QTc interval increases the risk of SCD both in general population
and in LQTS patients (Antoniou et al., 2017; Goldenberg, Zareba, & Moss, 2008;
Zhang et al., 2011). Among patients with ICD, the prognostic role of QTc interval
has been mainly assessed in HCM patients and LQTS patients. Based on these
reports, prolonged QTc seems to predict ventricular arrhythmias, ICD shocks, and
death in these patient groups (Biton et al., 2019; Debonnaire et al., 2015; Gray et
al., 2013). Our cohorts did not include LQTS patients, and the majority of the
patients in both cohorts had ischemic etiology of cardiomyopathy. Due to this, our
results are not fully comparable to the studies mentioned above. However, our
results from both retrospective and prospective ICD cohorts strengthen the
evidence considering the role of QTc in primary prophylactic ICD patients. In the
retrospective cohort, normal QTc (< 450 ms in men, < 470 ms in women) provided
additional value for the low-risk ECG model to recognize patients with favorable
prognosis without appropriate shocks. In the prospective cohort, QTc interval as a
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continuous variable predicted appropriate ICD shocks among patients with the
device, and death in control patients without. In addition, QTc prolongation
associated with ICD mortality benefit. These findings lead to the hypothesis that as
well as QRSd, QTc may separate patients with and without benefit from ICD.
However, the cut-off point < 450 ms in men and < 470 ms in women seems not to
be optimal.
As well as in general population, atrial fibrillation increases the risk for allcause mortality in ICD patients. In addition, AF predicts appropriate ICD shocks
(Benjamin et al., 1998; Borleffs et al., 2010; Mustafa et al., 2018; Ruddox et al.,
2017). In the retrospective study, we did not analyze the prognostic significance of
AF but the role of sinus rhythm. However, our results are in line with the prior
findings, showing patients with sinus rhythm having lower all-cause mortality
without appropriate shocks than patients with other than sinus rhythm. In the
prospective data, AF was prognostic for all-cause mortality among ICD patients,
but did not reach statistical significance towards any other outcome. When
considering our results and the studies showing higher rates of inappropriate shocks
(Borleffs et al., 2010; Jagielski et al., 2019) as well as limited mortality benefit from
ICD (Mustafa et al., 2018), ICD implantation indications among patients with atrial
fibrillation require further studies.
Heart rate did not predict primary or secondary outcomes in our prospective
cohort. In retrospective analysis, HR did not provide any benefit on ECG
combination to recognize low-risk patients. In both cohorts, HR was measured
from the ECG recording as a single time point measurement. A cohort of 1,436 ICD
patients showed mean intrinsic HR being a predictor of total mortality and
hospitalization (Ahmadi-Kashani et al., 2009). Due to different methods in
measurement, the results are not fully comparable. A single-point resting HR
correlates with mean HR measurement, but it has been shown that the limits of
agreement are wide and resting HR is frequently above mean HR (Habal et al.,
2018). In addition, 24-hour HR recording has better reproducibility than a singlepoint measurement (Palatini et al., 2000). A single-point resting HR may have very
limited ability to provide additional information on ICD implantation decisions.
Interestingly, presentation of pathological Q wave in any location, and
especially in anterior leads, protected patients from death in the ICD group but not
in the control croup of the prospective cohort. In addition, significant mortality
benefit from ICD was recognized in Q-wave patients. In the retrospective cohort,
Q waves did not associate with survival without appropriate shocks as single
variable or as part of combination. The finding regarding preferable prognosis
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considering pathological Q waves is novel. Pathological Q wave is a marker of old
myocardial infarction and traditionally considered as a marker of poor prognosis
(Perino et al., 2015). When the Selvester score was applied to identify myocardial
scar in the ICD arm of the SCD-HeFT population, increasing scar size predicted a
higher number of ventricular tachycardias and ventricular fibrillations (Strauss et
al., 2011). When Selvester score was conducted in the MADIT-II population, it did
not predict VT or VF. However, when ICD efficiency was assessed, a large scar
associated with most benefit from the device (Loring et al., 2013). In an analysis of
1,047 subjects of the EU-CERT-ICD retrospective cohort, Selvester score predicted
mortality and appropriate and inappropriate shocks among patients with prolonged
QRS duration, but not in patients with normal QRSd (Reichlin et al., 2020).
