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Abstract

Approximately 10-20% of all deaths occur unexpectedly and suddenly due to underlying cardiac
disease, i.e. sudden cardiac death (SCD). Non-ischemic myocardial diseases cause one in every
five SCD cases and most of these cases occur without prior diagnosis of cardiac disease. The aim
of this thesis was to investigate the electrocardiographic characteristics and genetic background of
non-ischemic myocardial diseases leading to SCD.

The study population included a total of 5,869 SCD victims from Northern Finland and 10,864
Finnish subjects from general population. In the I study, we found that early repolarization (ER)
in the inferolateral leads of 12-lead ECG was a more common finding among victims of non-
ischemic SCD than in general population. In the II study, we investigated the genetic background
of non-ischemic SCD victims with primary myocardial fibrosis (PMF) as the cause of death.
Likely disease-causing variants existed in 10% of the study subjects. The variants were
predominantly in myocardial structure protein-coding genes that are generally associated with
hypertrophic cardiomyopathy, dilated cardiomyopathy, and arrhythmogenic right ventricular
cardiomyopathy.

In the III study we found that 10% of the SCD victims with presumably acquired hypertrophic
cardiac disease carried likely disease-causing genetic variants in myocardial genes. This suggests
that rare genetic variants may play a role in SCD among patients with either hypertension or
obesity-related cardiac disease. In study IV, we investigated the ECG characteristics of various
amounts of myocardial fibrosis in SCD victims. The results suggest that fibrotic accumulation in
the myocardium manifests as QRS prolongation, QRS fragmentation, pathologic Q waves and T
wave abnormalities.

In conclusion, the results of this thesis introduce genetic vulnerability in the development of
life-threatening non-specific non-ischemic myocardial diseases and highlight the priority of
meticulous post-mortem investigations in the case of unexpected SCD. Studies I and IV also
demonstrated that life-threatening non-ischemic cardiomyopathies express ECG abnormalities
before clinical symptoms. Consequently, detection and treatment of such cardiac diseases may be
possible before the devastating event.

Keywords: electrocardiography, genetics, nonischemic myocardial disease, sudden
cardiac death
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Tiivistelmä

Noin 10-20% kaikista kuolemista on odottamattomia ja tapahtuu äkillisesti sydänsairaudesta
johtuen. Erilaiset sydänlihassairaudet kattavat noin viidesosan kaikista sydänperäisistä äkkikuo-
lemista ja yli puolet niistä on piilevän sydänsairauden ensimmäisiä oireita. Tämän väitöstutki-
muksen tarkoitus on löytää kyseisten sydänlihassairauksien ilmentymiä 12-kanavaisesta
EKG:stä sekä selvittää tautien geneettistä taustaa.

Tutkimusaineisto käsittää 5869 äkillisesti sydänsairauteen kuollutta sekä 10864 yleistä väes-
töä edustavaa henkilöä. Ensimmäisessä tutkimuksessa huomasimme, että EKG:n inferolateraali-
sissa kytkennöissä esiintyvä varhainen repolarisaatio oli sydänlihassairauteen äkillisesti kuolleil-
la yleisempää kuin yleisessä väestössä. Toisessa tutkimuksessa tarkoituksemme oli selvittää
äkkikuolemaan johtavan primaarin sydänlihasfibroosin geneettistä taustaa. Todennäköisesti tau-
tia aiheuttavia geenimuutoksia löytyi 10 prosentilla tutkituista. Geenimuutokset olivat pääasiassa
sydänlihasproteiineja koodaavissa geeneissä, joiden on todettu aiheuttavan sekä hypertrofista
että dilatoivaa kardiomyopatiaa ja arytmogeenista oikean kammion kardiomyopatiaa.

Kolmannessa tutkimuksessa huomasimme, että 10 % näennäisesti hankittuun hypertrofiseen
sydänlihassairauteen äkkikuollutta kantoikin todennäköisesti sydänsairautta aiheuttavia geeni-
muutoksia sydänlihasproteiineja koodaavissa geeneissä. Näin ollen muutokset sydänlihasproteii-
neja koodaavissa geeneissä mahdollisesti muokkaavat korkeaan verenpaineeseen tai lihavuuteen
liittyvän sydänlihassairauden luonnetta, mikä lisää äkkikuoleman riskiä. Neljännessä tutkimuk-
sessamme selvitimme eriasteisiin sydänlihaksen sidekudoskertymiin liittyviä EKG-poikkea-
vuuksia. Tutkimuksessa kävi ilmi, että lisääntyvä fibroosi liittyy QRS-ajan pitenemiseen, patolo-
gisiin Q-aaltoihin, QRS-kompleksin solmuuntumiseen sekä T-aallon muutoksiin.

Äkkikuolemaan johtavia sydänlihassairauksia olisi mahdollista epäillä ennen oireilua/kuole-
maa EKG-poikkeavuuksien perusteella. Sidekudoskertymään liittymätön varhainen repolarisaa-
tio on lisäksi merkki lisääntyneestä äkkikuolemariskistä. Tutkimuksessamme selvisi lisäksi, että
geeniperimällä voi olla merkittävä vaikutus myös epäspesifien äkkikuolemia aiheuttavien sydän-
lihassairauksien kehittymisessä.

Asiasanat: elektrokardiografia, geenivirheet, sydänlihassairaudet, äkkikuolema
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1 Introduction 
Although sudden cardiac death (SCD) may psychologically be one of the easiest 
ways to confront death, SCD accounts for a significant proportion of years of 
potential life lost (Stecker et al., 2014). Potential life-years are lost especially when 
SCD occurs due to previously unrecognized and untreated cardiac disease.  

SCD is defined as sudden death of cardiac origin occurring within 6 hours of 
the onset of symptoms, if witnessed, or as death occurring within 24 hours of the 
time the victim was last seen in a good state of health, if unwitnessed. The estimated 
annual incidence of SCD is 1–2 cases per 1,000 inhabitants, denoting 5,000–10,000 
cases every year in Finland (Junttila et al., 2016). The most common cause of SCD 
is coronary artery disease (CAD), accounting for 70–80% of the cases. Non-
ischemic heart diseases are the second leading cause, resulting in 20–25% of SCDs. 
On average, non-ischemic SCD victims are younger than those dying of CAD. 
Primary arrhythmic syndromes are a common cause of SCD in victims under 40 
years of age, but in general population the proportion in SCD burden is low. 
Valvular heart diseases and inflammatory cardiac diseases are also relatively rare 
autopsy findings in SCD victims if all age groups are taken into account. (Gray, 
Ackerman, Semsarian, & Behr, 2019; Hookana et al., 2011; Huikuri, Castellanos, 
& Myerburg, 2001). 

The most common causes for non-ischemic SCD are hypertensive myocardial 
disease, obesity-related myocardial disease and excessive alcohol use related 
dilated cardiomyopathy (DCM). In young SCD victims (<40 years), hypertrophic 
cardiomyopathy (HCM), idiopathic DCM, primary myocardial fibrosis (PMF) and 
arrhythmogenic right ventricular cardiomyopathy (ARVC) are also frequent 
findings at autopsy. More than half of non-ischemic SCDs are the first 
manifestations of underlying cardiac disease and the disease is diagnosed for the 
first time at autopsy. (Corrado, Basso, Schiavon, & Thiene, 1998; Finocchiaro et 
al., 2016; Hookana et al., 2011; B. J. Maron, Doerer, Haas, Tierney, & Mueller, 
2009). 

HCM, DCM and ARVC are inherited cardiomyopathies, and in many cases, 
accountable genetic variants can be found in myocardial structural protein coding 
genes. However, the genetic background of other non-ischemic myocardial 
diseases leading to SCD is unknown. Unspecific myocardial fibrosis has been 
found at autopsy in young SCD victims also outside of Finland, whereas 
hypertensive and obesity-related myocardial diseases are more uncommon autopsy 
findings outside of Finland. This is probably due to the low autopsy rates in SCD 
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victims over 40 years of age outside of Finland as the typical age for such SCD 
victims is 40–60 years. (Chugh, Kelly, & Titus, 2000; Finocchiaro et al., 2016).  

A common characteristic for all non-ischemic myocardial diseases leading to 
SCD is accumulation of fibrosis in the myocardium. Fibrotic accumulation is a 
result of myocyte death and loss, which lead to inflammatory response and fibrotic 
replacement. Myocardial fibrosis has an important role in maintaining the structure 
of the myocardium. However, the road to repair is paved with perils as fibrotic 
tissue is unable to contract or conduct electricity, which are important features of 
myocardial tissue. Hence, the accumulation of myocardial fibrosis leads to heart 
failure and arrhythmias.  

PMF is defined as unexplained fibrotic accumulation in the myocardium at 
autopsy without the presence of any other structural abnormalities (Hookana et al., 
2011). The reason for myocardial fibrosis in PMF is completely unknown. 
Additionally, hypertension and obesity-related myocardial diseases express cardiac 
hypertrophy, which is thought to be a result of cardiac pressure overload caused by 
hypertension and/or obesity. The cause for the excessive fibrotic replacement in 
such diseases is less well known. In addition to myocardial fibrosis, inherited 
structural cardiac diseases (HCM, DCM and ARVC) have some characteristic 
features such as asymmetric hypertrophy, dilatation or primarily right ventricle 
involvement, which are not present in presumably acquired hypertrophic cardiac 
diseases or PMF. 

 The 12-lead electrocardiogram (ECG) is routinely taken in clinical practice 
and has gained a lot of attention in recent years regarding the recognition of SCD 
risk patients. Previous studies have focused mainly on the ECG abnormalities in 
CAD-related SCD whereas the ECG characteristics of non-ischemic myocardial 
diseases leading to SCD are not as well known. Electrocardiographic abnormalities 
have generally low predictive value for SCD, but early recognition of patients with 
underlying fibrotic heart disease with ECG may alter the SCD risk if early treatment 
is initiated. 

The aim of this thesis was to identify the ECG characteristics of non-ischemic 
myocardial diseases leading to SCD and to clarify the previously unknown genetic 
background of SCD victims with PMF and hypertension/obesity-related 
myocardial diseases.  



21 

2 Review of the literature 
This review focuses on the non-ischemic myocardial diseases leading to sudden 
cardiac death (SCD). Special interest is in the genetic background and 
electrocardiographic characteristics of myocardial diseases.  

2.1 Sudden cardiac death 

Sudden cardiac death and sudden cardiac arrest (SCA) refer to sudden cessation of 
cardiac function leading to hemodynamic collapse and unconsciousness. In SCA, 
the event is reversed, either due to intervention (e.g. defibrillation) or spontaneous 
restoration of circulation, whereas in SCD the event is not reversible and leads to 
sudden death. The most common initial cardiac rhythms leading to SCD/SCA are 
ventricular tachyarrhythmias (ventricular tachycardia (VT)/ventricular fibrillation 
(VF)), whereas pulseless electrical activity (PEA) and asystole are responsible for 
less than half of the cases (Bayes de Luna, Coumel, & Leclercq, 1989; Greene, 
1990; Kauppila et al., 2018). However, in most of the cases, the initial rhythm is 
not documented and the diagnosis of SCA/SCD is inferred based on clinical 
evaluation and autopsy findings. In the case of witnessed death, one-hour time limit 
is often used in epidemiological studies whereas 6-hour time limit is often used in 
autopsy-based studies where non-cardiac causes can be reliably excluded. Most of 
the sudden death cases are due to cardiac causes, but meticulous post-mortem 
investigations are mandatory to reliably exclude non-cardiac causes (e.g. cerebral 
hemorrhage, pulmonary embolism, trauma, aortic rupture) which are estimated to 
cause about 40% of all sudden deaths (Haukilahti et al., 2019; Sanchez et al., 2016; 
Tseng et al., 2018). 

2.1.1 Epidemiology 

Cardiovascular diseases are the most common cause of death worldwide, 
accounting for almost every third death and 17.9 million deaths annually (Roth et 
al., 2017). Furthermore, approximately half of all cardiac deaths occur suddenly 
(Huikuri et al., 2001). Variability in both time definition of SCD and post-mortem 
investigations plays a substantial role in the estimations of SCD incidence. Death 
certificate data from the U.S. suggest that SCDs account for 15% of total mortality 
(Zheng, Croft, Giles, & Mensah, 2001). Another U.S. study from Oregon concluded 
that SCD accounts for about 6% of annual mortality (Chugh et al., 2004). The most 



22 

commonly cited estimations for the total number of SCDs in the U.S. vary between 
300,000 and 350,000 (Roger et al., 2011). These numbers refer to total incidence 
of 1–2 SCDs per 1,000 life years annually in general population. The data from the 
Fingesture study in Northern Finland has shown similar incidence of unexpected 
SCD in general population (Junttila et al., 2016). The precise number of SCDs in 
Finland has not been reported recently, but rough estimation based on annual 
incidence is 5,000-10,000 cases per year, which comprises 10–20% of all deaths. 
Despite advances in the prevention and treatment of cardiovascular diseases, the 
overall incidence of SCDs has not declined in recent years. The rate of 
cardiovascular mortality in working age population has decreased in Western 
societies and the mean age of the SCD victims has increased, indicating declining 
SCD incidence in subjects under 65 years of age. (Junttila et al., 2016; Lozano et 
al., 2012). 

The absolute risk of SCD varies strongly in general population depending on 
subject characteristics. The incidence increases substantially with overt heart 
disease, male gender and age (Kannel, Wilson, D'Agostino, & Cobb, 1998). Other 
risk factors include obesity, smoking, hypertension, elevated cholesterol levels, 
diabetes, and family history of SCD (Jouven, Desnos, Guerot, & Ducimetiere, 1999; 
Patel, Winkel, Ali, Narayan, & Mehta, 2015). Although subjects with previous SCA 
with clinically recognized heart disease and heart failure (HF) represent the highest 
SCD risk group, most SCDs occur in larger low-risk subgroups (Myerburg, Mitrani, 
Interian, & Castellanos, 1998). Approximately 50% of the SCDs occur in subjects 
without previously diagnosed cardiac disease (Huikuri et al., 2001).  

2.1.2 Pathophysiology and etiology of sudden cardiac death 

Mechanism of arrhythmias in structural heart diseases 

In structural heart diseases, the development of ventricular arrhythmia (VA) is 
mainly thought to happen via regional slow conduction/block, which initiates the 
reentry mechanism (de Jong, van Veen, van Rijen, & de Bakker, 2011). In reentry, 
the electrical impulse does not die after the refractory period has ended; instead, it 
persists, re-exciting the heart. The development of reentry arrhythmia has generally 
been thought to require a trigger for arrhythmia, a predisposing factor, and a 
substrate that maintains it. Structural heart disease, certain medications, caffeine, 
tobacco, alcohol or increased levels of adrenaline may predispose to ventricular 
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premature beats which may act as triggers for arrhythmias. Accelerated heart rate, 
ischemia or electrolyte imbalance may act as predisposing factors for arrhythmias 
whereas structural heart disease constructs anatomical reentry circuits which can 
maintain the unfavorable rhythm (Nguyen, Qu, & Weiss, 2014). This creates a 
circular path in which the excitatory wave keeps returning to the site of origin. 
(Antzelevitch & Burashnikov, 2011). 

For the vast majority of SCD victims the initial rhythm is not documented, and 
the understanding of preceding rhythms is based on studies conducted with SCA 
subjects and a minority of SCD cases in which the rhythm happened to be recorded, 
e.g. due to implantable cardioverter defibrillator, automatic external defibrillator or 
ambulatory electrocardiogram (ECG). In victims who collapse without cardiac 
monitoring with uncertainty as to the exact time of the collapse, asystole may be 
detected as the first rhythm since it can be a result of a long-lasting VT/VF/PEA 
which is unable to maintain sufficient blood flow to coronary circulation, leading 
to myocyte death (Bayes de Luna et al., 1989). Among victims with monitored 
initial rhythm, ventricular tachyarrhythmias (VT/VF) are the most common 
preceding rhythms whereas PEA and asystole account for fewer cases (Bayes de 
Luna et al., 1989; Greene, 1990; Kauppila et al., 2018). However, the proportion of 
VT/VF as an initial rhythm has decreased during the last decades while the 
proportion of PEA and asystole has increased (Daya et al., 2015; Herlitz et al., 2000; 
Vayrynen, Boyd, Sorsa, Maatta, & Kuisma, 2011). This trend is thought to be due 
to the decreasing proportion of coronary artery disease (CAD) as a cause of 
SCD/SCA since VF as an initial rhythm is commonly associated with CAD (Cobb, 
Fahrenbruch, Olsufka, & Copass, 2002; Junttila et al., 2016; Teodorescu et al., 
2010). Among victims of non-ischemic SCD, PEA and asystole are more common 
preceding rhythms than among ischemic patients (Kauppila et al., 2018). 
Understanding various rhythms preceding SCD/SCA in different populations has 
important clinical significance since unlike VT/VF, PEA and asystole are non-
shockable rhythms and thus cannot be treated with defibrillation.  

Cardiac diseases leading to lethal arrhythmia at autopsy 

The most common cause for SCD in general population is ischemic heart disease, 
accounting for 70–80% of all SCDs (Myerburg, 2001). Of the non-ischemic causes, 
myocardial diseases have the most substantial proportion (~20%), whereas primary 
arrhythmic syndromes, valvular heart diseases and inflammatory cardiac diseases 
account for a minority of SCD in general population (Huikuri et al., 2001). Only in 
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about 5% of SCDs, structural cardiac abnormality cannot be found (Chugh et al., 
2000; Corrado, Basso, & Thiene, 2001). The distribution of cardiac diseases 
causing SCD is dependent on the study population. Although CAD is clearly the 
most common cause of SCD in general population, the proportion of CAD as the 
cause of death becomes prominent in the fourth decade (Eckart et al., 2011; 
Risgaard et al., 2014). Among young SCD victims (age under 40 years), the 
proportions of structurally normal hearts, inherited cardiomyopathies, i.e. 
arrhythmogenic right ventricular cardiomyopathy (ARVC), hypertrophic 
cardiomyopathy (HCM), and dilated cardiomyopathy (DCM) are higher than in 
general population (Gray et al., 2019). 

Sudden cardiac death due to ischemic heart disease may occur due to various 
mechanisms. Sudden arrhythmia may be triggered by myocardial ischemia, which 
may be due to acute coronary plaque rupture leading to occlusion, coronary spasm, 
or disparity of oxygen supply and demand (Myerburg & Junttila, 2012). Disparity 
in oxygen supply and demand may again be due to various reasons, e.g. increased 
cardiac workload, anemia or hypotension. Reperfusion after opening of occluded 
coronary vessel may also provide heterogeneous electrical activation and a 
substrate for arrhythmogenesis (Furukawa, Bassett, Furukawa, Kimura, & 
Myerburg, 1993). Chronic CAD may also lead to myocardial scarring, which may 
act as a substrate for VAs. Recently, silent myocardial infarction-related myocardial 
scars were demonstrated to be associated with more than 40% of SCD cases due to 
previously unrecognized CAD (Vahatalo et al., 2019). Although CAD is the most 
important cause of SCD, the proportion of SCDs related to CAD has decreased in 
recent years whereas the proportion of non-ischemic myocardial diseases has 
increased (Junttila et al., 2016). 

Non-ischemic myocardial disease is diagnosed as a cause of SCD if either 
macroscopic or microscopic structural changes in the myocardium (e.g. 
hypertrophy, ventricle dilatation, fibrosis) are detected at autopsy in the absence of 
evidence of explainable factors, such as CAD or valve disease (Hookana et al., 
2011). In older SCD victims, determining the role of underlying non-ischemic heart 
disease in sudden death may be difficult as age-related asymptomatic coronary 
atherosclerosis may be present as an innocent bystander, or act as a trigger for SCD 
in myocardium that is susceptible for maintaining arrhythmias. In general 
population, non-ischemic myocardial diseases account for approximately 20–25% 
of all SCDs (Junttila et al., 2016). The most common non-ischemic myocardial 
diseases leading to SCD among young victims are ARVC, HCM, DCM and 
myocardial fibrosis with/without LV hypertrophy (Corrado et al., 1998; 
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Finocchiaro et al., 2016; B. J. Maron et al., 2009). In Northern Finland, 
environmental factors related to non-ischemic myocardial diseases, such as 
hypertension, obesity and excessive alcohol consumption related heart diseases, 
have been reported as frequent autopsy findings especially in victims 40–60 years 
of age (Hookana et al., 2011). The morphofunctional features of non-ischemic 
myocardial diseases are discussed separately later in this thesis. 

A structurally normal heart is diagnosed in the absence of any macroscopic or 
microscopic structural changes in myocardium and without signs of CAD or 
valvular defects. As many as 30% to 40% of the young SCD victims have a 
structurally normal heart in post-mortem investigations (Finocchiaro et al., 2016; 
Margey et al., 2011; Puranik et al., 2005; Winkel et al., 2011; Wisten et al., 2017). 
Arrhythmic deaths with structurally normal hearts are thought to be commonly due 
to cardiac channelopathies, such as long QT syndrome, catecholaminergic 
polymorphic ventricular tachycardia or Brugada syndrome (Gray et al., 2019; 
Lahrouchi et al., 2017). These cardiac diseases are often inherited, which is why 
post-mortem genetic testing for SCD victims with structurally normal hearts is 
recommended (Basso et al., 2017). Among SCD victims with a structurally normal 
heart, up to 13-40% may carry clinically relevant genetic variants in cardiac genes, 
supporting the probability of arrhythmic sudden death (Bagnall et al., 2016; 
Lahrouchi et al., 2017; Sanchez et al., 2016; Tester & Ackerman, 2007). 
Identification of responsible genetic variants may improve the diagnostics of 
cardiac disease in relatives (Lahrouchi et al., 2017). 

Diagnosis of myocarditis at autopsy requires meticulous myocardial histology 
investigation and enquiry of family history, since cardiomyopathies may also 
express inflammatory cells in active site of myocardial injury. Autopsy-based 
studies from Europe, U.S. and Australia have reported that myocarditis may be the 
cause of sudden death in 6-14% of young victims (Margey et al., 2011; Bagnall et 
al., 2016; Winkel et al., 2011; Wisten, Krantz, & Stattin, 2017, Eckart et al., 2011). 
A study from Puranik et al reported that half of SCD victims due to myocarditis 
had prodromal flu-like illness (Puranik, Chow, Duflou, Kilborn, & McGuire, 2005). 
In the Fingesture study, inflammatory cardiac disease was found in 1.2% of the 
victims and was not more common in victims <40 years, although a study from U.S. 
reported that myocarditis was more common among victims <35 years than 
those >35 years (Junttila et al., 2016, Hookana et al., 2011, Eckart et al., 2011).  

Mitral valve prolapse (MVP) has also been found at autopsy in 1–6% of young 
SCD victims (Basso, Iliceto, Thiene, & Perazzolo Marra, 2019). However, MVP is 
present in about 2–3% in general population and the potential SCD risk associated 
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with the condition has been unclear. In an Italian study, bileaflet MVP at autopsy 
after SCD was associated with myocardial fibrosis of the papillary muscles and T-
wave inversions (TWI), raising concerns about the possible malignant nature of 
MVP in the young if associated with such properties (Basso et al., 2015). In a study 
conducted in the U.S., 1.7% of the young SCD victims were determined to have 
aortic disease or stenosis as the cause of death (Harris, Tung, Haas, & Maron, 2015). 
Aortic diseases were related to bicuspid aortic valves in 27% and suspected Marfan 
syndrome in another 27%. The prevalence of valve diseases as a cause of SCD in 
general population is not documented.  

2.1.3 Prevention of sudden cardiac death 

The most important course of action in the prevention of SCD is prevention of 
development of life-threatening cardiac disease. The most important preventable 
risk factors for non-ischemic SCDs are obesity, hypertension and excessive alcohol 
intake (Hookana et al., 2011). In the case of CAD, the importance of reduction of 
risk factor burden (high cholesterol, hypertension, smoking, diabetes, obesity, 
physical inactivity) is essential in the prevention of ischemic SCD. If the diagnosis 
of heart disease is established, the risk of SCD may also be reduced with 
pharmacological treatment and device therapy.  

Pharmacological treatment 

Pharmacological treatment for the prevention of SCD can be divided into treatment 
of underlying cardiac disease, anti-arrhythmic drugs, adverse cardiac remodeling 
inhibiting drugs and antiplatetes/anticoagulants. Determining and treating the 
causes of cardiac disease is essential for preventing disease progression and risk of 
death. The anti-arrhythmic mechanism of beta-blockers is based on competitive 
blockade of beta-adrenergic receptors, which leads to reduction of sympathetically 
mediated arrhythmia triggering mechanisms. The effectiveness of beta-blockers in 
the reduction of SCD has been established in various cardiac diseases, and 
especially among patients with systolic dysfunction (Al-Gobari, El Khatib, Pillon, 
& Gueyffier, 2013; Kendall, Lynch, Hjalmarson, & Kjekshus, 1995). In addition to 
well-established effectiveness in SCD reduction, beta-blockers also have a 
favorable safety profile, which makes them first-line pharmacological therapy for 
treating VAs and preventing SCD (Priori et al., 2015). Amiodarone is less 
commonly used anti-arrhythmic drug in patients with structural heart disease, with 
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or without HF. Amiodarone has a wider spectrum of anti-arrhythmic mechanisms, 
including blockade of depolarizing sodium channels and repolarizing potassium 
channels. Amiodarone usage has also been associated with decreased SCD risk, but 
complex drug interactions and especially pulmonary and thyroid toxicity restricts 
wider use of amiodarone (Piccini, Berger, & O'Connor, 2009; Vorperian, 
Havighurst, Miller, & January, 1997). Angiotensin-converting enzyme (ACE) 
inhibitors, angiotensin receptor blockers and mineralocorticoid receptor 
antagonists have been demonstrated to inhibit unfavorable cardiac remodeling and 
decrease SCD rates in HF patients (Alberte & Zipes, 2003; Bapoje et al., 2013; 
Domanski et al., 1999). Renin-angiotensin system modifying drugs are 
recommended in HF patients as a first-line treatment (Ponikowski et al., 2016). In 
CAD, antiplatelet therapy and/or anticoagulants have been shown to be effective in 
the prevention of thrombotic coronary occlusion and adverse events (Dries, 
Domanski, Waclawiw, & Gersh, 1997). Other anti-arrhythmic drugs such as 
flecainide or sotalol may be used for reliefing symptoms and reducing VA burden 
in suitable patients, but they have not shown beneficial effect on SCD risk. In some 
cases, such anti-arrhythmics may be even harmful and increase the risk of life-
threatening VAs (Priori et al., 2015). 

Device therapy 

Implantable cardioverter defibrillator (ICD) is the most commonly used device in 
the prevention of SCD. The beneficial effect on the prevention of SCD is based on 
termination of life-threatening arrhythmias via antitachycardia pacing and/or low- 
or high-energy shocks. At first, ICD was implanted as a secondary prevention in 
patients with SCA, VF or sustained VT in the absence of reversible causes, but was 
later observed to be effective also in primary prevention in high-risk patients (Priori 
et al., 2015). Three landmark trials have studied the efficacy of ICD therapy for 
secondary SCD prevention; pooled results demonstrated that such patients benefit 
more from device therapy than from pharmacological therapy (Antiarrhythmics 
versus Implantable Defibrillators (AVID) Investigators, 1997; Connolly, Gent et al., 
2000; Connolly, Hallstrom et al., 2000; Kuck, Cappato, Siebels, & Ruppel, 2000).  

The use of ICD in primary prevention of SCD is a more challenging area. 
Generally, primary prevention of SCD with ICD is targeted to either ischemic or 
non-ischemic cardiac patients with left ventricle (LV) ejection fraction (EF) <30% 
(NYHA I) or <35% (NYHA II-III) despite optimal medical treatment (Priori et al., 
2015). In patients with specific non-ischemic cardiomyopathies, such as HCM or 
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ARVC, ICD implantation for primary prevention may also be considered for those 
with preserved LV function, based on individual SCD risk assessment 
(Authors/Task Force members et al., 2014; Towbin et al., 2019). Two large trials 
from the early 2000s demonstrated the benefit of ICD as primary prevention for 
SCD (MADIT-II and SCD-HeFT) (Bardy et al., 2005; Moss et al., 2002). 
Implantation of ICD was associated with a decreased risk of death of 23% in the 
SCD-HeFT and 31% in the MADIT-II study. Implantation of ICD in the primary 
prevention of ischemic SCD has more supportive data whereas efficacy among 
non-ischemic patients is based on five randomized trials (Bansch et al., 2002; Bardy 
et al., 2005; Bristow et al., 2004; Kadish et al., 2004; Strickberger et al., 2003). 
Pooled analysis of these five studies demonstrated a 31% reduction of all-cause 
mortality related to ICD (A. S. Desai, Fang, Maisel, & Baughman, 2004). A 
subsequent randomized trial (DANISH trial) showed no statistically significant 
reduction in all-cause mortality related to ICD implantation among non-ischemic 
HF patients although the rate of SCD decreased (Kober et al., 2016). However, 58% 
of the study subjects in the DANISH trial had also cardiac resynchronization 
therapy, which is why the results may not be comparable with previous ICD trials. 
Another study reported that the rates of SCD in HF patients without ICD decreased 
as much as 44% between 1995 and 2014 (Shen et al., 2017). The significant 
reduction in the SCD rate is probably due to improved pharmacological treatment 
of HF during recent decades and may partly explain the results from the DANISH 
study.  

Other less commonly used devices in the prevention of SCD are subcutaneous 
ICD (S-ICD) and wearable cardioverter defibrillator (WCD). In young patients and 
in the case of problems with venous access in ICD implantation, S-ICD can be 
considered (Priori et al., 2015). Currently available data suggests that S-ICD has a 
meaningful effect in preventing sudden death but data on long-term tolerability and 
safety is still lacking (Weiss et al., 2013). However, S-ICD is not appropriate for 
patients who need additional bradycardia pacing or cardiac resynchronization 
therapy. In patients with transient LV dysfunction who are at high risk for SCD for 
a limited period and not candidates for ICD (e.g. acute phase after myocardial 
infarction, peripartum cardiomyopathy or patients waiting for cardiac 
transplantation), wearable vest with defibrillator has been used to reduce the 
incidence of VT and VF. Case series of patients with WCD have demonstrated that 
the vest can successfully terminate VT/VF (Chung et al., 2010; Epstein et al., 2013). 
However, a recent randomized-controlled trial showed no statistically significant 
reduction of arrhythmic deaths in patients with LVEF<35% during 90 days after 



29 

myocardial infarction although the rate was slightly lower in the WCD group 
(Olgin et al., 2018).  

2.2 Sudden death due to non-ischemic myocardial diseases 

Non-ischemic myocardial diseases are usually referred to as ‘non-ischemic 
cardiomyopathies’. However, based on the European Society of Cardiology (ESC) 
statement from 2007, cardiomyopathy is defined as:  

A myocardial disorder in which the heart muscle is structurally and 
functionally abnormal, in the absence of coronary artery disease, hypertension, 
valvular disease and congenital heart disease sufficient to cause the observed 
myocardial abnormality.  

Based on this statement, environmental factor (e.g. hypertension, obesity) related 
non-ischemic myocardial diseases may not be classified as ‘cardiomyopathies’, 
neither may channelopathies in which structural abnormalities cannot be found. 
According to the ESC statement, cardiomyopathies are classified, based on 
morphofunctional phenotype, as ARVC, HCM, DCM, restrictive cardiomyopathy 
and unclassified cardiomyopathy. Furthermore, the ESC statement classifies 
cardiomyopathies as either familial or non-familial to raise awareness of genetic 
determinants in the disease development. (P. Elliott et al., 2008). 

2.2.1 Non-ischemic myocardial diseases in SCD victims at autopsy 

The most common non-ischemic myocardial diseases found at autopsy in SCD 
victims are HCM, ARVC, DCM, unspecific cardiomyopathy (UCM), primary 
myocardial fibrosis (PMF), idiopathic LV hypertrophy with/without myocardial 
fibrosis and acquired myocardial diseases. Acquired myocardial diseases include 
hypertension/obesity-related heart disease and alcohol-related DCM. In total, non-
ischemic myocardial diseases account for 20–25% of all SCDs (Junttila et al., 2016). 
The distribution of specific non-ischemic myocardial diseases varies depending on 
the age of SCD victims. Among young SCD victims (<40 years of age), HCM, 
ARVC, DCM, PMF and idiopathic LV hypertrophy are the most common findings 
whereas in older victims, the proportion of acquired heart diseases is higher (Gray 
et al., 2019; Hookana et al., 2011). In young SCD victims, distribution of non-
ischemic cardiomyopathies at autopsy also shows some variation between 
countries. The varying rates of specific cardiomyopathies are probably due to a 
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combination of varying post-mortem autopsy protocols and different genetic 
backgrounds. Studies have demonstrated the importance of histological evaluation 
as part of the post-mortem investigations, since 79–95% of the macroscopically 
normal hearts have microscopic abnormalities, mostly myocarditis, HCM, ARVC 
or idiopathic fibrosis (Chugh et al., 2000; Corrado, Basso, & Thiene, 2001).  

In the U.S., HCM is the most common finding at autopsy in young athletes 
who suffer SCD. If possible HCM cases are taken into account, almost half of the 
cases are due to HCM (B. J. Maron et al., 2009). In contrast, ARVC is documented 
as the most common autopsy finding in young athletes in the Veneto region in Italy, 
accounting for 22% of the cases (Corrado et al., 1998). Autopsy studies from 
Finland and the U.K. have in turn reported idiopathic accumulation of myocardial 
fibrosis (i.e. PMF) with/without LV hypertrophy (LVH) as a frequent autopsy 
finding in young SCD victims (de Noronha et al., 2009; Finocchiaro et al., 2016; 
Hookana et al., 2011). Autopsy studies from Sweden, Denmark, Ireland and 
Australia report a more diverse spectrum of autopsy findings (including HCM, 
ARVC, DCM, idiopathic LVH and fibrosis, UCM) in non-ischemic SCD victims, 
accounting for 16–30% of the cases (Margey et al., 2011; Puranik et al., 2005; 
Winkel et al., 2011; Wisten et al., 2017). Unspecific cardiomyopathy often refers 
to a structural abnormality with either hypertrophy/dilatation and/or myocardial 
fibrosis that does not fulfill the criteria for HCM, ARVC or DCM.  

The causes of non-ischemic SCD in older patients (>40 to 50 years) are not as 
well documented. This might be because autopsies are not as frequently performed 
on older patients and only few autopsy studies have included subjects older than 40 
years of age. In the Fingesture study which includes practically all victims of 
unexpected SCD in Northern Finland, hypertension, obesity and alcohol-related 
myocardial diseases were the most common causes of non-ischemic SCD when all 
age groups were taken into account (Hookana et al., 2011). Studies from the U.S. 
have also reported such environmental factor-related non-ischemic myocardial 
diseases in SCD victims, although on a smaller scale. In the study of Eckart et al., 
11 SCD victims with age <35 years and 15 SCD victims with age >35 were found 
to have hypertensive heart disease at autopsy, accounting for a total of 4% of SCD 
cases (Eckart et al., 2011). Another study from the San Francisco area investigated 
out-of-hospital cardiac arrests in subjects 18–90 years of age (Tseng et al., 2018). 
Ninety-eight percent of 273 autopsy-proved SCDs were due to structural 
abnormality and CAD was the most common cause. Various non-ischemic 
structural cardiac diseases were also observed, including HCM, ARVC, DCM, 
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hypertension and alcohol-related heart diseases and UCM. Non-ischemic 
myocardial diseases accounted for a total of 33% of autopsy-verified SCDs.  

2.2.2 Left ventricle hypertrophy and myocardial fibrosis 

Left ventricle hypertrophy and myocardial fibrosis are seen in both 
cardiomyopathies and acquired myocardial diseases. Considering the wide 
spectrum of phenotypes of non-ischemic cardiomyopathies and the increasing 
prevalence of obesity and hypertension worldwide, distinguishing 
cardiomyopathies from acquired heart diseases may be challenging in some cases 
as both entities may be present. 

Left ventricle hypertrophy 

Left ventricle hypertrophy denotes increased size of myocardial fibers, which leads 
to increase in LV wall thickness or chamber size and increased mass of LV. The 
most common causes of LVH include pressure overload, volume overload, 
physiological adaptation to exercise, HCM and infiltrative diseases. Pressure 
overload is typically caused by systemic hypertension or aortic valve stenosis 
whereas volume overload can be due to valve diseases. Major distinguishing factor 
between pathological and physiological LVH is accumulation of myocardial 
fibrosis. This review focuses on pathological LVH. 

Left ventricle hypertrophy is most reliably diagnosed with either cardiac 
echocardiography or cardiac magnetic resonance imaging (CMR) in alive patients. 
Cardiac echocardiography is used more often due to better availability and lower 
cost. According to the European Association of Echocardiography and the 
American Society of Echocardiography, estimated LV mass of >115g/m2 in men 
and >95g/m2 in women are considered as abnormal, indicating LVH (Lang et al., 
2015). Left ventricle and septum wall thicknesses are more commonly used 
measures in clinical work and values >10mm in men and >9mm in women are 
considered abnormal. At autopsy, heart weight over the predicted value based on 
body surface area also indicates cardiac hypertrophy (Hookana et al., 2011). 
Electrocardiography may also be used to assess the presence of LVH. However, 
sensitivity of ECG for LVH may be as low as 10 to 26 percent whereas specificity 
may be as high as 88 to 99 percent (Jain et al., 2010). The sensitivity of ECG in 
LVH diagnosis may further be affected by extracardiac factors, e.g. obesity or 
pulmonary status. Electrocardiographic findings that are associated with LVH 
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include increased QRS voltages, increased QRS duration, ST-T interval 
abnormalities, left axis deviation and left atrium enlargement (A. Goldberger, 
Goldberger, & Shvilkin, 2017). The most commonly used ECG criterion for LVH 
diagnosis is the Sokolow-Lyon index, which measures the sum of S wave in V1 lead 
and R wave in V5 or V6 (wherever the amplitude is higher), and values >3.5mV are 
considered LVH. Also, the presence of left bundle branch block (LBBB) is a strong 
sign of simultaneous LVH (Noble, Humphrey, & Monaghan, 1984). Repolarization 
abnormalities, i.e. TWIs or ‘strain’, in ST-T segment of patients with ECG 
diagnosis of LVH represent more severe LVH and increased risk of adverse events 
(Bang, Devereux, & Okin, 2014). In young athletes, LVH criteria in ECG may, 
however, represent a normal variant (Sharma et al., 2017).  