Pathological Q-waves are a traditional marker of ischemic etiology of heart
failure, and heart failure may be due to a single event, i.e., ST-elevation myocardial
infarction. After modern revascularization therapy, patients tend to do well, and
secondary prevention of coronary heart disease after ischemic event may
remarkably slow the progression of the disease. Furthermore, ventricular
arrhythmias due to re-entry mechanism produced by Q wave can be treated by ICD
therapies. By contrast, heart failure subjects without pathological Q waves may
have increased risk of non-SCD death compared to patients with Q wave. Based on
our study, patients with pathological Q waves benefit from primary prophylactic
ICD. Moreover, our findings may raise a question about benefit from ICD among
Q-wave infarction patients with EF > 35%. After myocardial infarction and
preserved ejection fraction, some patient subgroups seem to have a high arrhythmic
risk (Gatzoulis et al., 2019). Using pathological Q wave as a marker of potential
benefit from ICD might enhance the ability to identify these high-risk patients.
Novel ECG variables
Prior reports considering QRS-complex fragmentation in primary prophylactic ICD
patients have been conflicting. In the MADIT-II cohort, inferior wide fQRS was
found to be predictive of SCD and ICD shocks, and any fQRS associated with
higher risk of SCD and appropriate ICD shocks (Brenyo et al., 2012). By contrast,
both Forleo et al. (2011) and Baranchuk et al. (2014) reported that fQRS did not
provide any prognostic value in primary prevention ICD patients. However, inferior
fQRS has been reported to predict appropriate shocks and anterior fQRS to be
associated with increased mortality in a cohort of 407 primary prophylactic ICD
recipients (Vandenberk et al., 2017). In our retrospective cohort (II), overall fQRS
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as well as inferior and anterior fragmentation predicted lower probability for
survival without appropriate shock as single parameters, but absence of
fragmentation did not provide any additional value for the combination model
when QRSd, QTc and sinus rhythm were included. When the prospective cohort
(III) was analyzed, lateral fQRS increased the risk for mortality in the ICD group.
No other significant associations were found. Hence, the role of fQRS remains
unclear despite the results of our study. However, fQRS seems to represent
unfavorable ECG variant in ICD patients.
Early repolarization was observed in the prospective cohort (III). We could not
find ER to convey prognostic value for the first appropriate shock, death, or ICD
mortality benefit in this group of subjects. Prior studies of ER and arrhythmia
recurrence are based on cohorts of secondary prevention ICD patients (Kitamura et
al., 2016; Siebermair et al., 2016). Although ER increases the relative risk of
arrhythmic events, the absolute risk remains very low in patients without symptoms
(Obeyesekere et al., 2013). In the primary prophylactic ICD cohort, patients have
other risk factors for arrhythmias, and this may explain the finding that ER is of
poor significance in predicting unfavorable events. In addition, we have previously
shown that ER pattern without other abnormalities predicts fatal or near-fatal
arrhythmic events in middle-aged subjects better than ER pattern with coexisting
QRS complex abnormalities (Junttila et al., 2014). In our prospective cohort, a
substantial proportion of the patients had QRS complex abnormalities; thus the role
of ER may remain limited. It is also possible that other pathological states such as
LBBB or RBBB have masked ER, and ER cannot be recognized. In our cohort, it
cannot be defined whether ER is a previous finding or a result of an ischemic event.
It is also considerable that ER may be present intermittently and there is no proven
provocative test to identify a hidden ER (Laksman et al., 2014; Obeyesekere et al.,
2013). This further complicates the clinical use of ER. Based on our results, early
repolarization is a poorly prognostic ECG variable and can not be used for making
a decision on implantation among primary prophylactic ICD patients.
ECG combination
Based on the studies of this thesis, standard 12-lead ECG provides additional
information on ICD benefit and might be used for more accurate patient selection
for primary prophylactic ICD treatment. However, no single ECG marker should
be used strictly to make the decision on ICD implantation. Instead, combining
several ECG variables or ECG variables with other variables might allow more
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personalized indications for ICD treatment. In the MADIT-II population, the
Goldenberg score classified about one third of the patients to low-risk group. In
their study, 18% of low-risk patients and 26% of patients with ≥ 1 risk factors
received appropriate ICD therapy during a mean follow-up time of 20 months
(Goldenberg et al., 2008). When using our low-risk ECG combination in our
retrospective cohort, 13.0% of the patients in the low-risk group and 24.0% of the
patients with ≥ 1 ECG risk markers received their first appropriate shock during a
mean follow-up time of 2.9 years. Our study is not completely comparable to the
study of Goldenberg et al., mainly due to possible differences in ICD programming
and baseline characteristics of the study populations. In addition, nowadays the risk
marker LBBB is most often modified by implanting a CRT-D in these patients. This
is one of the reasons why the Goldenberg score may no longer be applicable.