Left ventricle hypertrophy has important clinical significance since 
development of pressure-overload LVH implies increased risk for subsequent HF, 
arrhythmias and SCD (Drazner et al., 2004; Haider, Larson, Benjamin, & Levy, 
1998; Levy, Garrison, Savage, Kannel, & Castelli, 1990). The prevalence of ECG-
based LVH has been reported to be about 5% in unscreened population (C. S. Desai, 
Ning, & Lloyd-Jones, 2012) and 7.4 to 13.9% in those with hypertension (Soliman 
et al., 2017; Verdecchia et al., 2019). Although LVH increases the risk of adverse 
events, the risk can be decreased, LVH regressed and LV function increased with 
pharmacotherapy (Levy, Salomon, D'Agostino, Belanger, & Kannel, 1994; 
Wachtell et al., 2002). The usage of ACE inhibitors, calcium channel blockers and 
ARBs is associated with best reduction in LVH in hypertensive patients whereas 
the response may not be as good with the use of diuretics and beta-blockers 
(Klingbeil, Schneider, Martus, Messerli, & Schmieder, 2003).  

The mechanism how LVH increases the risk of arrhythmia is probably 
multifactorial, and ischemia with myocardial fibrosis is thought to be an important 
determinant. Ischemia and oxygen-supply demand in LVH may be due to 
insufficient coronary artery growth to compensate increased myocardium, rise in 
LV wall tension, failure of coronary arteries to dilate due increased ventricle 
stiffness or simultaneous CAD, in which additional LVH may further impair 
oxygen supply (Harrison, Marcus, Dellsperger, Lamping, & Tomanek, 1991). 
However, vulnerability to arrhythmias in LVH is probably not solely attributable to 
simultaneous CAD or LV dysfunction, but is also due to hypertrophy and 
myocardial fibrosis (Mammarella et al., 2000; McLenachan & Dargie, 1990) 

Molecular signaling pathways in hypertension, especially renin-angiotensin 
system, have also been associated with development of LVH. The role of the renin-
angiotensin system in the development of LVH is supported by the observation that 
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transgenic mice with overexpression of angiotensin II are prone to myocardial 
hypertrophy irrespective of hypertension (Mazzolai et al., 1998). The levels of 
angiotensin II have been associated with the LV mass also in humans (Harrap et al., 
1996). In addition, patients with presumably elevated angiotensin II due to 
atherosclerotic renovascular disease have more severe LVH and decreased LV 
diastolic function compared to those with similar blood pressure and without 
atherosclerotic renovascular disease (Wright et al., 2005). However, the mechanism 
is probably not due to angiotensin II type 1A receptor, as mice with this receptor 
knockout are still prone to develop pressure-overload hypertrophy (Harada et al., 
1998).  

Genetically induced LVH is typically related to HCM, but the role of genetic 
factors in the development of pressure-overload LVH is also probable because 
patients with similar degrees of blood pressure may have substantial variety in LV 
mass. Studies have demonstrated that polymorphisms in renin-angiotensin system 
coding genes associate with increased risk of LVH (Ortlepp et al., 2002; Schunkert 
et al., 1994). These findings are in conjunction with studies that emphasize the role 
of renin-angiotensin system in the development of LVH. Genetic alterations in 
bradykinin receptor B2 and protein kinase C coding genes in addition to increased 
concentrations of circulating microRNAs have also associated with LVH 
development (Bowman et al., 1997; Brull et al., 2001; Huang et al., 2017). 

Myocardial fibrosis 

Cardiac remodeling with extensive myocardial fibrosis is involved in almost all 
etiologies of heart disease. Injury in the myocardium provokes activation and 
proliferation of cardiac fibroblasts that develop into myofibroblasts, which play a 
key role in tissue repair by producing collagens, extracellular matrix and cytokines 
(Travers, Kamal, Robbins, Yutzey, & Blaxall, 2016). The formation of myocardial 
fibrosis is essential after cardiac injury to maintain cardiac structure and prevent 
rupture in cardiac muscle. Cardiac injury leading to fibrotic replacement may arise 
from various reasons, e.g. ischemia, inflammation, toxic exposure, pressure 
overload or genetic factors predisposing to myocyte death. However, the fibrotic 
tissue is not able to fulfill essential cardiac muscle functions, i.e. contraction and 
electric conduction, thus leading to subsequent HF and arrhythmias.  

Myocardial fibrosis can be subcategorized into two groups: reactive interstitial 
fibrosis and replacement fibrosis (Anderson, Sutton, & Lie, 1979; Weber, 1989). 
The latter is a consequence of myocyte loss and locates in the active site of 
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myocardial injury whereas reactive fibrosis locates remote from the active injury 
site. Reactive fibrosis occurs because active myofibroblasts increase the synthesis 
of extracellular matrix (ECM) also in the myocardial tissue beyond the injury site 
(Turner & Porter, 2013). Depending on the underlying mechanism, myocardial 
fibrosis may appear as distinct patterns. Compact fibrosis, i.e. myocardial scar, 
often occurs in the settings of CAD and myocardial ischemia whereas diffuse, 
patchy and interstitial fibrosis may appear at the border site of myocardial scar and 
in non-ischemic myocardial diseases (Jellis, Martin, Narula, & Marwick, 2010). 
Compact fibrosis may have the least while patchy and interstitial fibrosis may have 
the greatest arrhythmogenic potential (Nguyen et al., 2014). Varying 
arrhythmogenic properties stem from the mechanism of how myocardial fibrosis 
promotes VAs. Accumulation of fibrosis creates increased distance between 
adjacent myocytes, thus disturbing physiological electrical propagation and leading 
to potential anatomic reentry (de Jong et al., 2011). Increased myocardial fibrosis 
may also predispose the myocardium to premature ventricular contractions, which 
can act as triggers for VAs (Nguyen, Xie, Garfinkel, Qu, & Weiss, 2012). It is 
proposed that maximal arrhythmic potential is present in myocardial areas with 30–
50% of fibrosis whereas amounts <20% and >80% may be more benign (McDowell, 
Arevalo, Maleckar, & Trayanova, 2011; N. Morita et al., 2009; Nguyen et al., 2014). 

Myocardial biopsy is the gold standard in the diagnosis of myocardial fibrosis. 
If it is not used, myocardial fibrosis is detectable with CMR with contrast agent, 
i.e. gadolinium. Gadolinium can be used especially in cases with suspicion of dense 
fibrotic areas, which tend to gather more gadolinium contrast agent than healthy 
myocardium; this is known as late gadolinium enhancement (LGE) (Ganesan, 
Gunton, Nucifora, McGavigan, & Selvanayagam, 2018). Nephrotic toxicity may, 
however, limit the use of gadolinium in patients with impaired renal function 
(Zhang, Liang, Chen, Liang, & Zhang, 2015). Diffuse fibrosis is more challenging 
to detect noninvasively, but advances in CMR imaging have provided cardiac T1 
mapping technique to assess the amount of ECM and diffuse fibrosis (Iles et al., 
2008; Miller et al., 2013; Sibley et al., 2012). Unlike in LVH, the ECG 
characteristics of myocardial fibrosis are not well established. Pathologic Q waves 
are typically associated with ischemic scar in CAD and a few studies have reported 
associations of QRS fragmentation (fQRS), TWIs and ECG strain with LGE in 
HCM patients (Chen, Zhao et al., 2014a; Konno et al., 2015; C. H. Park et al., 2018). 
Electrocardiographic associations of diffuse fibrosis have been less studied. One 
study investigated ECG characteristics of diffuse fibrosis (detected by T1 mapping 
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in CMR) and noticed that increased ECM was associated with shorter QRS duration 
and voltages (Inoue et al., 2017).  

Advances have also been made in the understanding of paracrine, electrical and 
mechanical signaling of fibroblasts, which occurs after myocardial injury and 
promotes cardiac remodeling. Understanding the molecular mechanisms of 
myocardial fibrosis formation has implications for the development of 
pharmacotherapies that can be targeted to suppress fibrosis (Hinderer & Schenke-
Layland, 2019; S. Park, Nguyen, Pezhouman, & Ardehali, 2019). Various signaling 
pathways in the activation of myofibroblasts have been discovered, of which 
transforming growth factor β, RAA system and endothelin may be most promising 
targets for interventions (Travers et al., 2016). Fibrotic replacement in the 
myocardium also leads to accumulation of collagen metabolic substrates in 
peripheral blood. Collagen I and III are the most important determinants of 
myocardial ECM, and propeptides of these collagen types in venous blood can be 
used as surrogates for myocardial fibrosis (Lopez et al., 2015).  

2.2.3 Hypertrophic cardiomyopathy 

Hypertrophic cardiomyopathy is defined by the presence of increased left 
ventricular wall thickness that is not solely explained by abnormal loading 
conditions (Authors/Task Force members et al., 2014). 

Hypertrophic cardiomyopathy is the most common inherited structural cardiac 
disease. The most commonly cited prevalence is around 1/500 subjects (B. J. Maron 
et al., 1995), but recent studies have suggested that the prevalence may be higher 
(Massera et al., 2019; Semsarian, Ingles, Maron, & Maron, 2015). Hypertrophic 
cardiomyopathy is a global disease as it has been reported in more than 50 countries, 
affecting both genders and people of various ethnic and racial origins (B. J. Maron 
& Maron, 2013). Most commonly, the disease is diagnosed between 30 and 60 
years of age, although early and late-onset diseases are also seen (Ho et al., 2018). 
The disease is familial in about half of the cases and genetic transmission is often 
autosomal dominant, meaning a 50% chance of transmitting a disease-causing 
variant to offspring (B. J. Maron & Maron, 2013).  
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Etiology 

Disease-causing mutations in myocardial structure protein coding genes are 
detected in up to 40–60% of the cases (Lopes et al., 2013; Van Driest, Ommen, 
Tajik, Gersh, & Ackerman, 2005). The disease is caused by other genetic or non-
genetic causes in 5–10% of the cases whereas etiology remains unknown in 25–30% 
of the cases (Authors/Task Force members et al., 2014; Watkins, Ashrafian, & 
Redwood, 2011). Other genetic and non-genetic diseases leading to HCM 
phenotype, i.e. “phenocopies”, include metabolic disorders, mitochondrial 
cardiomyopathies, neuromuscular diseases, malformation syndromes (e.g. Noonan 
syndrome), infiltrative diseases, endocrine diseases (e.g. acromegaly or 
pheochromocytoma), cardiac sarcoidosis and drugs (e.g. anabolic steroids, 
hydroxychloroquine or tacrolimus).  

Various autosomal recessive or X-chromosome linked metabolic diseases are 
associated with HCM, of which the most common are Anderson-Fabry disease 
(caused by GLA gene defects), Danon disease (LAMP2 gene defects) and HCM that 
is caused by variants in PRKAG2 gene (Charron et al., 2004; P. Elliott et al., 2011; 
Murphy et al., 2005). Mitochondrial cardiomyopathies most commonly arise from 
variants in respiratory chain protein complex coding genes. Such diseases may be 
inherited in different ways, e.g. via mitochondrial DNA, autosomal 
dominant/recessive or X-linked, with varying degrees of severity and range of 
organ presentations (Limongelli, Masarone, D'Alessandro, & Elliott, 2012). In 
neuromuscular diseases, Friedrich ataxia (caused by FXN gene defects), muscular 
dystrophies and congenital skeletal myopathies have been most frequently 
associated with simultaneous cardiomyopathy (Limongelli et al., 2013; B. J. Maron 
& Maron, 2013). Infiltrative HCM is typically due to cardiac amyloidosis, which 
causes thickening of the right and left ventricular myocardium. Cardiomyopathies 
due to amyloidosis are commonly divided into either light chain, hereditary 
transthyretin or wild type transthyretin amyloidosis, depending on the precursor 
protein and genetic determinants (Falk, 2005).  

Genetics 

Patients with diagnosed HCM are recommended to undergo genetic testing, which 
may be useful in evaluation of family members at risk for the disease (Authors/Task 
Force members et al., 2014). Mutations in at least 11 myocardial structure protein 
coding genes have been demonstrated to cause HCM and more than 1,500 disease-
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causing mutations have been identified (Alfares et al., 2015; Ingles et al., 2019) 
(Figure 1). However, many disease-causing genes still remain unidentified. The 
likelihood of identifying a disease-causing mutation is higher in young patients and 
in familial cases (Ho et al., 2018). Patients without family history of HCM may 
also carry a disease-causing mutation if the gene defect is de novo in origin or has 
incomplete penetrance. Disease-causing variants typically locate in sarcomeric 
protein coding genes, but disease-causing variants have also been reported in other 
cardiac structural genes (B. J. Maron, Maron, & Semsarian, 2012b). The 
mechanism how sarcomeric variants lead to phenotype is still a matter of debate. 
Disease-causing mutations are located in β-myosin heavy chain (MYH7) or in 
myosin binding protein C (MYBPC3) in up to 80–90% of gene variant positive 
patients (H. Morita et al., 2008; Richard et al., 2003). Several other genes such as 
troponin T (TNNT2), troponin I (TNNI3) or tropomyosin 1 (TPM1) account for the 
rest of the cases (Mogensen et al., 2004; Richard et al., 2003). The most common 
type of gene defect is a missense variant where one amino acid is replaced by 
another, causing alterations in protein function, although variants that change 
protein length (e.g. frameshift, nonsense, splice site variant) may also be seen (B. 
J. Maron et al., 2012b).  

Phenotypic expression of the disease is heterogeneous in nearly all variants 
although some specific gene associations with penetrance, age at the time of disease 
onset and LVH severity have been described. Cases due to variants in MYBPC3 
gene are associated with late onset disease and incomplete penetrance (Niimura et 
al., 1998; Niimura et al., 2002). In contrast, variants in MYH7 are associated with 
high penetrance, early onset of the disease and severe LVH (Richard et al., 2003; 
Van Driest et al., 2004). Variants in TNNT2 may express less LVH than MYH7 
variants (A. Varnava et al., 1999; A. M. Varnava et al., 2001). Penetrance rate, age 
at the time of onset and disease severity are also dependent on the specific gene 
defect and may vary highly between different variants in the same gene (B. J. 
Maron et al., 2012b). Patients with the same disease-causing variant may also have 
variable phenotypes, and studies investigating the prognostic role of certain 
variants usually have small sample sizes. Hence, the phenotypic expression of 
HCM and the risk of SCD cannot currently be determined based on the disease-
causing variant (Landstrom & Ackerman, 2010; B. J. Maron, Maron, Maron, & 
Loscalzo, 2019). However, a recent study demonstrated that the presence of a likely 
pathogenic variant in addition to early-onset disease may be a powerful predictor 
of adverse events (Ho et al., 2018). Variable phenotypic expression further suggests 
that other modifying genes or environmental factors play a key role in disease 
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expression and prognosis. A small proportion of HCM patients (about 5%) carry 
two or more gene variants, and these subjects seem to be at higher risk for severe 
disease development (B. J. Maron, Maron, & Semsarian, 2012a).  

In Finland, the genetic background of HCM is rather unique since more than 
20% of the cases are caused by three founder mutations. Likely disease-causing 
mutation can be found in about 38% of patients (Jaaskelainen et al., 2019) and the 
most common variants in Finnish HCM patients are p.Gln1061Ter in MYBPC3 
(11.3%), p.Arg1053Gln in MYH7 (7.9%), p.Asp175Asn in TPM1 (6.3%), and 
p.Val606Met in MYH7 (2.6%) (Jaaskelainen et al., 2013; Jaaskelainen et al., 2014; 
Jaaskelainen et al., 2019). Furthermore, in Eastern Finland, p.Gln1061Ter in 
MYBPC3 and p.Asp175Asn in TPM1 explain almost every third of the HCM cases 
(Jaaskelainen et al., 2004). These variants are also associated with relatively 
favorable prognosis, incomplete penetrance, and variable LVH.  

Genetic analysis after pre-test counseling should also be performed on first-
degree relatives if a definite pathogenic disease-causing mutation is detected in the 
index patient (Authors/Task Force members et al., 2014). Family members who test 
positive for a disease-causing mutation but do not have clinical signs of HCM are 
referred to as genotype-positive phenotype-negative (G+P-) subjects. These 
subjects are recommended to have long-term regular follow-up due to age-related 
penetrance of HCM (Authors/Task Force members et al., 2014). Increased SCD 
risk among G+P- subjects is unclear although up to 50% of them may show ECG 
abnormalities or signs of myocardial disease (e.g. myocardial fibrosis in magnetic 
resonance imaging (MRI), collagen biomarkers, diastolic dysfunction) (B. J. Maron, 
Yeates, & Semsarian, 2011; B. J. Maron & Maron, 2013). A recent cohort of 203 
G+P- subjects suggested that the likelihood of developing HCM in G+P- subjects 
is ~2% annually (Maurizi et al., 2019). If family members do not carry the same 
variant, they can be discharged from further follow-up. If the genetic analysis of 
index patient fails to detect disease-causing variants, family members are 
recommended to undergo clinical evaluation and repeat it every 1–5 years 
(Authors/Task Force members et al., 2014). A major limitation in genetic testing 
are variants of uncertain significance (VUS), the role of which in disease 
development is unclear. Usually, first-degree relatives are not tested for VUSs if 
the subjects do not have clinical expression of HCM. However, if subsequent co-
segregation analysis for VUS and HCM supports disease-causing role, first-degree 
relatives without clinical expression of HCM may also be tested.  
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Fig. 1. Illustration of sarcomere proteins. Reused with permission of the publisher from 
Maron et al. (B. J. Maron et al., 2014). 

Clinical aspects 

In addition to LVH, patients with HCM may also develop other cardiac 
abnormalities, e.g. diastolic dysfunction, mitral regurgitation, ischemia, atrial 
fibrillation or LV outflow track obstruction (B. J. Maron & Maron, 2013). Many 
patients do not experience any symptoms, but in those who do, symptoms can be 
divided as a result of either arrhythmias, heart failure or ischemia. The most 
common symptoms related to HCM are dyspnea on exertion, fatigue, palpitations, 
syncope, pre-syncope, chest pain and SCD (B. J. Maron, Casey, Poliac, Gohman, 
Almquist, & Aeppli, 1999; M. S. Maron et al., 2006).  

Suspicion of HCM usually arises from cardiac symptoms, heart murmur 
finding, abnormal 12-lead ECG or family history of HCM. The diagnosis of HCM 
is based on increased LV wall thickness (>15mm) without dilatation and apparent 
causes for LVH (e.g. hypertension or aortic stenosis). If the patient has a family 
history of HCM, LV wall thickness of >13mm may also be used as diagnostic for 
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HCM (Authors/Task Force members et al., 2014). Clinical diagnosis is made with 
echocardiography and/or MRI, which provides better view of LV morphology, LV 
function and myocardial fibrosis. Myocardial fibrosis is a typical characteristic of 
HCM and up to 60% present LGE in CMR indicating poorer prognosis (Green, 
Berger, Kramer, & Salerno, 2012). Myocardial fibrosis may even precede LVH (Ho 
et al., 2010). Diagnosis of HCM is primarily clinical and histopathological analysis 
of myocardium is usually not necessary. If performed (e.g. on suspicion of 
infiltrative or storage disease), typical histological features in HCM are 
hypertrophied and disarrayed myocytes with fibrotic accumulation and structurally 
abnormal intramural coronary arterioles (B. J. Maron & Maron, 2013; Shirani, Pick, 
Roberts, & Maron, 2000).  

Guidelines for the treatment of HCM were published by ESC in 2014 
(Authors/Task Force members et al., 2014). The main target in HCM treatment is 
to reduce symptoms and prevent disease progression and SCD. For patients with 
symptomatic resting or provoked LV outflow track obstruction, pharmacotherapy 
with beta-blockers is the first-line treatment for symptoms. If not sufficient, 
invasive therapies (e.g. surgical myectomy, alcohol septal ablation or mitral valve 
repair) may be used. Treatment of HF in the absence of LV outflow track 
obstruction is in line with guidelines for HF without HCM (Ponikowski et al., 2016), 
but anticoagulation is recommended for all patients with atrial fibrillation if no 
contraindications are present. In the case of angina, the use of beta-blockers and/or 
calcium blockers may reduce symptoms. Evaluation of SCD risk is based on 
clinical and family history, exercise test, 48-hour ambulatory ECG and 
echocardiography/MRI. Implantation of ICD is recommended for secondary 
prevention in those with previous SCA, VF or symptomatic sustained VT. The 
device should also be considered for patients with high SCD risk (>6% in 5 years) 
based on HCM-SCD risk calculator (O'Mahony et al., 2014). Model includes age, 
left atrial diameter, maximal left ventricular wall thickness, family history of SCD, 
left ventricular outflow tract gradient, unexplained syncope and NSVT as risk 
predictos. Symptomatic VAs should also be treated with antiarrhythmic drugs 
(beta-blockers, amiodarone, sotalol). In young athletes, HCM is a common cause 
of SCD, and current guidelines recommend restriction of competitive sports to 
prevent SCDs especially if SCD risk factors are present (Authors/Task Force 
members et al., 2014). 

Most of the patients have good prognosis whereas a small proportion (~5%) 
develop end-stage disease with systolic dysfunction and poor prognosis (Biagini et 
al., 2005; Harris et al., 2006). Annual HCM mortality rate is reported to be ~1% 
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and death occurs most commonly due to SCD, HF or stroke (P. M. Elliott et al., 
2006; B. J. Maron et al., 2000). Early onset disease is associated with higher 
mortality rates (Ho et al., 2018; B. J. Maron, Casey, Poliac, Gohman, Almquist, & 
Aeppli, 1999). Sudden death is frequently the first sign of HCM and according to 
a recent autopsy-based study from the U.K., mean age at the time of SCD is 43 
years (Finocchiaro et al., 2019a).  

Electrocardiography 

Electrocardiogram is a sensitive although not specific tool for HCM evaluation 
since more than 90% of HCM patients express ECG abnormalities. A study that 
included 2,485 HCM patients concluded that ECG was normal in only 6% of the 
patients (McLeod et al., 2009). In that study, patients with abnormal ECG presented 
more severe phenotype and had worse cardiovascular outcomes. Typical ECG 
abnormalities related to HCM include ST-T wave abnormalities, pathologic Q 
waves, left axis deviation, increased QRS amplitudes and P wave abnormalities, 
which refer to left atrium enlargement (Finocchiaro et al., 2019b) (Figure 2). 
Electrocardiographic abnormalities may be due to hypertrophic myocardium, 
myocardial fibrosis or abnormally loaded atrium, which can be due to diastolic 
dysfunction and/or mitral valve regurgitation.  

The most common ECG abnormalities in HCM patients are ST-T abnormalities 
and increased QRS amplitudes (Delcre et al., 2013; Montgomery, Harris, Casey, 
Zenovich, & Maron, 2005; Rowin et al., 2012; Sheikh et al., 2016). ST-T wave 
abnormalities may be present as ST segment depression/elevation or TWIs and may 
be associated with increased QRS voltages, creating an ECG strain pattern (Rowin 
et al., 2012). Increased QRS amplitudes without ST-T wave abnormalities are quite 
rare in HCM patients and are more commonly associated with athlete’s heart 
(Calore et al., 2013). T-wave inversions in addition to fQRS have been associated 
with myocardial fibrosis in HCM (Chen et al., 2014a; Konno et al., 2015; C. H. 
Park et al., 2018). Additionally, pathologic Q waves are also a common ECG 
abnormality in 20–50% of HCM patients (Calore et al., 2013; Delcre et al., 2013; 
Rowin et al., 2012; Sheikh et al., 2016). Pathologic Q waves in HCM patients are 
probably due to either transmural myocardial fibrosis or asymmetric 
disproportionate hypertrophy (B. J. Maron, Wolfson, Ciro, & Spirito, 1983). 
Histopathological and electrophysiological studies have demonstrated that 
pathologic Q waves in HCM may be due to transmural fibrosis, but associations 
with CMR-LGE are not clear (Chen, Zhao et al., 2014b; Fronza et al., 2016; Koga, 



42 

Yamaga, Hiyamuta, Ikeda, & Toshima, 2004; B. J. Maron, Epstein, & Roberts, 
1979). In addition to typical ECG characteristics of HCM, two studies have 
reported that the prevalence of inferolateral early repolarization (ER) (defined as 
slurred or notched J-point elevation in inferolateral leads) is two- to threefold in 
HCM patients compared to general population and is associated with fourfold 
increased risk of arrhythmic events (Li et al., 2013; Tsuda et al., 2017), 

Electrocardiography may also be useful in differential diagnosis between HCM 
and phenocopies or athlete’s heart. Long-term highly active physical training may 
cause physiological adaptation and LVH, but unlike HCM, such athlete’s heart does 
not typically express ST-T wave abnormalities or pathological Q waves in ECG 
although increased QRS voltages and left axis deviation may be seen (Calore et al., 
2013). In contrast to HCM, metabolic disorders and mitochondrial 
cardiomyopathies more commonly have pre-excitation and short P-R interval 
(Finocchiaro et al., 2019b; Rapezzi et al., 2013). Metabolic disorders and 
mitochondrial cardiomyopathies, in addition to cardiac amyloidosis, also lead more 
frequently to atrioventricular conduction disturbances and atrioventricular block 
(Finocchiaro et al., 2019b; Rapezzi et al., 2013). Unlike metabolic diseases which 
may express extremely high QRS voltages, cardiac amyloidosis is more often 
accompanied by decreased QRS voltages due to extracellular infiltration (Rapezzi 
et al., 2015). A study from Konno et al. suggested that low QRS voltages in ECG 
may be related to myocardial fibrosis and systolic dysfunction also in HCM patients 
(Konno et al., 2016). 

The usefulness of electrocardiography in determining the prognosis of HCM 
has also been under investigation. Studies have reported various ECG 
abnormalities in relation to adverse prognosis. A study including 1,004 HCM 
patients reported that prolonged QRS duration, low QRS amplitudes and “pseudo 
ST-segment elevation MI” pattern (i.e. ST-segment elevation and positive T waves 
without LBBB) were associated with SCD (Biagini et al., 2016). Another study 
including 116 patients concluded that TWIs, ST-segment depression, and increased 
QRS voltages in addition to prominent S wave in V4 were associated with cardiac 
arrest (Ostman-Smith et al., 2010). Although some associations with SCD risk have 
been demonstrated, current knowledge of ECGs prognostic value does not support 
the use of certain abnormalities in the decision-making of ICD implantation. 
However, the presence of non-sustained ventricular tachycardia (NSVT) in 
ambulatory ECG recording may be used as a supportive marker for primary 
prevention of SCD (Authors/Task Force members et al., 2014). More importantly, 
HCM patients without ECG abnormalities seem to have favorable prognosis 



43 

(McLeod et al., 2009). Abnormalities in ECG may precede LVH in 
echocardiography and hence be useful in the evaluation of G+P- patients (Panza & 
Maron, 1989). 

2.2.4 Dilated cardiomyopathy 

Dilated cardiomyopathy is defined as left ventricular dilation and systolic 
dysfunction in the absence of coronary artery disease or abnormal loading 
conditions proportionate to the degree of LV impairment (Japp, Gulati, Cook, 
Cowie, & Prasad, 2016). 

Dilated cardiomyopathy is a widely used term representing a final common 
response of the myocardium to various environmental and genetic insults. The 
disease is referred to as idiopathic DCM when all recognizable causes (except 
genetics) are excluded. The accurate prevalence of idiopathic DCM is not known. 
One of the most commonly cited estimates is approximately 1/2,500, which is 
based on the study from Minnesota during 1974–1985 (Codd, Sugrue, Gersh, & 
Melton, 1989). However, diagnostic methods have improved significantly since 
then and the prevalence has subsequently been evaluated to be much higher 
(Hershberger, Hedges, & Morales, 2013). The disease affects both genders and the 
age of onset may vary greatly, although it is most commonly diagnosed between 30 
and 50 years of age (Burkett & Hershberger, 2005; Kushner et al., 2006; Mestroni 
et al., 1999). 
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Fig. 2. Illustration of pathologic ECG changes. This ECG has pathologic Q waves (leads 
II, III, aVF), T-wave inversion (I, II, aVF, aVL, V4-V6), P wave abnormalities (II, V1), QRS 
fragmentation (aVF, V1-V3) and increased QRS amplitude referring to left ventricle 
hypertrophy (Sokolow-Lyon index 3.7mV).  

Etiology 

In up to 20% to 35% of the idiopathic DCM cases, the disease can be detected in 
≥2 family members, reflecting familial DCM (Baig et al., 1998; Grunig et al., 1998; 
Michels et al., 1992). Furthermore, in 30–40% of familial DCM cases, a disease-
causing gene variant is recognized (Pugh et al., 2014; Sweet, Taylor, & Mestroni, 
2015). Familial and sporadic DCM have the same kind of phenotypic expression, 
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and possibility of familial disease cannot be solely determined based on phenotype 
(Kushner et al., 2006).  

In addition to gene defects, DCM may be caused by various other conditions. 
These include CAD, hypertension, toxic exposure, excessive alcohol consumption, 
infectious agents, inflammatory cardiac disease, muscular dystrophies, peripartum 
cardiomyopathy, metabolic diseases, autoimmunity and infiltrative diseases (Japp 
et al., 2016). Recognizing the cause behind DCM is important since etiology has 
an effect on the individual treatment and prognosis. Although genetic 
predisposition may also be present in such conditions, in this thesis the focus is on 
the genetic determinants of idiopathic DCM. 

Genetics 

The most common type of inheritance in genetic DCM is autosomal dominant, 
although the disease may also be transmitted via autosomal recessive, X-
chromosome or mitochondrial DNA (Hershberger, Hedges, & Morales, 2013). The 
genetic background of DCM is extremely heterogeneous, and defects in more than 
50 genes have been reported to cause DCM (Figure 3). Most of the disease-causing 
genes encode either sarcomere, cytoskeletal or nuclear envelope (McNally & 
Mestroni, 2017).  

Truncating defects in titin (TTN) gene are the most frequent genetic causes 
leading to DCM, occurring in 20–25% of familial DCM cases (Herman et al., 2012). 
TTN encodes the giant titin protein which has an important role in sarcomere 
structure and contractility regulation. Truncating TTN variants are also present in 
1–3% in general population but the location of variants tends to differ from those 
with DCM (Golbus et al., 2012; Herman et al., 2012; Roberts et al., 2015). Such 
gene defects may represent risk alleles for DCM but the exact clinical significance 
is unclear (Schafer et al., 2017). Truncating variants in TTN are also associated with 
peripartum cardiomyopathy (Ware et al., 2016). A study from Jensweijer et al. 
demonstrated that truncating TTN variants may be associated with milder 
phenotype and higher rates of reverse remodeling compared to other DCM patients 
(Jansweijer et al., 2017).  

The second most common gene defects locate in the LMNA gene which 
encodes nuclear envelope proteins lamin A and C, accounting for approximately 6% 
of cases (Parks et al., 2008). Defects in LMNA are associated with conduction 
abnormalities and both ventricular and atrial arrhythmias (van Berlo et al., 2005; 
van Rijsingen et al., 2012). More than 200 different variants in LMNA have been 
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associated with DCM development (Halliday, Cleland, Goldberger, & Prasad, 
2017). Variants in LMNA may also lead to Emery-Dreifuss muscular dystrophy 
with or without cardiac involvement (Brodsky et al., 2000). Penetrance in LMNA 
variants is high and the disease is usually present by the age of 60 (Pasotti et al., 
2008). Patients with LMNA variants have high SCD risk and often only mildly 
dilated LV and impaired systolic function (Pasotti et al., 2008; van Rijsingen et al., 
2012). Due to high SCD risk, patients carrying pathogenic LMNA mutation are 
recommended to have ICD as a primary prevention even without severe HF if other 
clinical risk factors are present (Priori et al., 2015). 

Defects in sarcomeric protein coding genes (e.g. MYH7, MYH6, TNNT2, TPM1) 
cause approximately 10% of familial DCM cases (Hershberger et al., 2010; 
Kamisago et al., 2000). Particular genotype-phenotype associations have not yet 
been identified in other sarcomere genes than TNNT2, which may predispose to 
VAs irrespective of structural disease (Baudenbacher et al., 2008; Fiset & Giles, 
2008). Variants in sodium channel coding SCN5A gene have been reported to cause 
DCM in about 2% of the cases (Olson et al., 2005). This phenotype is associated 
with conduction disease and early onset atrial fibrillation (McNair et al., 2004; 
Olson et al., 2005). Variants in SCN5A may also predispose to other cardiac 
diseases such as long QT or Brugada syndrome (Wilde & Amin, 2018). The most 
common X-chromosome linked familial DCM is due to gene defects in dystrophin 
gene that often cause either Duchenne or Becker muscular dystrophy (Kamdar & 
Garry, 2016). In addition to the aforementioned genes, many other rare gene defects 
have been demonstrated to cause DCM, including ABCC9, LAMA4 and VCL. Each 
of these rare causes of DCM accounts for probably less than 1% to 2% of cases 
(Favalli, Serio, Grasso, & Arbustini, 2016).  

In Finnish DCM patients, variants in LMNA are relatively common, accounting 
for about 9% of the cases with heart transplant (Karkkainen et al., 2006). Among 
variants in LMNA, p.Ser143Pro is the most common, although other mutations in 
LMNA are also observed (Karkkainen et al., 2004; Karkkainen et al., 2006). Finnish 
DCM patients with LMNA also express progressive conductions disease, high SCD 
risk, atrial fibrillation and high penetrance (Akinrinade et al., 2015; Karkkainen et 
al., 2004). Akinrinade et al. demonstrated that disease-causing variants in TTN 
(17.2%) and desmoplakin (DSP) (5.5%) are also frequently found in Finnish DCM 
patients (Akinrinade et al., 2015).  

Due to the heterogeneous genetic background of DCM, genetic testing is 
usually performed with extensive gene panels, but certain characteristics, e.g. 
conduction disease (LMNA, SCN5A) or muscular dystrophy (dystrophin gene), may 
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give guidance to more specific genetic testing. The rationale of genetic screening 
of the family members is alike to that in HCM, and attention must be paid to 
genotype and phenotypic characteristics to personalize clinical follow-up 
(Ackerman et al., 2011). 

Fig. 3. Schematic picture of location of myocardial protein genes causing dilated 
cardiomyopathy. Definite disease-causing genes are bolded whereas probably disease-
causing genes are not. Reused with permission of the publisher from Burke et al. (Burke, 
Cook, Seidman, & Seidman, 2016). 
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Clinical aspects 

The most frequent symptoms related to DCM, including exertion dyspnea, fatigue, 
peripheral edema, orthopnea and excessive sweating, arise from systolic 
dysfunction. Up to 80% of DCM patients present initial HF symptoms (Weintraub, 
Semsarian, & Macdonald, 2017). Symptoms related to arrhythmia and 
thromboembolic events may also occur. However, especially in familial cases, 
patients can be asymptomatic at the time of screening although structural changes 
(e.g. left ventricle enlargement (LVE)) may be seen (Mahon et al., 2005). In 
addition to LV systolic dysfunction, patients with DCM may also develop mitral 
regurgitation and atrial fibrillation (Japp, Gulati, Cook, Cowie, & Prasad, 2016). 

Diagnosis of DCM is based on dilated ventricles (>117% over the predicted 
value based on BMI and body surface area) and impaired systolic function (LVEF 
<40% or fractional shortening <25% (Japp et al., 2016). Cardiac magnetic 
resonance imaging may also be used as diagnostic tool, and up to 30% of DCM 
patients express midwall myocardial fibrosis in CMR, indicating poorer prognosis 
(Assomull et al., 2006; Gulati et al., 2013). Scanning previously mentioned possible 
causes is important after diagnosis. For patients diagnosed with idiopathic DCM, 
clinical screening of family members is recommended to identify familial DCM 
(Ackerman et al., 2011). Family members who have asymptomatic LV enlargement 
share histopathological findings with DCM patients and are at increased risk for 
developing DCM in the future (Mahon et al., 2002; Mahon et al., 2005). Results of 
genetic testing may affect the treatment of the index patient and management of 
family members. 

Treatment of DCM is based on general HF treatment guidelines (Ponikowski 
et al., 2016). Pharmacotherapy includes usage of ACE inhibitors, mineralocorticoid 
receptor antagonists, beta-blockers, angiotensin receptor/neprilysin inhibitors and 
ivabradine. Diuretics are used to relieve symptomatic congestion. About one in 
every three DCM patients may experience recovery of LV functions thanks to 
appropriate medical therapy (Merlo et al., 2011). It is recommended that 
thromboembolic complications in DCM patients with atrial fibrillation are treated 
with anticoagulation. Cardiac resynchronization therapy is recommended for 
symptomatic HF patients with LBBB morphology and QRS duration more than 
150 ms. Primary prevention of SCD with ICD is targeted for patients with LV 
ejection fraction <35% despite optimal medical therapy.  

Dilated cardiomyopathy is a frequent finding in young SCD victims although 
not as common as HCM or ARVC (Eckart et al., 2011; Margey et al., 2011; Puranik 
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et al., 2005; Winkel et al., 2011; Wisten et al., 2017). Despite appropriate treatment, 
three-year mortality of DCM patients is reported to be as high as 12–20% and 
annual incidence of SCD is 2% to 3% (Bansch et al., 2002; Bardy et al., 2005; J. J. 
Goldberger, 2014; Kadish et al., 2004; Kober et al., 2016; Strickberger et al., 2003). 
Major determinants for prognosis in DCM patients include LV systolic function 
and myocardial fibrosis detected as LGE in CMR (Halliday et al., 2017).  

Electrocardiography 

Electrocardiographic abnormalities are common in DCM patients as up to 90% of 
patients express abnormal ECG (Merlo et al., 2019). Although sensitive, 
electrocardiographic abnormalities related to DCM are not specific for the disease. 
Electrocardiographic changes in DCM patients may include ST-T wave 
abnormalities, atrioventricular block, LVH, LBBB, poor R wave progression or P 
wave abnormalities (Weintraub et al., 2017) (Figure 4). Such ECG abnormalities 
are generally thought to be signs of structural heart disease and abnormal left atrium 
loading conditions (Kasser & Kennedy, 1969; Momiyama, Mitamura, & Kimura, 
1994). The presence of normal ECG is rare in systolic dysfunction, but the 
prevalence of certain ECG abnormalities specifically in DCM patients is not as well 
established as in HCM or ARVC. Momiyama et al. investigated ECG 
characteristics of 45 DCM patients, and noticed that DCM patients typically 
showed signs of LVH in ECG although R wave amplitudes were low in leads I, II 
and III, meaning high RV6/RI-RIII voltage ratio (Momiyama et al., 1994). Another 
study from Italy with 414 DCM patients concluded that LBBB was present in 17%, 
Q waves in 26%, LVH (according to Sokolow-Lyon) in 17%, fQRS in 21%, 
anterolateral TWIs in 13% and inferolateral TWIs in 10% (Merlo et al., 2019). 