The BaSIS model developed by Lee et al. (2015) identified low-risk patients
having 0.9% one-year cumulative risk for appropriate shock and 0.6% one-year
cumulative risk for death among 3,554 primary prophylactic ICD patients. In this
model, only 2.5% of the cohort was categorized to the low-risk group while in our
study, the low-risk group comprised 25.8% of the cohort. For this reason, these
groups are not comparable. However, the study of Lee et al. also showed that
combining different types of variables in the risk model may enhance its efficiency
and clinical significance.
Our studies II and III showed that the variables measured and coded from
standard 12-lead ECG may provide information for more detailed and personalized
patient selection for ICD treatment. The results of our studies strengthen the
evidence on the very limited benefit from ICD in several subgroups of ICD
recipients according to current guidelines. It is notable that in our opinion, having
single abnormalities or low-risk ECG combination in ECG does not provide
sufficient information on whether to implant an ICD or not. There is still an obvious
need for further studies to define the subgroups without benefit from ICD. Our lowrisk ECG model might help to identify low-risk primary prophylactic ICD patient
groups, especially among ischemic patients.
6.3

Clinical implications

One of the objectives of the EU-CERT-ICD project is to validate or challenge the
current primary prophylactic ICD implantation guidelines. In other words, the
study aims at clinical implications. Our results provide clinically relevant
information and increase knowledge about the benefit from ICD in several
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subgroups. Our results may be utilized in further studies aimed to update
international ICD implantation guidelines.
Clinical applicability of variables
Diabetes mellitus is a disease with well-established diagnostic criteria. The
existence of DM is always assessed as part of secondary prevention in the case of
cardiovascular diseases, such as ischemic and non-ischemic cardiomyopathies.
Taking DM into account as part of decision-making in ICD implantation would be
clinically relevant and easily applicable. In our cohorts, 28.2% and 30.2% of the
subjects in retrospective and prospective cohorts, respectively, had diabetes. DM
patients make up a clinically remarkable patient group in ICD recipients with
limited benefit from therapy.
Standard 12-lead ECG is cheap, non-invasive, and easily available, and it is
taken routinely in clinical practice on patients with cardiac diseases. In the studies
of this thesis, we used widely acceptable and easily defined ECG variables. This
was a deliberate decision since we aimed at focusing on variables that could be
easily evaluated. The ECG variables used in the studies are measured and coded
from standard 12-lead ECG. Traditional ECG variables are often detected
automatically from the recording, and the novel ECG variables used in the studies
are becoming well established. Coding and measuring QRS duration, corrected QT
interval, rhythm and pathological Q waves, the significant ECG variables based on
our study, is routine in clinical practice. In study II, low-risk ECG was found in
28.2% of the recordings, thus defining subgroups even with better surveillance
without appropriate shocks could be clinically relevant.
Left ventricular ejection fraction as an only variable to assess the need for ICD
implantation is obviously insufficient. Guidelines and decisions on primary
prevention ICD therapy should be more personalized and should consist of several
markers in the future. A recent study combined 4,503 patients from four MADIT
studies (MADIT-II, MADIT-CRT, MADIT-RIT and MADIT-RISK) and developed
a MADIT-ICD benefit risk score to weight the risk of VT/VF against the competing
risk of non-arrhythmic mortality among ICD patients. The risk of VT/VF was
calculated using the variables LVEF ≤ 25%, atrial arrhythmia, heart rate > 75 bpm,
systolic blood pressure < 140 mmHg, myocardial infarction, age < 75 years, male
sex and prior non-sustained VT. The risk of non-arrhythmic death was assessed
using the variables ICD vs. CRT-D, NYHA-class ≥ II, existing diabetes, body mass
index < 23 kg/m^2, atrial arrhythmia, LVEF ≤ 25% and age ≥ 75 years. The cohort
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was divided into three groups: highest MADIT benefit, intermediate MADIT
benefit, and lowest MADIT benefit. In the highest MADIT benefit group, the
observed risk of VT/VF was more than 3-fold higher than the risk of nonarrhythmic death (Younis et al., 2021). Despite the retrospective nature of the study,
it highlights the power of combining variables to identify patients who are most
likely to benefit from ICD. In addition, the study is in line with our thinking when
considering competing risks of death among ICD patients.