The electrocardiographic characteristics of DCM patients depend on the 
specific phenotype of DCM. Patients with disease-causing variant in LMNA gene 
commonly have atrioventricular conduction defects at early stage of the disease 
(Arbustini et al., 2002; Fatkin et al., 1999; Taylor et al., 2003). Atrial and ventricular 
arrhythmias, flat P waves and NSVTs are also common in patients with LMNA gene 
defects (Brodt et al., 2013; van Berlo et al., 2005). A recent study suggested that 
ECG septal remodeling (i.e. pathologic Q waves, fQRS 



50 

Fig. 4. Illustration of pathologic ECG changes. This ECG has first degree 
atrioventricular block (PR interval 250ms) and left bundle branch block. 

 
and/or poor R-wave progression in V1-V3) may be characteristic for patients with 
LMNA variants (Ollila et al., 2017). Phenotype related to SCN5A defects is also 
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associated with conduction system disease and atrial fibrillation (McNair et al., 
2004; Olson et al., 2005). Typical ECG patterns for patients with dystrophin defects 
include sinus tachycardia, prominent R waves in right precordial leads, increased 
R/S amplitude in V1, right axis deviation and Q waves in left precordial leads 
(Kamdar & Garry, 2016).  

Some studies have investigated the prognosis of DCM patients related to ECG 
abnormalities. A meta-analysis by Goldberger et al. including 45 studies and 6,088 
DCM patients concluded that fQRS (odds ratio (OR) 6.7, 95% confidence interval 
(CI) 3.9-11.8) and T-wave alternans (OR 4.7, CI 2.6-8.5) were the most powerful 
ECG predictors of adverse arrhythmic events in DCM patients (J. J. Goldberger, 
Subacius, Patel, Cunnane, & Kadish, 2014). The reliability of fQRS as a predictor 
of arrhythmic events was, however, limited by the small number of studies (2), but 
potential usefulness of T-wave alternans was supported by several studies (12). A 
later retrospective study from Merlo et al. proposed that anterolateral TWIs may be 
a predictor of death and heart transplant in DCM patients (Merlo et al., 2019). 
Another retrospective study demonstrated that inferolateral ER was common (11%) 
and predicted appropriate device therapy by an almost threefold risk in patients 
with non-ischemic cardiomyopathy and ICD (Naruse et al., 2016). Thirty-two 
percent had DCM and the authors observed a similar non-significant tendency 
(p=0.056) in this subgroup. Currently, ECG parameters have no direct role in SCD 
prediction and clinical decision-making among DCM patients. However, the 
presence of certain ECG abnormalities may lead to diagnosis of LMNA defect 
related DCM, which has lower threshold for ICD implantation due to high SCD 
rates. Approximately every third DCM patient with atrioventricular block has 
LMNA gene defect (Arbustini et al., 2002). 

2.2.5 Arrhythmogenic right ventricular cardiomyopathy 

Arrhythmogenic right ventricular cardiomyopathy is the best characterized subtype 
of arrhythmogenic cardiomyopathies (ACM). According to Heart Rhythm Society 
expert consensus in 2019 (Towbin et al., 2019):  

Arrhythmogenic cardiomyopathy is defined as an arrhythmogenic heart muscle 
disorder not explained by ischemic, hypertensive, or valvular heart disease. 

In ARVC, heart muscle disorder (i.e. myocyte loss and fibrofatty replacement) 
typically locates in the right ventricle (RV). The first reports of ARVC were 
described in a report from 1982, which characterized 24 patients with right ventricle 
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fibrofatty replacement in Paris hospitals (Marcus et al., 1982). The disease was first 
named arrhythmogenic right ventricular dysplasia because the heart muscle 
disorder was thought to be a congenital defect. However, subsequent studies 
recognized the genetic and progressive nature of the disease and the name was 
altered to ARVC. Furthermore, it was recognized that the disease does not only 
account for RV but for LV as well (Michalodimitrakis, Papadomanolakis, Stiakakis, 
& Kanaki, 2002). Therefore, current literature prefers the term ‘arrhythmogenic 
cardiomyopathy’, which includes the subtypes left-dominant, biventricular and 
right-dominant ACM. Right-dominant ACM is referred to as classic ARVC, 
although in these cases LV may also be affected. Among SCD victims with ACM, 
almost 90% have LV involvement (Miles et al., 2019). 

The prevalence of ARVC is reported to be between 1/1,000 and 1/5,000 in 
general population (Corrado, Basso, & Judge, 2017). The disease may affect both 
genders, but some studies report higher incidence and more severe disease in males 
(Corrado et al., 1997; Hulot, Jouven, Empana, Frank, & Fontaine, 2004). Mean age 
at the time of diagnosis is a little over 30 years and the disease is usually diagnosed 
between 10–50 years of age (Groeneweg et al., 2015; Hulot et al., 2004; Nava et 
al., 2000). The disease appears throughout the world but especially high prevalence 
of ARVC has been reported in young Italian SCD victims (Corrado et al., 1998; 
Groeneweg et al., 2015; Hendricks, Watkins, & Mayosi, 2010; Zhou et al., 2015). 
The disease is familial in approximately 50% or more of the cases (Chivulescu et 
al., 2019; Corrado, Link, & Calkins, 2017; Groeneweg et al., 2015). 

Etiology 

Arrhythmogenic right ventricular cardiomyopathy is an inherited myocardial 
disease and probable disease-causing variant can be detected in up to 60% of the 
cases (Groeneweg et al., 2015). The disease-causing gene defect typically locates 
in desmosomal protein coding genes (JUP, DSP, PKP2, DSC2, DSG2) (Figure 5). 
Desmosome acts as a cell-to-cell adhesion junction protein and defects in this 
junction are thought to predispose myocytes to detachment and cell death when 
under mechanical stress (Corrado et al., 2017). In total, variants in at least 15 genes 
have been demonstrated to cause ARVC. Many of the other genes are part of the 
intercalated disk and have a significant direct or non-direct role in cell-to-cell 
adhesion or myocyte structure. The precise mechanism how various genetic defects 
may lead to similar phenotypic expression of cardiomyopathies is still incompletely 
understood, however. The ‘final common pathway’ hypothesis proposes that genes 
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responsible for disease development encode proteins which either participate in the 
common pathway cascade or have similar function. (Towbin et al., 2019).  

 

Fig. 5. Illustration of desmosomal genes. Reused with permission of the publisher from 
Sen-Chowdhry et al. (Sen-Chowdhry, Syrris, & McKenna, 2007). 

Genetics 

The genetic basis of ARVC was firstly observed among patients with Naxos disease 
in Greece. Naxos disease is an autosomal recessive disorder with typical 
characteristics of woolly hair, palmoplantar keratosis and ARVC (Protonotarios et 
al., 1986). The disease was discovered to be caused by a homozygous defect in 
plakoglobin (JUP) gene (McKoy et al., 2000). Subsequently, patients with Carvajal 
syndrome (similar woolly hair, keratoderma and ACM with left-dominant 
phenotype) in South America underwent genetic testing and were found to carry 
homozygous mutations in desmoplakin (DSP), which causes the disorder (Norgett 
et al., 2000). These findings led to discovery of other desmosomal genes (PKP2, 
DSC2, DSG2) causing ARVC. Although the first steps in determining the genetic 
background of ARVC were taken in syndromic autosomal recessive forms, most of 
the ARVC cases have an autosomal dominant inheritance pattern without 
extracardiac features, i.e. non-syndromic ARVC. 
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The most common desmosomal genes causing non-syndromic ARVC are 
PKP2, DSP and DSG2 whereas the proportion of JUP and DSC2 is smaller 
(Corrado et al., 2017). Geographic variabilities occur and the exact distribution of 
responsible genes depends on the study population. Variants in PKP2 cause defects 
in desmosomal protein plakophilin-2 and in 2004, Gerull et al. demonstrated that 
32 out of 120 unrelated ARVC patients carried mutations in PKP2 (Gerull et al., 
2004). Subsequent studies confirmed the prominent role of PKP2 in ARVC burden 
as 11% to 43% ARVC patients carried pathogenic variants in PKP2 (Dalal et al., 
2006; Syrris et al., 2006; van Tintelen et al., 2006). No specific phenotype 
expression has been related to PKP2 variants, but the occurrence of HF and LV 
dysfunction may be lower than with DSP variants (Bhonsale et al., 2015). Variants 
in DSP cause disruption in desmoplakin protein, which connects desmosome to 
desmin (DES) and cytoskeleton (Rampazzo et al., 2002). In addition to Carvajal 
syndrome, DSP variants also cause non-syndromic autosomal dominant ARVC, 
which is associated with a relatively high proportion of LV involvement (Bhonsale 
et al., 2015; Lopez-Ayala et al., 2014). Bhonsale et al. reported that among 577 
patients from Dutch and US ARVC cohorts, 3% carried a variant in DSP whereas 
the proportion in DSG2 was 5% (Bhonsale et al., 2015). A study from the U.K. with 
9 ARVC patients with DSG2 variant suggested that patients with DSG2-related 
ARVC may have high penetrance disease (75%) (Syrris et al., 2007). 

Although ARVC is primarily considered a disease of the desmosome, the 
disease can more infrequently be caused by other genes beyond the desmosome, 
e.g. TMEM43, LMNA, FLNC, PLN, DES, RBM20 and SCN5A (Towbin et al., 2019). 
LMNA and SCN5A related ARVC has similar phenotype with LMNA/SCN5A 
related DCM, including atrial fibrillation, conduction disease, LV involvement and 
high incidence of VAs (Forleo et al., 2015; Te Riele et al., 2017; van Rijsingen et 
al., 2013). Increased SCD risk is also reported in cases due to defects in PLN, 
TMEM43, FLNC, DES and SCN5A (Towbin et al., 2019). PLN encoded protein 
regulates myocyte Ca2+ flow and especially p.Arg14del variant (Dutch founder 
mutation) is associated with malignant VAs, LV involvement, low-voltage ECG 
and HF (van der Zwaag et al., 2012). TMEM43 encodes transmembrane protein 43, 
which has an important role in maintaining nuclear envelope structure, and defects 
in the protein also disrupt desmosome function (Merner et al., 2008). p.Ser358Leu 
variant in TMEM43 is also a notable founder mutation, found in many ARVC 
patients in Newfoundland and Europe (Milting et al., 2015). This variant causes 
lethal sex-influenced (male predominance) cardiomyopathy, often with LV 
enlargement and poor R-wave progression in ECG (Hodgkinson et al., 2013). 
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FLNC and DES encode cytoskeletal proteins and truncating variants in FLNC are 
associated with lethal DCM/ACM phenotype whereas defects in DES are also 
linked to skeletal myopathy in addition to DCM/ACM phenotype (Hedberg, 
Melberg, Kuhl, Jenne, & Oldfors, 2012; Ortiz-Genga et al., 2016). In addition to 
defected gene, a number of pathogenic variants also have an effect on the 
occurrence of adverse events. Approximately 4% of ARVC patients carry >1 
pathogenic variants, and Bhonsale et al. demonstrated that presence of >1 
mutations is associated with early onset disease, LV dysfunction, and high rates of 
VAs in the follow-up (Bhonsale et al., 2015).  

In a Finnish cohort of 29 ARVC patients, three carried defects in PKP2 gene, 
one in DSG2 gene and one in DSP gene (Lahtinen et al., 2011). Finnish population 
has 3 founder mutations in desmosomal genes (p.Gln59Leu in PKP2, p.Gln62Lys 
in PKP2, c.3059-3062delAGAG in DSG2, p.Thr1373Ala in DSP) which have been 
reported in Finnish ARVC patients. The overall frequency of such variants is 
~1/200, and p.Gln59Leu in PKP2 is the most frequent, presenting in ~0.3% of 
Finns (Lahtinen et al., 2011; Lahtinen et al., 2013). This variant is found in 2 
Finnish ARVC families with an estimated penetrance of 20% (Lahtinen et al., 2008). 
Due to the relatively frequent occurrence of variants in desmosomal genes in 
general population, careful interpretation of gene variants is essential to distinguish 
disease-causing variants from background noise (Kapplinger et al., 2011). Family 
members with a positive gene test without clinical ARVC need exercise counseling 
and regular clinical follow-up whereas those without a disease-causing variant can 
be discharged from follow-up.  

Clinical aspects  

Arrhythmogenic right ventricular cardiomyopathy is primarily an arrhythmogenic 
myocardial disease with high incidence of VAs. The disease is usually progressive 
but the severity may vary significantly, from asymptomatic to SCD or overt HF 
requiring heart transplant (Groeneweg et al., 2015; Mast et al., 2017). Most patients 
are symptomatic at the time of diagnosis and the most common symptoms related 
to ARVC are palpitations and syncope, which can be manifestations of various VAs 
(Dalal et al., 2005; Hulot, Jouven, Empana, Frank, & Fontaine, 2004; Nava et al., 
2000). Atypical chest pain and dyspnea may also occur, and patients who are 
diagnosed due to family screening are more often initially asymptomatic (Hulot et 
al., 2004; Nava et al., 2000). 
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Diagnosis of ARVC is based on clinical history, physical examination, ECG, 
cardiac imaging (MRI), ambulatory ECG monitoring, family history and genetic 
testing. The current criteria for ARVC diagnosis were established in the Task Force 
Criteria for ARVC in 2010, in which various criteria for ARVC are classified as 
either major or minor criteria (Marcus et al., 2010). Depending on the total number 
of fulfilled criteria, the patient may have either definite, borderline or possible 
ARVC. The possibility of acquired myocardial diseases and phenocopies, e.g. 
sarcoidosis, pulmonary hypertension, myocarditis or congenital anomalies, should 
also be excluded. Myocardial biopsy is not usually necessary and may even be 
harmful due to risk of RV perforation (Paul et al., 2011). Post-mortem diagnosis of 
ARVC is largely based on myocardial histology, in which myocyte loss with 
fibrofatty replacement are typical findings (Corrado et al., 2017). Once ARVC 
diagnosis is made, clinical evaluation for first-degree family members is 
recommended (Towbin et al., 2019).  

The main targets in the treatment of ARVC are prevention of SCD and disease 
progression. The Heart Rhythm Society consensus statement in 2019 concluded 
that in addition to general guidelines, ICD is reasonable as primary prevention also 
for ARVC patients with syncope suspected to be due to VA, hemodynamically 
tolerated sustained VT or accumulation of minor SCD risk factors (Towbin et al., 
2019). Also, patients with disease-causing mutations in either PLN, LMNA or 
FLNC are at greater risk for SCD and the threshold for ICD implantation is 
recommended to be lower. Patients with p.Ser358Leu in TMEM43 also benefit 
from ICD (Hodgkinson et al., 2013). In 2019, an international collaboration from 
North America and Europe developed a risk model to predict event-free survival of 
VAs, which may guide decision-making in primary prevention of SCDs (Cadrin-
Tourigny et al., 2019). Model includes gender, age, syncope, NSVT, ventricular 
extrasystoles in 24 ambulatory ECG, TWIs and right ventricle EF as risk predictors. 
Patients with ARVC are recommended to abstain from competitive sports since 
intense physical exercise is demonstrated to associate with disease progression and 
risk of SCD (Lie et al., 2018; Ruwald et al., 2015). In G+P- subjects, intense 
exercise may also increase the possibility of disease development (Sawant et al., 
2016). Treatment of HF and atrial fibrillation follows general guidelines and use of 
antiarrhythmic therapy with a beta-blocker, amiodarone or sotalol, is recommended 
to reduce symptoms (Towbin et al., 2019). 

The clinical course of ARVC is largely determined by the risk of SCD although 
a minority of patients develop overt HF as a late manifestation of the disease. 
Groeneweg et al. studied the clinical course of 439 ARVC probands (mean age at 
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presentation 36±14 years) with a median follow-up of 7 years (Groeneweg et al., 
2015). Twenty-three cases were diagnosed at autopsy after SCD and an additional 
245 subjects had either resuscitated SCA or sustained VA at baseline. Among 416 
alive patients, 72% experienced sustained VA during follow-up. Patients who 
received ICD (84%) had significantly lower SCD rate (0.6% vs. 16%). Cardiac 
mortality ratio was 6%, 13% developed symptomatic HF, and 4% needed a heart 
transplant. 

Electrocardiography 

More than 85% of ARVC who experience VAs have one or more typical ECG 
characteristics, which makes ECG a rather sensitive diagnostic tool (te Riele et al., 
2013). However, the percentage may be as low as 50–60% at the initial stage of the 
disease and rise concomitantly with the disease progression up to 100% (Jaoude, 
Leclercq, & Coumel, 1996; Nava et al., 2000). The classic ECG characteristics of 
ARVC that are included in the Task Force Criteria 2010 are TWIs in precordial 
leads, epsilon waves (i.e. low-amplitude signals at the end of QRS complex in leads 
V1-V3) and terminal activation duration of QRS complex >55ms in leads V1-V3 
without right bundle branch block (RBBB) (measured from nadir of S wave to the 
end of QRS complex) (Marcus et al., 2010) (Figure 6). Other unspecific ECG 
abnormalities may also be present, such as RBBB, left axis deviation or prolonged 
QRS duration (Jaoude et al., 1996). Studies have also reported variable prevalence 
of inferolateral ER in surface ECG among ARVC patients (8–64%), with 
inconsistent associations with the incidence of adverse outcomes (Biernacka, Kukla, 
Dubowski, & Wozniak, 2016; Chan et al., 2015; Peters & Selbig, 2008). If 
conduction abnormalities are present, they may be related to phenocopies (e.g. 
sarcoidosis) or mutations in LMNA (Nery et al., 2014; Quarta et al., 2012).  

Studies have reported a variable prevalence of 19% to 81% TWIs in V1-V3 in 
ARVC patients (Cox et al., 2008; Marcus & Zareba, 2009; Mast et al., 2017; Peters 
& Trummel, 2003). The exact proportion is dependent on study subject 
characteristics since the presence and extent of TWIs correlate with the severity of 
RV dilatation and systolic dysfunction (De Lazzari et al., 2018). Right precordial 
TWIs may be present with simultaneous RBBB, in which case they are considered 
minor criteria for ARVC (Marcus et al., 2010). If present in patients <14 years, such 
TWIs may represent a benign “juvenile pattern” (Marcus, 2005). If extended to 
inferolateral leads, TWIs may be a manifestation of biventricular or left-dominant 
ACM (Sen-Chowdhry et al., 2007). Extensive TWIs may also have prognostic 
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value and they are included in a recent VA risk calculator (Cadrin-Tourigny et al., 
2019).  

 

Fig. 6. Example of ECG abnormality progression in arrhythmogenic right ventricular 
cardiomyopathy. No T-wave inversion in A, T-wave inversion with prolonged terminal 
activation duration in B, small epsilon waves in C, and prominent epsilon wave in D. 
Reused with permission of the publisher from Nunes de Alencar Neto et al. (Nunes de 
Alencar Neto, Baranchuk, Bayes-Genis, & Bayes de Luna, 2018). 

 The prevalence of epsilon waves in ARVC patients is reported to be between 
1% and 25% (Platonov et al., 2016). Epsilon waves represent late potential and are 
thought to arise from delayed conduction in the RV, which occurs due to myocardial 
fibrosis and scarring (Tanawuttiwat et al., 2016). Epsilon waves have high 
interobserver variability and ARVC patients with epsilon waves usually fulfill other 
criteria for ARVC, meaning they are of limited usefulness in the diagnostics of 
ARVC (Platonov et al., 2016).  