Combining our results of ECG variables or diabetes with other complementary
markers such as findings from 24-h Holter recording or cardiac magnetic resonance
imaging (MRI) might enhance more accurate patient selection. The degree of left
ventricular fibrosis identified with cardiac MRI seems to correlate with mortality
and appropriate shock in subjects with primary prophylactic ICD (Mordi et al.,
2014). In addition, as suggested in the prospective EU-CERT-ICD cohort, increased
periodic dynamics measured from 24-h Holter recording predict the effect of ICD
therapy on mortality (Bauer et al., 2019). Some clinical variables such as age, sex
and renal function could also help to guide treatment decisions (Barra &
Providência, 2013). Moreover, machine learning may provide additional value in
patient selection for device therapy in future (Cikes et al., 2019).
While our low-risk ECG was predictive only among the ischemic subgroup,
there is a need to define low-risk patients in non-ischemic ICD-recipients, too.
Etiology of heart failure needs to be considered in ICD treatment. According to
recently published ESC guidelines for the diagnosis and treatment of acute and
chronic heart failure, ICD should be considered in non-ischemic etiology, while it
is recommended in ischemic etiology (McDonagh et al., 2021).
Implications to further studies and guidelines
Despite our findings, implanting primary prophylactic ICD device should remain
the standard of care in patients with ischemic or non-ischemic cardiomyopathies
and LVEF ≤ 35%. First analyses from the EU-CERT-ICD study showed 27%
reduction in mortality among ICD group compared to control group (Zabel et al.,
2020). However, updating current guidelines would be reasonable as well as
urgently needed. ICD recipients are not a homogeneous group of subjects, and there
are patient groups without benefit from implantation. On the other hand, recent
studies showing limited benefit from ICD have already affected the attitudes
regarding ICD indications (Haugaa et al., 2017). It may be speculated that this may
lead to undertreatment of patients who would benefit from treatment.
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To update the current guidelines for primary prophylactic ICD treatment,
controlled randomized studies should be designed. In randomized trials, more
individualized ICD implantation indications need to be explored. Due to the wide
implementation of ICD therapy and unequivocal guidelines, randomizing patients
to ICD therapy or conventional therapy requires careful ethical assessment.
However, as similar subgroups, such as women, diabetics, elderly subjects, and
patients with normal ECG have been shown to have limited benefit from ICD in
several studies, randomized investigations now appear justified.
In further studies, it would be important to consider the results of patients
without any benefit or with limited benefit from primary prophylactic ICD. Using
our novel outcome, survival without appropriate shock, might provide a relevant
opportunity to focus on patients without benefit from the device due to low risk of
all-cause death or life-threatening arrhythmias. By contrast, an outcome called ICD
resistant mortality has been introduced, providing a novel endpoint to identify
patients without benefit from ICD due to all-cause mortality despite ICD
implantation (Floré et al., 2018). In addition, all-cause mortality needs to be
considered as an outcome in ICD studies. The occurrence of appropriate ICD shock
does not necessarily mean prevented sudden cardiac death, and moreover,
prevented sudden cardiac death is not synonymous with better prognosis.
From a clinical aspect, preventing and reducing risks for SCD needs to be
emphasized. Despite pharmacological, interventional and device therapies,
focusing on early screening and preventive measures of coronary artery disease and
diabetes would have great benefit in reducing the risk of sudden cardiac death.
Lifestyle-related risks, such as smoking, alcohol consumption, physical activity and
diet, need to be highlighted. In addition, adequate treatment of pre-diabetes and
diabetes as well as secondary prevention in diagnosed CAD and optimal medical
treatment in heart failure play a substantial role in SCD prevention.
Figure 10 illustrates benefit from ICD implantation in different primary
prophylactic ICD patient groups based on the studies of this thesis. The figure is
simplified from Figure 5 in the literature review. On the left, patients with low-risk
ECG have lower all-cause mortality and they receive fewer appropriate shocks.
They have a favorable prognosis and the benefit from ICD is limited. Subjects on
the right have remarkable comorbidities, diabetes, or atrial fibrillation, and they
seem to have poor prognosis despite the ICD device. In the middle of the graph,
patients with pathological Q wave, prolonged QTc interval and or wide QRSd
receive appropriate ICD shocks and implantation reduces all-cause mortality.
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Fig. 10. Benefit from ICD implantation in patient groups based on the studies of the
thesis.

6.4

Limitations

Some limitations must be noted in the studies of this thesis. In studies I and II, the
major limitation is the retrospective nature of the cohort. The patients were gathered
from different centers without uniform ICD programming or patient selection. This
may influence the rate of appropriate shock therapies, primarily because of
differences in the detection intervals programmed in different centers. By contrast,
in the prospective cohort, 85% (n = 1,288) of the ICD patients had identical
programming during follow-up. In addition, there may be some differences in
patient selection between the centers in the retrospective studies. Moreover, while
ICD implantations in the retrospective cohort occurred between 2002 and 2014,
medical and interventional therapy of heart failure, myocardial ischemia and
diabetes have changed during the study period, and this may have some effect on
the results.
In the retrospective cohort, there was no conventional arm with medical
treatment. It would be needed to accurately assess the benefit from device therapy
among patients with DM or low-risk ECG.
In studies II and III, defining some ECG variables may have a potential bias.
Intra- and inter-observer variability has been reported in assessment of some ECG
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pathologies such as fQRS, and QT interval measurement may be challenging even
for experienced cardiologists (Vandenberk et al., 2018; Viskin et al., 2005). In the
studies of this thesis, the majority of ECGs were assessed by one researcher. A
proportion of recordings were double-assessed to ensure the quality of analyses.
In all studies I, II and III, only appropriate ICD shock was defined as an
outcome. Device technology and programming have evolved during the last
decades, and ATP may decrease the number of appropriate shocks in lifethreatening arrhythmias. Considering antitachycardia pacing as an outcome might
have affected the results.
In study III, a major possible bias was caused by the non-randomized,
controlled study design. Due to this decision, the results may include some
unmeasured or unidentified cofounders. A randomized study protocol was rejected
for ethical reasons when planning the EU-CERT-ICD project. However, various
advanced statistical methods were used to validate the results.
It needs to be recognized that the follow-up time remained short in study III.
In addition, follow-up time in the control group was shorter than in the ICD group.
This was because of later enrolment of the control group during the study. Despite
this, the minimum follow-up time in the control group was one year, as planned,
and mean follow-up was 1.7 years until death or censoring. In the ICD group, mean
follow-up was 2.6 years until first appropriate shock, death, or censoring. The
results could be confirmed with longer follow-up time.
The cohorts included only patients with ischemic or dilated cardiomyopathy.
Thus, the results are not directly applicable to other etiologies of cardiomyopathy.
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Conclusion

In the studies of this thesis, we have shown that there are patient subgroups in
primary prophylactic ICD recipients with remarkably different benefit from the
device. We have shown that patients with diabetes have limited benefit from ICD,
probably due to higher risk of non-arrhythmic death. Primary prophylactic ICD
recipients with diabetes have significantly higher mortality and lower probability
of appropriate ICD shock. In addition, we have shown that standard 12-lead ECG
provides valuable information regarding the prognosis of ICD patients.
Combination of ECG variables may provide valuable information to identify lowrisk patients surviving without appropriate shocks. On the other hand, patients with
pathological Q waves truly benefit from primary prophylactic ICD. Patients with
atrial fibrillation may have a poor prognosis despite ICD. A higher threshold for
ICD implantation may be useful in diabetics, patients with AF, and patients with
low-risk ECG combination.
Left ventricular ejection fraction as the only variable for decision on whether
to implant an ICD or not is insufficient. New methods are required for more
accurate patient selection for primary prophylactic ICD treatment. Combining
different variables, such as ECG markers, diabetes, findings from 24-h Holter
recording, MRI imaging and some clinical characteristics, could provide a potential
method to focus ICD implantation on patients who benefit from the device.
Guidelines on primary prophylactic ICD implantation indications require reassessment and, in the future, patient selection should be more personalized. For
further studies on ICD benefit, randomized trials are needed. Randomizing patients
to ICD therapy or conventional therapy requires strict ethical assessment, but
randomized investigations now appear justified. Patient groups without benefit
from the device need to be identified and should not be neglected. All-cause
mortality as an outcome needs to be in the focus, and our novel outcome, survival
without appropriate shock, could be useful in further studies.
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