Terminal activation duration >55ms is proposed to have a notable role in 
differentiating ARVC from idiopathic RV outflow track VT, being present in as 
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many as 66% to 95% of ARVC patients without RBBB (Cox et al., 2008; Cox et 
al., 2009; Nasir et al., 2004) compared to 1 in 27 subjects with RV outflow track 
VT (Cox et al., 2008). Development of prolongation of terminal activation duration 
is common during follow-up and is associated with RV dilatation and dysfunction 
(De Lazzari et al., 2018; Mast et al., 2017; Piccini et al., 2005).  

In addition to standard 12-lead ECG, sustained or non-sustained VTs of LBBB 
morphology and >500 ventricular extrasystoles in 24h ambulatory ECG and late 
potential in signal averaged ECG are considered minor criteria for ARVC (Marcus 
et al., 2010). Non-sustained VAs and ventricular extrasystoles are also risk factors 
of SCD and have prognostic value in ICD implantation decision-making (Towbin 
et al., 2019).  

2.2.6 Primary myocardial fibrosis and acquired myocardial diseases 

Primary myocardial fibrosis 

In Northern Finland, PMF is recognized as the most common non-ischemic cause 
of SCD in victims under 40 years of age (Hookana et al., 2011). Primary myocardial 
fibrosis is defined as accumulation of myocardial fibrosis in the absence of other 
structural abnormalities (e.g. LVH, CAD, valve diseases, myocarditis) or systemic 
diseases, e.g. systemic sclerosis, which may explain the accumulation of fibrosis. 
Although inherited cardiomyopathies, i.e. HCM, ARVC and DCM, include 
myocardial fibrosis, PMF does not fulfill other diagnostic criteria for such diseases. 
Autopsy studies from the U.K., U.S. and Denmark have also reported cases of 
unspecific fibrotic hearts among 2–16% of young SCD victims (Chugh et al., 2000; 
Finocchiaro et al., 2016; John et al., 2004; Winkel et al., 2011). Unspecific fibrosis 
can be either only cardiac abnormality or co-express with idiopathic LVH (de 
Noronha et al., 2009; Wisten et al., 2017). The absence of myocyte disarray usually 
distinguishes idiopathic LVH from HCM in post-mortem studies (Finocchiaro et 
al., 2016; Margey et al., 2011).  

A histological study of SCD victims due to PMF demonstrated that synthesis 
of collagen type I was significantly increased (Hookana et al., 2014). Mutation in 
LMNA was found in one SCD victim due to PMF and in her mother who was 
resuscitated from VF, but otherwise the genetic background of SCD due to PMF 
has not been studied (Hookana et al., 2008). The electrocardiographic 
characteristics of such SCD victims have not been established, either. Among alive 
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patients, isolated non-ischemic LV fibrotic scar in the 
subepicardium/midmyocardium has been found among young athletes, which 
probably predisposes to malignant VAs and sudden death (di Gioia et al., 2016; 
Zorzi et al., 2016). This disease may represent a segmental left-dominant ACM and 
have an overlapping phenotype with PMF in post-mortem studies.  

Hypertension and obesity-related myocardial disease 

Hypertension-related myocardial disease at autopsy is characterized as increased 
heart weight, unspecific fibrosis, LVH, other organ changes related to hypertension 
(e.g. sclerotic renal arterioles) and/or clinical history of hypertension. The 
characteristics of obesity-related myocardial disease include increased heart weight 
over the predictive value for normal body weight, LVH, obesity (BMI>30 kg/m2), 
excessive epicardial fat and frequent finding of myocardial fibrosis (Hookana et al., 
2011). Victims of sudden death due to either hypertension or obesity-related 
myocardial disease are typically 40–60 years of age although some may be either 
older or younger. If all age groups are taken into account, obesity (24%), alcoholic 
(19%) and hypertension-related (16%) myocardial diseases are the most common 
non-ischemic causes of SCD in Northern Finland (Hookana et al., 2011). During 
1998–2012, the proportion of non-ischemic causes of SCD increased, and 
especially hypertensive myocardial disease and PMF showed the greatest increase 
in prevalence (Junttila et al., 2016).  

Hypertensive myocardial disease is also reported in autopsy studies from the 
U.S., in which 4–12% of SCD victims had hypertensive heart disease as a cause of 
SCD (Eckart et al., 2011; Tseng et al., 2018). Obesity-related myocardial disease 
has not been reported as a distinct cause of SCD outside Finland, although obesity 
has been associated with structural cardiac abnormalities (e.g. excessive epicardial 
fat and LVH) in post-mortem studies (Alpert, Agrawal, Aggarwal, Kumar, & 
Kumar, 2014). However, an autopsy study from Sweden reported UCM in 12% of 
young SCD victims, which was characterized as myocardial disease with variable 
amount of LVH and fibrosis, not meeting the criteria for ARVC, HCM or DCM 
(Wisten et al., 2017). Such victims commonly had obesity as comorbidity, and 
another autopsy study from the U.K. also reported obesity as a common 
comorbidity, associating with LVH among young SCD victims (Finocchiaro et al., 
2018). Unlike in ARVC, HCM and DCM, the specific genetic background or ECG 
characteristics of acquired myocardial disease related SCDs has not been studied. 



61 

Hypertensive myocardial disease develops as a response to cardiac pressure 
overload due to hypertension (Santos & Shah, 2014). The genetic background and 
electrocardiographic characteristics of hypertension-induced LVH are discussed in 
the previous section under ‘left ventricle hypertrophy’. The pathogenesis of 
obesity-related myocardial disease is not as well recognized and it is not fully clear 
whether obesity-related myocardial disease is a distinct phenotype or a 
consequence of comorbid conditions, e.g. hypertension, sleep apnea or diabetes 
(Owan & Litwin, 2007). However, results from the Framingham study with almost 
6,000 subjects suggested that obesity is independently associated with the 
development of HF (Kenchaiah et al., 2002). Obesity-related myocardial disease 
and HF is proposed to develop mainly due to adverse LV loading conditions and 
pulmonary hypertension due to sleep apnea and obesity hypoventilation (Lavie et 
al., 2018). Hypertension and obesity are increasing problems in western societies, 
and recent reports from the U.S. have estimated that 46% of adults have 
hypertension and up to one in every three are obese nowadays (Muntner et al., 2018; 
Ng et al., 2014). 

Alcoholic dilated cardiomyopathy 

Alcoholic DCM refers to a myocardial disease which is caused by excessive 
alcohol consumption with the characteristic findings of dilated LV, myocardial 
fibrosis and systolic dysfunction (Hookana et al., 2011; Mirijello et al., 2017). The 
exact pathophysiology in alcoholic DCM is not fully understood, but the most 
commonly proposed mechanisms are based on the toxic effects of ethanol and its 
metabolites, e.g. acetaldehyde (Preedy, Atkinson, Richardson, & Peters, 1993). 
Development of alcoholic DCM usually requires heavy alcohol consumption (>80 
to 90g of daily ethanol usage) for several years (Fauchier et al., 2000; Lazarevic et 
al., 2000). Women are probably more vulnerable than men to alcoholic DCM 
(Urbano-Marquez et al., 1995). The genetic background of alcoholic DCM has 
limited evidence, but studies have suggested that truncating TTN variants and 
homozygous deletion genotype of ACE may predispose to the disease (Fernandez-
Sola et al., 2002; Ware et al., 2018). Electrocardiographic characteristics of 
alcoholic DCM may be unspecific including prolonged QRS, atrial fibrillation or 
atrioventricular block (Fang et al., 2018). In the Fingesture study, 19% of non-
ischemic SCDs were due to alcoholic DCM, and the number of SCDs due to 
alcoholic DCMs has increased slightly (Hookana et al., 2011; Junttila et al., 2016). 
Sudden death victims due to alcoholic DCMs are typically 40–60 years of age 
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(Hookana et al., 2011). In addition, a study from the U.S. found that 5% of 293 
SCDs were due to alcoholic cardiomyopathy (Tseng et al., 2018).  

2.3 Summary of the literature 

Non-ischemic myocardial disease is a frequent finding at autopsy after SCD, 
accounting for ~20–25% of the cases. Inherited cardiomyopathies (HCM, ARVC, 
and DCM) and idiopathic accumulation of myocardial fibrosis are common autopsy 
findings among young SCD victims while victims older than 40 years of age have 
more often environmental factor-related myocardial diseases, e.g. 
hypertension/obesity or alcohol consumption-related heart diseases.  

The classification of inherited cardiomyopathies is based on structural and 
functional abnormalities of the heart. The genetic background and phenotypic 
expressions of inherited cardiomyopathies are heterogeneous and different 
phenotypes may have similar genetic background. A common structural cardiac 
abnormality connecting inherited cardiomyopathies is fibrotic accumulation in the 
myocardium. The genetic background of PMF is unknown and similar phenotypic 
expression with inherited cardiomyopathies has raised suspicions of common 
genetic determinants. Sudden death victims with hypertension/obesity-related 
myocardial diseases also have similar fibrotic accumulation in the myocardium. In 
these cases, cardiac abnormality is attributable to hypertension and/or obesity-
induced increased cardiac workload, but it is unclear whether rare genetic variants 
in myocardial structure protein coding genes may also have had an effect on the 
development of lethal myocardial disease.  

Electrocardiography is a sensitive diagnostic tool and the ECG characteristics 
of inherited cardiomyopathies are well established. These ECG abnormalities are 
considered to be due to structural alterations and cardiac remodeling during the 
disease development. Left ventricle hypertrophy-induced ECG changes have been 
well studied whereas the ECG characteristics of myocardial fibrosis among SCD 
victims are not as well established. 
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3 Purpose of the study 
The aim of this thesis was to provide information regarding non-ischemic 
cardiomyopathies leading to SCD in terms of genetic background and ECG 
characteristics.  

The specific aims of the study were to: 

1. Investigate the prevalence and characteristics of inferolateral ER among non-
ischemic SCD victims (I). 

2. Identify the previously unknown genetic background of SCD victims with 
PMF at autopsy (II). 

3. Study genetic contributions to the expression of acquired causes of myocardial 
disease in non-ischemic SCD victims (III).  

4. Characterize ECG abnormalities related to myocardial fibrosis among SCD 
victims (IV). 
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4 Material and methods 

4.1 Study populations 

4.1.1 Fingesture (Studies I-IV) 

The Finnish study of Genotype and Phenotype Characteristics of Sudden Cardiac 
Death (FinGesture) is an observational study that has retrospectively collected 
autopsy data and tissue samples of consecutive SCD victims from specific 
geographical area in Northern Finland since 1998. Medicolegal autopsy is 
mandatory in Finland (Act on the Inquest into the Cause of Death, 459/1973, 7th 
paragraph) if the death is not due to a known disease, the subject has not been 
treated by a physician during the last illness, or if the death is otherwise unexpected. 
Hence, the study includes all unexpected sudden death victims in Northern Finland 
who underwent forensic inquest to determine the cause of death and medico-legal 
autopsy in which the death was determined to be of cardiac origin (i.e. SCD). 
Sudden death was defined as either witnessed death occurring within 6 hours of the 
onset of symptoms or as an unwitnessed death occurring within 24 hours of the 
time the victim was last seen in a good state of health. All the victims underwent 
medico-legal autopsy in Oulu University hospital performed by experienced 
forensic pathologists. In addition to medico-legal autopsy, the determination of the 
cause of death was also based on medical records and results of questionnaires sent 
to relatives. The information regarding the circumstances at the time of SCD, 
previous medical history and medications was acquired from death certificates, 
medical records, police office reports and results of the questionnaires sent to the 
relatives. 

In Fingesture, SCD was defined as ischemic if there was evidence of CAD, 
such as fresh intracoronary thrombus, plaque rupture or erosion, intraplaque 
hemorrhage, or critical coronary stenosis (>75%) in a major coronary vessel/branch. 
If there was no evidence of CAD, the case was classified as non-ischemic and 
further classified based on ICD-10 classes. The classification in Figure 7 was used 
for more detailed descriptions of the heart disease based on postmortem findings, 
medical records and specific questionnaires for relatives. The criteria for each 
diagnosis have been described earlier by Hookana et al. (Hookana et al., 2011). The 
autopsy procedures included meticulous gross cardiac examinations, i.e. visual and 
microscopic coronary artery examination, heart weight measurement, valve 
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investigation and determination of myocardial fibrosis based on macroscopic view 
and histological investigation of tissue samples taken from the heart during autopsy. 
Histological examination was performed in all cases. Toxicology investigation was 
performed if autopsy findings were insufficient to define the cause of SCD, or if 
there was suspicion of medication or drug use or extensive alcohol intake. By the 
year 2017, Fingesture has gathered data from 5,869 consecutive SCD victims. The 
death was ischemic in 4,392 cases and non-ischemic in 1,477 cases.  

In the first study, we investigated pre-mortem ECGs from non-ischemic SCD 
victims who died between 1998 and 2012. During those years, we were able to 
collect ECGs from 275 non-ischemic SCD victims. In the second study, we 
performed DNA sequencing analysis for 96 SCD victims with PMF as a cause of 
death. We chose 96 out of a total of 145 SCD victims with PMF during 1998–2012 
based on the best DNA quality for sequencing. Primary myocardial fibrosis was 
defined by the presence of interstitial, diffuse, or patchy fibrotic accumulation in 
the myocardium without signs of healed myocardial infarction, chronic CAD, 
anatomy associated with ARVC, HCM, DCM, valve disease, myocarditis, or 
hypertensive hypertrophic left ventricular myocardium. Sudden death victims with 
PMF had heart weight <420 g and no hypertrophied myocytes. There were no other 
noncardiac organ changes or diseases associated with myocardial fibrosis, e.g. 
Fabry disease, myotonic dystrophy or systemic sclerosis. 

In the third study, we carried out DNA sequencing for 151 out of 740 
individuals with SCD who met the criteria for acquired cardiac hypertrophy due to 
hypertension or obesity. We included those whose DNA passed the quality control 
for further analysis. Victims had cardiac hypertrophy at autopsy determined by a 
heart weight greater than the predicted value based on body surface area (at least 
420g). Additionally, myocardial fibrosis and clinical history of hypertension and/or 
autopsy findings related to hypertension (e.g. sclerotic renal arterioles) were 
characteristic for SCD victims with hypertensive etiology for hypertrophic cardiac 
disease. Obesity (BMI > 30), myocardial fibrosis, and excessive epicardial fat with 
or without LV dilatation were characteristic findings for SCD victims with obesity-
induced hypertrophic cardiac disease. Subjects had no stenosis >50% in coronary 
arteries, active plaques at autopsy or a clinical history of CAD. 

In the fourth study, we investigated the ECG characteristics of varying amounts 
of myocardial fibrosis in both non-ischemic and ischemic SCD victims who died 
between 1998 and 2017. We were able to collect previous ECG from 689 of a total 
of 4,392 ischemic SCD victims and from 411 of a total of 1,477 non-ischemic SCD 
victims. Median time from ECG recording to SCD was 2 years (interquartile range 
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0.28 to 4.9 years). The amount of myocardial fibrosis at autopsy was categorized 
into four groups based on the proportion of fibrosis in histological samples taken 
from the LV: 1) no fibrosis, 2) scattered mild fibrosis, 3) moderate patchy fibrosis, 
and 4) substantial fibrosis. The number of tissue blocks taken at autopsy ranges 
from 3 to 5 from various regions including at least interventricular septum, anterior 
and posterior LV free wall.  
 

Fig. 7. Description of autopsy findings in the Fingesture study. ARVC = arrhythmogenic 
right ventricular cardiomyopathy, DCM = dilated cardiomyopathy and HCM = 
hypertrophic cardiomyopathy. 

4.1.2 Social Insurance Institution’s Coronary Heart Disease Study 
(Study I) 

In the first study, we used the Social Insurance Institution’s Coronary Heart Disease 
Study (CHD study) as a control group for SCD victims in Fingesture. This control 
group consisted of 10,957 subjects aged 30 to 59 years representing a general 
population cohort. The median age of the subjects was 44±8 years and 52% were 
male. Subjects were drawn from different geographic areas of Finland. The study 
was carried out between 1966 and 1972 in Finland (Reunanen A et al., 1983). The 
CHD study was part of a large prospective Mobile Clinic Health Survey. In this 
study, subjects underwent baseline examinations which included various 
measurements, e.g. blood pressure, 12-lead resting ECG, post-load plasma glucose, 
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and body mass index (BMI). Ninety-three subjects had to be excluded due to 
missing information or unreadable ECGs, leaving 10,864 subjects eligible for 
analysis. 

4.2 Electrocardiographic measurements 

All of the ECGs in both the Fingesture and CHD study were recorded at a 
calibration of 1mV/10 mm and paper speed of 50 mm/s in a supine position. In 
Fingesture study, we used the most recent ECG if multiple recordings were 
available. ECGs of the Fingesture subjects were analyzed by 2 researchers who 
were blinded to the cause of death. In CHD study, ECGs were first analyzed by 
nine researchers and inferolateral ER pattern gradings were double-checked. The 
criteria for inferolateral ER included either a slurred or a notched J-point elevation 
≥0.1 mV in at least two lateral (I, aVL, V4–V6) and/or inferior (II, III, aVF) leads. 
The ER patterns were subsequently categorized by the type of the following ST 
segment as either ascending or horizontal/descending ER pattern, as in previous 
studies (Tikkanen JT et al., 2011). QT and JT intervals were corrected for heart rate 
by the Bazzett formula. Intraventricular conduction delay (IVCD) was determined 
as QRS duration >110 ms in the absence of BBB (Aro et al., 2011). Sokolow-Lyon 
voltage index was measured as the sum of SV1 and RV5/RV6 (based on the highest 
R-wave amplitude) and values more than 3.5mV were considered LVH. Inverted T 
waves were defined as T-wave amplitude ≤ -0.1mV in at least two lateral (I, aVL, 
V4-V6), inferior (II, aVF, III) and /or anterior (V1-V3) leads. Pathologic Q waves 
were defined as Q waves deeper than 0.1mV in at least 2 contiguous leads with the 
following criteria: wider than 40 ms in lead III, ≥ 20ms in leads V2 and V3 and ≥ 
30ms and in other leads. Fragmented QRS was determined by at least one 
additional R wave, or notched S or R wave meeting the previously established 
criteria (Das, Khan, Jacob, Kumar, & Mahenthiran, 2006). In study IV, ECG was 
considered normal if there was no prolonged QRS complex (>110ms), pathologic 
Q waves, QRS fragmentation, positive T waves in aVR lead, T-wave inversions, 
LVH according to Sokolow-Lyon index, prolonged QTc interval (440ms in women, 
460ms in men) or inferolateral ER patterns. 

4.3 DNA sequencing  

Among the SCD victims, DNAs were extracted from formalin-fixed paraffin-
embedded myocardial tissue samples taken during autopsy. The TruSight Cardio 



69 

gene panel kit including a total of 174 myocardial structure and functions related 
genes and associations with inherited cardiac diseases was used for library 
preparation (Illumina, San Diego, CA; Figure 8). The DNA samples of the SCD 
victims were bead purified with Agencourt AMPure XP beads (Beckman Coulter 
Life Sciences, Indianapolis, IN). Quantitative polymerase chain reaction-based 
formalin-fixed paraffin-embedded quality control kit (Illumina) was used to 
confirm the quality of the samples selected for next generation sequencing (NGS). 
If a quantitative polymerase chain reaction ΔCq value was ≤2.3, the sample 
passed quality control and was further selected for 174 cardiac gene panel 
sequencing with NextSeq550 platform (Illumina). Sequence alignment and variant 
calling was performed using BWA Enrichment (BWA Genome Aligner Software 
and the GATK Variant Caller) within the BaseSpace Genomics computing 
environment (Illumina). VariantStudio was used for filtering, annotation, and 
classification of the variants. Additionally, Integrative Genomics Viewer (Robinson 
et al., 2011) was used for sequence visualization to exclude artifacts and falsely 
annotated variants. In study II, all pathogenic/likely pathogenic variants and VUSs 
were confirmed by Sanger Sequencing (ABI3130xl, Applied Biosystems, Foster 
City, CA) if the read depth was less than 100. In study III, confirmation by Sanger 
Sequencing was used for likely pathogenic variants with read depth under 50.  

In study II, sequencing of 96 SCD victims with PMF resulted in mean read 
depth of 960/sample. Furthermore, 99.4% of the captured region of 0.572 Mb was 
covered by ≥ 20 reads and 98.8% of the region was covered by ≥ 50 reads. In study 
III, sequencing of the DNA of SCD victims resulted in a mean read depth of 
1,078/sample. On average, 99.4% of the DNA region was covered by ≥ 20 reads 
and 99.0% by ≥ 50 reads.  

4.4 Variant analysis 

After DNA sequencing was completed, variants with a potential effect on protein 
(missense, frameshift, stop gained/lost, initiator codon, in-frame insertion, in-frame 
deletion, and splice-site alterations) were filtered by excluding variants with minor 
allele frequency (MAF) >0.01 among Finnish subjects (according to their 
prevalence in the Exome Aggregation Consortium and the Sequencing Initiative 
Suomi (SISu) databases). Evaluation of variant pathogenicity was based on 
American College of Molecular Genetics (ACMG) consensus guidelines as either 
pathogenic, likely pathogenic, or VUS (Richards et al., 2015). Missense variants in 
TTN gene and benign/likely benign variants were excluded from the results. 
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Variant classification was based on population frequency, previous literature, in 
silico algorithms (SIFT (Kumar, Henikoff, & Ng, 2009), PolyPhen (Adzhubei et al., 
2010)), Human Gene Mutation Database (HGMD) and the ClinVar database. 

 

Fig. 8. Cardiac Structure- and Function-Related Genes Sequenced in the Panel. 

4.5 Statistical analysis 

ECG analysis 

Continuous variables are demonstrated as mean±standard deviation (SD). 
Skewness test for continuous variables was assessed by Gaussian distribution. To 
compare continuous and categorical variables between groups of interest, two-
sided t-test or analysis of variance (ANOVA) and χ2 analyses were used, 
respectively. Logistic regression analysis was used to determine odds ratios (OR) 
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and 95% CIs for SCD in study I. We transformed continuous variables into natural 
logarithm if the distribution was skewed (|skewness| > 1, QRS duration and BMI 
in study IV, heart weight and BMI in study III) and thereafter the distribution was 
verified as Gaussian. In study IV, we applied post hoc analysis by χ2 and Bonferroni 
test for categorical and contiguous variables, respectively, in the case of significant 
main effect between multiple groups. In study IV, we used logistic and linear 
regression analysis to evaluate the effect of fibrosis on categorical and continuous 
ECG variables irrespectively from heart weight. In study I, we used gender, BMI, 
age, heart rate, previous cardiac disease and hypertensive medication as covariates 
in the multivariate model. Statistical analyses were performed with Statistical 
Package for Social Studies 21.0 (SPSS Inc., Chicago, IL). P-values values <0.05 
were considered statistically significant. All reported P-values are 2-sided. 

Genetic analysis 

Based on MAF of the variants in the GnomAD database in the Finnish population, 
we calculated the number of expected carriers in the analyzed SCD victims (n=96) 
in study II. Calculation of expected carriers was based on the Hardy-Weinberg 
equation (frequency of the heterozygote phenotype=2pq; p=major allele frequency, 
q=minor allele frequency, and p+q=1).  

In study III, we performed statistical analysis for the difference in the 
prevalence of variant carriers if a specific variant appeared in multiple SCD victims. 
Statistical significance, ORs and 95% CIs were evaluated with χ2 test and two-
sided p value (Fisher's Exact Test). In this analysis, we used data on genetic variants 
from 10,490 exome sequenced Finnish citizens from the SISu database as a control 
group.  
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5 Results 

5.1 Inferolateral early repolarization among non-ischemic sudden 
cardiac death victims (Study I) 

In study I, our study subjects consisted of 275 non-ischemic SCD victims with pre-
mortem ECG (between 1998 and 2012) and 10,864 subjects from a general 
population cohort of the CHD study. The aim was to investigate the prevalence and 
characteristics of inferolateral ER pattern among non-ischemic SCD victims in 
comparison to general population.  

Table 1. Demographic and clinical characteristics of case subjects and control 
population.  

Characteristic Case subjects (Victims of 

non-ischemic SCD with 

ECG, n=275) 

Control group (general 

population cohort, 

n=10,864) 

P Value 

Men, % 74.5 52.2 <0.001 

Age 57±12 44±8 <0.001 

BMI, kg/m² 28.8±7.6 25.9±3.9 <0.001 

Heart rate, bpm 82±18 76±15 <0.001 

Atrial fibrillation, % 15.2 10.9 0.05 

Hypertensive medication*, % 33.5 4.3 <0.001 

Prior cardiac disease diagnosis, % 57.8 8.1 <0.001 

BMI = body mass index, bpm = beats per minute, SCD = sudden cardiac death. * = Medication data 

missing from 84 victims of non-ischemic SCD. Reused with permission of the publisher from the original 

article.  

Table 2. Demographic and clinical characteristics of victims of non-ischemic SCD 
separately by ER status.  

Characteristic ER positive (n=57) ER negative (n=218) P Value 

Men, % 71.9 75.2 0.61 

Age 59±10 56±12 0.20 

BMI, kg/m² 29.4±8.1 28.7±7.4 0.50 

Heart rate, bpm 80±16 83±19 0.41 

Atrial fibrillation, % 12.3 10.6 0.71 

Heart weight in autopsy, g 485±135 499±150 0.52 

Location at time of SCD, %    

Home 92.6 91.6 0.81 

Public location 7.4 8.4  
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Characteristic ER positive (n=57) ER negative (n=218) P Value 

Medication*, %    

Any medication 88.2 87.2 0.85 

Cardiac medication 65.2 65.7 0.95 

History of prior diagnosis, %    

Cardiac disease 54.5 58.6 0.59 

Hypertension 52.0 44.0 0.31 

Diabetes mellitus 21.6 19.7 0.77 

Dyslipidemia 2.0 10.6 0.05 

Heart failure 10.0 14.0 0.45 

BMI = body mass index, bpm = beats per minute, ER = early repolarization, SCD = sudden cardiac death. 

* = Medication data missing from 84 victims of non-ischemic SCD. Reused with permission of the 

publisher from the original article. 

5.1.1 Characteristics 

The mean age of the SCD subjects was 53 ± 12 years at the time ECG was taken 
and 57 ± 12 at the time of death. Seventy-five percent were male. The most 
common causes of sudden death in the study subjects were hypertensive 
myocardial disease (25%), alcoholic DCM (24%), obesity-related myocardial 
disease (23%), and PMF (15%). In comparison to the control population, SCD 
victims were more often male, had higher mean BMI and heart rate, had more often 
atrial fibrillation, hypertensive medication and clinically diagnosed cardiovascular 
disease, and had higher mean age at the time of ECG recording. Among the SCD 
victims, the presence of inferolateral ER was not, however, associated with these 
factors. The demographic and clinical characteristics of the case subjects are 
presented in Tables 1 and 2.  

5.1.2 Early repolarization in non-ischemic SCD 

Victims of non-ischemic SCD had higher prevalence of inferolateral ER than in 
general population (20.7% vs. 5.3%; p<0.001). The prevalence of inferior ER was 
11.3% among SCD victims and 3.3% in general population cohort (p<0.001). 
Lateral ER was also more common among SCD victims than in general population 
(13.1% vs. 2.4%; p<0.001). Early repolarization pattern was present in both inferior 
and lateral leads among 3.6% of the SCD victims and among 0.4% in the general 
population (p<0.001). Ninety-five percent of the non-ischemic SCD victims with 
ER pattern had a subsequent horizontal/descending ST segment variant. In the 
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general population control cohort, the same proportion was smaller, 72% (p<0.001). 
The prevalence of ER patterns in SCD victims and control population specified by 
the subsequent ST segment morphology are presented in Figure 9. Examples of 
malignant and benign ER patterns are presented in Figure 10 and 11.  

The prevalence of inferolateral ER among the four most common causes of 
death was as follows: 26% in hypertensive myocardial disease, 24% in alcoholic 
DCM, 13% in obesity-related myocardial disease, and 20% in PMF (p=0.25). The 
differences in prevalence were not statistically significant (p=0.25) and ER patterns 
were present in all subgroups of non-ischemic SCD victims. Inferolateral ER 
pattern remained an independent association with non-ischemic SCD after 
multivariate model with OR of 4.7 (95% CI 3.3–6.7). Unadjusted OR of 
inferolateral ER on non-ischemic SCD was 4.8 (95% CI 3.5–6.5).  

 
 

Fig. 9. The prevalence of ER among victims of non-ischemic SCD and general 
population. ER = early repolarization, NS = statistically not significant and SCD = 
sudden cardiac death. *P < 0.001. Reused with permission of the publisher from the 
original article. 



76 

Fig. 10. Twelve-lead ECG from a victim of non-ischemic sudden cardiac death. In leads 
II, III, aVF, V5, V6 early repolarization (ER) is manifested as a slurred J-wave in the end of 
QRS-complex while in the V4 lead, J-wave represents notched variant. ER patterns are 
accompanied by a malignant horizontal/descending ST segment in leads II, III, aVF, V5, 
V6. The patient was a male who died suddenly at home at the age of 35; medicolegal 
autopsy confirmed primary myocardial fibrosis as the cause of death. ECG was taken a 
year before death due to buprenorphine intoxication. No previous cardiovascular 
diseases were diagnosed before death. The paper speed is 50 mm/s. Reused with 
permission of the publisher from the original article. 



77 

Fig. 11. An example of athlete’s ECG in which early repolarization patterns are 
associated with rapidly ascending ST segment variants. The paper speed is 25 mm/s. 
Reused with permission of the publisher from the original article. 
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5.2 Primary myocardial fibrosis as an alternate phenotype pathway 
of inherited structural cardiomyopathies (Study II)  

In this study, we examined the genetic background of PMF among 96 SCD victims. 
The subjects were derived from 145 SCD victims with PMF and the characteristics 
of subjects with PMF are presented in Table 3. We detected potentially disease-
related variants in 26 subjects (27%). We observed 24 variants in 16 genes, 10 of 
which were classified as either pathogenic or likely pathogenic variants according 
to ACMG guidelines. Fourteen variants were classified as VUS, of which three 
were co-expressed in two SCD victims and one in three SCD victims with PMF. 
Table 4 includes all detected potentially disease-related rare variants. 

Potentially disease-related variants were mainly located in myocardial 
structure protein coding genes whereas ion channel coding genes were not mutated. 
Possibly disease-related variants were located in genes previously associated with 
ARVC, DCM and HCM.  

Table 3. Demographic and clinical features of SCD victims with primary myocardial 
fibrosis (PMF).  

Characteristic Victims of SCD due to PMF (n=145) 

Gender (%)  

Women 50 (34.5) 

Men 95 (65.5) 

Age 55±16 

Women 60±17 

Men 52±15 

BMI 23.4±4.0 

Location at the time of SCD*,  

Home 122 (91.7) 

Public location 11 (8.3) 

Prior to cardiac arrest**,   

Cardiac disease 22 (15.9) 

Diabetes mellitus 8 (5.5) 

Heart failure 0 (0) 

Hypertension 18 (13.0) 

Morbus cordis coronarius 0 (0) 

Dyslipidemia 5 (3.6) 

Dyspnea 0 (0) 

BMI = body mass index, SCD = sudden cardiac death. Data missing from *12 subjects and **7 subjects. 

Reused with permission of the publisher from the original article. 
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5.2.1 Disease-associated variants 

Five variants located in desmosomal genes (DSP, PKP2, DSG2) which are 
generally associated with ARVC. Two of these have been previously detected in 
ARVC patients (p.Arg808Cys in DSP and p.Ala372Pro in PKP2) whereas three 
were novel (Al-Jassar et al., 2011; Xu et al., 2010). Two previously detected 
variants were classified as likely pathogenic and the remaining three as VUS.  

Four variants in mainly HCM-related genes (MYBPC3, MYH7 and TPM1) 
were classified as pathogenic/likely pathogenic (Table 4). All of these had previous 
associations with HCM subjects (Millat et al., 2010; H. Morita et al., 2006; Morner 
et al., 2003). An especially notable HCM-related variant was p.Asp175Asn in 
TPM1 gene as this variant is relatively common among Finnish HCM patients 
(Jaaskelainen et al., 2013). Three subjects carried VUS in MYH7 gene which is 
commonly mutated in HCM patients. 

We also found four pathogenic or likely pathogenic variants located in genes 
that are generally associated with DCM (1 in CRYAB, 3 in TTN) (LeWinter & 
Granzier, 2013; Pilotto et al., 2006). Additionally, seven variants classified as VUS 
also located in DCM-related genes (ABCC9, CASQ2, LAMA4, LMNA, RBM20, 
RYR2). Two of the DCM-related variants were classified as pathogenic as they were 
truncating variants in A-band of the TTN gene, which is a typically mutated location 
in DCM patients (LeWinter & Granzier, 2013; Roberts et al., 2015).  

5.3 Genetic contributions to the expression of acquired causes of 
cardiac hypertrophy in non-ischemic sudden cardiac death 
victims (Study III) 

In study III, we analyzed DNA from 151 SCD victims with hypertension and/or 
obesity-related hypertrophic myocardial disease. Hypertension was the presumed 
etiology for LVH in 78 SCD victims (52%) and among 73 subjects (48%), obesity 
was considered as the most likely etiology for LVH with fibrosis. Fifty-seven 
subjects (38%) carried potentially disease-related variants (likely pathogenic or 
VUS); of these, 15 (10%) had a likely pathogenic variant. In total, 65 likely 
pathogenic variants or VUS were observed in 27 genes. The same number of 
potentially disease-related variants was present among both obesity-associated and 
hypertension-associated SCD victims (36% vs. 40% respectively; p=0.62). No rare 
variants in ion channel genes were present and most of the likely pathogenic 
variants and VUS located in HCM, ARVC and DCM related genes.  
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5.3.1 Characteristics  

Eighty-two percent of the 151 SCD victims were male and their mean age was 
54±10 years. Prior cardiac disease diagnosis was present in 50% of the SCD victims. 
Mean BMI was lower among SCD victims with a potentially disease-related variant 
in comparison to those without (30.3±5.9 vs. 33.4±7.2 kg/m2; p=0.006). Eighty-
eight percent (88%) had patchy/diffuse myocardial fibrosis in the histological 
samples. The presence of myocardial fibrosis was somewhat more common among 
those with a potentially disease-related variant (91% vs. 86%; p=0.32). However, 
the difference was not statistically significant. Also, mean heart weight tended to 
be smaller among SCD victims with relevant genetic variants (557±97 vs. 528±104 
g; p=0.05). SCD victim characteristics are presented in Table 5. 

Table 5. Characteristics of the study subjects classified by the presence of rare gene 
variants (likely pathogenic or variant of uncertain significance).  

Characteristic All 

subjects 

(n=151) 

Subjects with 

relevant 

variants (n=58) 

Subjects without 

relevant variants 

(n=93) 

P value 

Age 54±10 55±12 54±9 0.38 

Male gender, % 82.1 82.8 81.7 0.87 

Prior cardiovascular disease diagnosis, % 49.7 47.3 51.1 0.65 

Heart failure, % 8.3 9.3 7.8 0.76 

Patchy/diffuse fibrosis at autopsy, % 88.1 91.4 86.0 0.32 

Heart weight at autopsy, g 546±100 528±104 557±97 0.05 

BMI, kg/m2 32.2±6.9 30.3±5.9 33.4±7.2 0.003 

BMI = body mass index. 

5.3.2 Likely pathogenic variants  

Among the 15 SCD victims with a likely pathogenic variant, one subject had two 
likely pathogenic gene variants (c.346-2A>G in MYH6 and p.Asp312Asn in DES) 
whereas the other 14 harbored one each. Common properties for likely pathogenic 
variants were previous descriptions in patients with inherited cardiac disease, low 
population frequency in Finland, location in conserved residues of the gene, and 
prediction to be damaging by in silico algorithms or in vitro studies. Fourteen were 
missense variants whereas one was truncating (p.Arg189Ter in ABCC9) and one 
splice site variant (c.346-2A>G in MYH6). Previous disease associations were 
mainly related to HCM (p.Gln9Arg in ACTN2, p.Gln1065His in MYH6, 
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p.Arg153His in TCAP and p.Met982Thr in MYH7) (Carniel et al., 2005; Hayashi 
et al., 2004; Mohapatra et al., 2003; H. Morita et al., 2006), ARVC (p.Val392Ile in 
DSG2 and p.Ala372Pro in PKP2) (Syrris et al., 2007; Xu et al., 2010), PMF 
(p.Thr653Ile in RBM20, p.Met982Thr in MYH7 and p.Ala372Pro in PKP2) 
(Junttila et al., 2018) and DCM patients (p.Arg66Gln in ANKRD1 and 
p.Asp312Asn in DES) (Duboscq-Bidot et al., 2009; Taylor et al., 2007). Two study 
subjects had p.Thr78Met variant in CAV3 gene, which has previously shown to be 
associated with functional channelopathy, although it is unclear whether this variant 
has an effect on QT interval (Ghouse et al., 2015; Vatta et al., 2006). A previous 
ECG with normal QT interval without signs of Brugada syndrome was available 
for one of our two study subjects with the variant in CAV3.  

Among likely pathogenic variants, three were present in multiple SCD 
victims;:p.Arg66Gln (ANKRD1) in three subjects, p.Thr78Met (CAV3) in two 
subjects and p.Val392Ile (DSG2) in two subjects. When compared to general 
Finnish population (SISu), the prevalence of carriers was significantly higher in 
p.Val392Ile (2/151 vs. 19/10,489; p=0.035, OR=7.4, 95% CI 1.7–32.0) and in 
p.Arg66Gln (3/151 vs. 25/10,489; p=0.007, OR=8.5, 95% CI 2.5–28.4). Variant 
specific study subject characteristics are described in Table 6. 

 
5.3.3 Variants of uncertain significance  

Forty-nine (32%) SCD victims carried VUS which did not meet the criteria for 
either likely benign or likely pathogenic. Eight VUS were present in multiple SCD 
victims, locating in RYR2, LMNA, ANKRD1, MYH6, PKP2, NEXN, LDB3 and 
DTNA genes. Some VUS have previous disease associations with PMF 
(p.Arg31Gln in DTNA and p.Ala292Ser in CASQ2) (Junttila et al., 2018), HCM 
(p.Arg100His in CSRP3) (P. S. Andersen et al., 2009), ARVC (p.Ser140Phe in 
PKP2, p.Val158Gly in DSG2) (Syrris et al., 2006; Syrris et al., 2007) and DCM 
(p.Ser189Leu in LDB3) (Arimura et al., 2009).  
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5.4 Characteristics of myocardial fibrosis in electrocardiograph 
among sudden cardiac death victims (Study IV) 

In study IV, our aim was to examine the electrocardiographic characteristics of 
myocardial fibrosis among SCD victims. We used pre-mortem ECGs from 1,100 
SCD victims and compared the results to the amount of myocardial fibrosis 
detected at autopsy. Additionally, we performed subgroup analysis for non-
ischemic and ischemic SCD victims to examine specific ECG characteristics by the 
type of cardiac disease.  

5.4.1 Characteristics of the study subjects 

At least some amount of myocardial fibrosis was present in 93% of the non-
ischemic and 91% of the ischemic SCD victims. Ischemic SCD victims were older 
compared to non-ischemic SCD victims (70±11 vs. 59±12; p<0.001). Previously 
diagnosed cardiovascular disease was present in 63% of the ischemic SCD victims 
and 48% of the non-ischemic SCD victims. At least one ECG abnormality was 
present in 75.3% of the SCD victims with no fibrosis, 73.7% in victims with 
scattered mild fibrosis, 88.5% in victims with moderate patchy fibrosis and 91.7% 
in victims with substantial fibrosis (p<0.001). Detailed clinical and 
electrocardiographic characteristics of the SCD victims are presented in Table 7. 
Separate clinical and ECG characteristics for ischemic and non-ischemic SCD 
victims are presented in supplement material of the original article.  
 
5.4.2 Electrocardiographic abnormalities related to myocardial 

fibrosis 

The prevalence of pathologic Q waves and fQRS increased (p<0.001 in both) and 
QRS complex widened (p<0.001, β=0.153) concomitantly with an increasing 
proportion of myocardial fibrosis at autopsy. QRS prolongation was partly due to 
increasing prevalence of LBBB in association with fibrosis (p=0.014). The 
prevalence of IVCD had no statistically significant correlation with the degree of 
fibrosis (p=0.11) although the incidence tended to increase in association with 
myocardial fibrosis. The incidence of RBBB showed no linear correlation with the 
degree of fibrosis although statistically significant variability between fibrosis 
groups was present (p=0.050). Inferolateral ER pattern had no association with the 
severity of myocardial fibrosis. Statistically significant variability in Sokolow-
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Lyon index was present (p=0.004), but the association was neither present in 
subgroup analysis nor linear. 

Additionally, the severity of myocardial fibrosis was associated with T-wave 
morphology changes. The prevalence of positive T-waves in aVR lead increased 
concomitantly with the amount of myocardial fibrosis (p<0.001). Mean T-wave 
amplitude in aVR lead (p<0.001; β=0.18) and prevalence of T-wave inversions 
(p<0.001) also increased. However, heart rate corrected JT interval had no 
association with fibrosis. ECG abnormalities in relation to myocardial fibrosis are 
presented in Table 7.  

5.4.3 ECG analyses for non-ischemic and ischemic SCD victims 

fQRS and QRS widening had statistically significant associations with fibrosis in 
both non-ischemic and ischemic SCD subgroups. T-wave inversions, T-wave 
amplitude in aVR and pathologic Q waves had statistically significant associations 
only in the ischemic SCD subgroup, although trends of increasing prevalence were 
also observable in non-ischemic SCD victims. Positive T waves in aVR lead were 
present in 14.6% of the non-ischemic SCD victims and in 17.3% of the ischemic 
SCD victims. Separate ECG and fibrosis associations are presented in Figure 12.  

 
5.4.4 Regression analysis  

Myocardial fibrosis had positive correlation with heart weight (β=0.25; p<0.001). 
However, QRS duration (p=0.004, β=0.09), T-wave amplitude in aVR (p<0.001, 
β=0.12), QRS fragmentation (OR 1.5, 95% CI 1.2–1.7 per group increase in fibrosis; 
p<0.001), pathologic Q waves (OR 1.8, 95% CI 1.4-–2.3 per group increase in 
fibrosis; p<0.001) and T-wave inversions (OR 1.5, 95% CI 1.2–1.8 per group 
increase in fibrosis; p<0.001), remained associated with the degree of fibrosis 
independently of heart weight. 
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5.4.5 ECG abnormalities specific to moderate/substantial fibrosis 

We performed an additional analysis to compare the ECG characteristics of 
moderate/substantial fibrosis to none/mild fibrosis in order to detect ECG 
abnormalities specific to higher amounts of fibrosis. Among SCD victims with 
moderate or substantial fibrosis, pre-mortem ECG was abnormal in 89.2% of the 
cases. Among single ECG abnormalities, best specificity to detect 
moderate/substantial fibrosis was in LBBB (96.4%) whereas fQRS had the best 
sensitivity (60.9%). Detailed results are presented in Table 8.  

Table 8. ECG abnormalities in subjects with at least moderate patchy fibrosis in 
comparison to those with no more than scattered mild fibrosis.  

ECG variable No/scattered mild fibrosis 

(n=450) 

Moderate patchy/substantial fibrosis 

(n=650) 

P value 

QRS>110ms, % 14.4 26.8 <0.001 

LBBB, % 3.6 7.4 0.008 

IVCD, % 9.3 13.1 0.056 

Fragmented QRS, % 42.2 60.9 <0.001 

Pathologic Q waves, % 8.2 17.5 <0.001 

TWI, % 13.3 25.8 <0.001 

aVRT+, % 11.3 19.7 <0.001 

Any ECG abnormality, % 74.0 89.2 <0.001 

aVRT+= positive T wave in lead aVR, IVCD=Intraventricular conduction delay, LBBB=Left bundle branch 

block, TWI=T-wave inversion. ECG was stated as normal in the absence of QRS fragmentation, 

pathologic Q waves, prolonged QRS complex (>110ms), T-wave inversions, positive T waves in aVR lead, 

prolonged QTc interval (440 ms in women, 460 ms in men), inferolateral early repolarization and Sokolow-

Lyon index >3.5 mV. Reused with permission of the publisher from the original article. 

5.5 Summary of findings 

In the first study, we found that the prevalence of inferolateral ER pattern was 
significantly higher among non-ischemic SCD victims than in general population 
(20.7% vs. 5.3%). Especially ER accompanied by malignant horizontal/descending 
ST segment was prevalent among SCD victims whereas the prevalence of ER 
accompanied by benign ascending ST segment was not increased among non-
ischemic SCD victims. Previously diagnosed cardiac diseases were not more 
common among SCD victims with ER and after adjustment for various risk factors 
of SCD, ER pattern remained an independent association with non-ischemic SCD. 
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Inferolateral ER pattern was equally present in all most common non-ischemic 
causes of SCD and was not solely associated with certain myocardial diseases. 

The main finding in the second study was that 10% of the SCD victims with 
PMF at autopsy harbored likely pathogenic or pathogenic variants in myocardial 
structural protein coding genes. An additional 17% of the SCD victims with PMF 
harbored uncertain variants. Disease-causing and uncertain variants were located 
in genes that are previously reported to cause mainly ARVC, HCM and DCM. No 
variants in ion channel coding genes were observed. In the third study, genetic 
analysis with the same panel was conducted on 151 SCD victims with 
hypertension- or obesity-related myocardial disease at autopsy. The results 
demonstrated that 10% of such victims harbored likely pathogenic variants in genes 
that have previously been associated with HCM, DCM and ARVC. An additional 
28% had uncertain variants. Subjects with possibly disease-related variants were 
less obese and tended to have smaller hearts with somewhat more fibrosis, although 
not reaching statistical significance, emphasizing the mismatch between 
environmental exposure and severity of cardiac disease.  

In the fourth study, we collected 1,100 pre-mortem ECGs from the victims of 
SCD and compared the ECG characteristics to the degree of fibrosis at autopsy. 
The results showed that QRS prolongation, pathologic Q waves, QRS 
fragmentation, T-wave inversions and T-wave amplitude changes in aVR lead were 
associated with increasing amount of fibrosis. Abnormal ECG also became more 
common concomitantly with the degree of fibrosis. In separate subgroup analyses 
for ischemic and non-ischemic SCD victims, we found that accumulation of ECG 
abnormalities, QRS prolongation and fragmented QRS complex had statistically 
significant associations with the degree of fibrosis in both subgroups. Pathologic Q 
waves, TWIs and T-wave amplitude changes in aVR reached statistically 
significant association only with ischemic SCD victims but the same kind of 
tendencies were also observable among non-ischemic SCD victims. Prolongation 
of QRS complex was mainly driven by increased amount of LBBB although IVCD 
also tended to become more common concomitantly with the degree of fibrosis. 
Heart rate corrected JT time, inferolateral ER patterns or Sokolow-Lyon index had 
no linear correlation with the degree of fibrosis. Heart weight had a significant 
correlation with the degree of fibrosis and after adjustment, QRS prolongation, 
QRS fragmentation, pathologic Q waves, TWIs and T-wave amplitude changes in 
aVR had associations with the degree of fibrosis independently of hypertrophy. 
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6 Discussion 

6.1 Electrocardiographic risk markers for SCD in non-ischemic 
myocardial diseases 

6.1.1 Inferolateral ER 

In the 1940s and 1950s, inferolateral ER (or J-wave) was described during 
hypothermia; for decades, it was thought to be a benign finding in normothermia 
until 2008 when Haissaguerre et al. demonstrated for the first time an association 
between inferolateral ER pattern and idiopathic VF (Haissaguerre M et al., 2008; 
Osborn, 1953). After that, other studies replicated this association, and Tikkanen et 
al. demonstrated an association between inferolateral ER and increased SCD risk 
in long-term follow-up (Rosso R et al., 2008; Tikkanen JT et al., 2009). 
Inferolateral ER was noticed to be malignant if associated with subsequent 
horizontal/descending ST segment whereas a subsequent ascending ST segment 
represents a benign patter (Tikkanen JT et al., 2011). However, the association 
between ER and SCD became prominent after >55 years of age, which led to the 
consideration that the association might be related to SCD due to CAD. A 
subsequent case-control study supported the hypothesis that inferolateral ER 
predisposes to life-threatening arrhythmias during acute coronary event (Tikkanen 
et al., 2012). Therefore, the association between inferolateral ER and non-ischemic 
SCD has been unclear although a few small studies have reported increased risk of 
arrhythmic events related to ER in non-ischemic cardiomyopathies (Li et al., 2013; 
Naruse et al., 2016; Tsuda et al., 2017). In the first study, we demonstrated that 
inferolateral ER is associated with non-ischemic SCD also among those with PMF 
or hypertension/obesity-related myocardial diseases or alcoholic DCM at autopsy. 
Inferolateral ER accompanied by a horizontal/descending ST segment was 
especially overrepresented among SCD victims, which is in line with previous 
observations.  

The reasons for the high prevalence of inferolateral ER in non-ischemic SCD 
victims is not fully clear. A few small studies have reported a high prevalence in 
live patients with inherited cardiomyopathies, which may support the hypothesis 
that ER is due to structural cardiac abnormality (Chan et al., 2015; Peters & Selbig, 
2008; Tsuda et al., 2017). However, these studies have relatively small and selected 
sample sizes, and in the fourth study of this thesis, the presence of ER pattern was 
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not associated with myocardial fibrosis, which militates against this hypothesis. 
Fibrosis had strong association with heart weight and the absence of association 
with fibrosis hence militates against the possibility of correlation between ER and 
hypertrophy although this was not statistically tested. Another plausible 
explanation for the high prevalence in non-ischemic SCD victims is that 
inferolateral ER may be an inherited or acquired electrophysiological property of 
the myocardium, which increases the risk of life-threatening arrhythmias if the 
patient develops structural heart disease, either ischemic or non-ischemic. This 
hypothesis is perhaps more likely and is supported by our fourth study. 
Electrophysiological studies have also demonstrated that patients with inferolateral 
ER have higher inducibility of VF (22%) than patients without history of VAs (4–
10%) (Brugada, Green, Abdollah, & Wellens, 1984; Mahida et al., 2015; Morady, 
Shapiro, Shen, Sung, & Scheinman, 1984). These findings do not, however, fully 
rule out the possibility that ER pattern may be a manifestation of structural 
abnormalities and further studies are needed in this field.  

6.1.2 ECG and myocardial fibrosis 

Although QRS prolongation and fragmentation had statistically significant 
correlations with fibrosis in both subgroups, pathologic Q waves and repolarization 
abnormalities only had statistically significant associations with ischemic fibrosis. 
The most likely explanation for this observation is the lower number of non-
ischemic SCD victims, which leads to insufficient statistical power. This is 
supported by the increasing tendencies of these variables concordant with fibrosis 
also in non-ischemic SCD victims. However, there is also a possibility that variable 
fibrosis patterns have different effects on ECG abnormalities. In ischemic heart 
disease, myocardial fibrosis is commonly local and due to replacement of myocyte 
death, i.e. myocardial scar, whereas in non-ischemic cardiac diseases, myocardial 
fibrosis may be due to more diffuse myocyte death, leading to diffuse fibrosis 
patterns and interstitial fibrosis (Jellis, Martin, Narula, & Marwick, 2010).  

Altogether, the prevalence such ECG abnormalities was substantially higher in 
non-ischemic SCD victims than what is reported in general population. In a Finnish 
general population sample with more than 10,000 subjects, the prevalence of LBBB 
and IVCD was 0.3% and 0.6%, respectively, whereas in non-ischemic SCD victims 
the prevalence of LBBB was 5.8% and of IVCD, 9.5% (Aro et al., 2011). These 
numbers mean 16-fold higher prevalence of IVCD and 19-fold higher prevalence 
of LBBB in non-ischemic SCD victims. The prevalence TWIs was 15 times higher 



 

93 

(17.5% vs. 1.2%) and the prevalence of positive T waves in aVR 6.6 times higher 
(14.6% vs. 2.2%) in non-ischemic SCD victims than previously reported in general 
population (Anttila et al., 2011; Aro et al., 2012). Pathologic Q wave are present in 
up to 2% in general population whereas the prevalence was 8.5% in non-ischemic 
SCD victims (Godsk et al., 2012). The results of the fourth study also provide likely 
explanations for previous cohort studies which have reported increased risk of SCD 
related to the same depolarization and repolarization abnormalities (Aro & Huikuri, 
2013). For example, the presence of IVCD and TWIs at baseline ECG has been 
associated with more than threefold risk of SCD in long-term follow-up (Aro et al., 
2011; Aro et al., 2012). In another study population, positive T waves in aVR 
indicated 3 times higher risk of cardiovascular mortality (Anttila et al., 2011). Such 
ECG abnormalities may be early manifestations of underlying fibrotic heart disease, 
either ischemic or non-ischemic, which predisposes the myocardium to life-
threatening arrhythmias.  

Some studies have investigated the ECG characteristics of LGE in CMR and 
have shown that TWIs and fQRS associate with regional fibrosis (Chen et al., 2014a; 
Konno et al., 2015; C. H. Park et al., 2018). Our study results are parallel with these 
observations. The electrocardiographic associations of diffuse fibrosis are less well 
studied. In one study, Inoue et al. investigated 1,669 patients with no history of 
CAD and noticed that increased extacellular volume and lower postcontrast T1 time 
in CMR, indicating more fibrosis, were associated with lower QRS duration and 
voltages (Inoue et al., 2017). In our study the association between QRS duration 
and fibrosis was reverse. The reason for the divergent results is unclear but may be 
due to methodological differences. Instead of histological samples, Inoue et al. used 
T1 mapping to quantify myocardial fibrosis, which may be susceptible to other 
conditions, e.g. edema or fat infiltration (Schelbert & Messroghli, 2016). 
Additionally, in the study by Inoue et al., patients with QRS duration of more than 
120 ms were also excluded due to confounding effect for prolonging QTc time, 
whereas in our study, also patients with wide QRS complex were included and the 
confounding effect for repolarization was eliminated by measuring the JTc interval. 
Myocardial fibrosis-induced QRS prolongation is also advocated by studies that 
have demonstrated increased SCD risk related to wide QRS complex and the 
conduction-delaying properties of fibrosis (Aro & Huikuri, 2013; Nguyen et al., 
2014). Some other studies have also suggested that myocardial fibrosis may 
manifest as low QRS amplitudes (De Lazzari et al., 2018; Konno et al., 2016). Our 
results showed no linear association between Sokolow-Lyon index and fibrosis, but 
cardiac hypertrophy may have a confounding effect in this respect as fibrotic hearts 
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were also more commonly hypertrophic, which increases QRS amplitudes. The 
depolarization abnormalities related to fibrotic accumulation are probably due to 
the conduction-delaying properties of fibrotic tissue, but the mechanisms of 
repolarization abnormalities in fibrotic hearts are not fully clear.  

An analysis comparing subjects with moderate-to-substantial fibrosis and those 
with not more than mild fibrosis showed that LBBB had the best specificity (96.4%) 
whereas fQRS had the best sensitivity (60.9%) in detecting higher amounts of 
fibrosis. It is, however, notable that more than one in every four subjects with mild 
fibrosis had no ECG abnormalities. Therefore, ECG may lack sensitivity in 
detection of smaller amounts of fibrosis even though such patterns may possess 
increased vulnerability to malignant arrhythmias. The results also demonstrate that 
the ECG characteristics of fibrosis are unspecific and certain ECG measurements 
may have weak ability to detect fibrosis. Accumulation of ECG abnormalities was, 
however, a rather sensitive marker as 9 out of 10 victims with at least moderate 
fibrosis presented ECG abnormalities.  

6.2 Genetic background of SCD victims with previously 
unrecognized non-ischemic myocardial diseases  

Traditionally, PMF, HCM, DCM, and ARVC are recognized as distinct diseases, 
but increased knowledge regarding their genetic background and disease 
pathophysiology has demonstrated overlapping properties in both genetics and 
phenotypes. It may thus currently be challenging to draw a precise line between 
these entities. These diseases are classified based on structural and functional 
abnormalities; hence, they represent variable phenotypic expressions or disease 
stages of a cardiomyopathy spectrum where rare gene variants play an important 
role in the disease development. Variable phenotypes are probably affected by 
additional genetic and environmental factors that modify disease development and 
determine the precise phenotypic expression. This progress in cardiomyopathy 
research prompted us to investigate the genetic background of myocardial diseases 
that share the same properties with ARVC, HCM and DCM but do not fulfill the 
current criteria. The results from our second and third study further supported the 
aforementioned hypotheses as SCD victims with either PMF or apparently acquired 
myocardial disease at autopsy had likely disease-causing variants in the same genes 
that have previously been associated with ARVC, HCM and DCM.  

Although Finland has a relatively unique genetic background in ARVC, HCM 
and DCM, we found only one Finnish founder mutation in one SCD victim with 
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PMF. This variant was p.Asp175Asn in TPM1 and it is present in 6% of Finnish 
HCM patients (Jaaskelainen et al., 2019). Founder mutations related to ARVC or 
DCM were not detected (Lahtinen et al., 2013). We did not find any significant 
variants in ion channel coding genes either, which again denotes that the deaths 
were actually due to structural cardiac abnormalities. A few variants were present 
in RYR2 or CAV3 genes which have previously been associated with 
catecholaminergic polymorphic ventricular tachycardia and long QT syndromes 
(Pflaumer & Davis, 2019; Vatta et al., 2006). However, variants in RYR2 and CAV3 
genes have also been demonstrated to associate with cardiomyopathies (Hayashi et 
al., 2004; Tang, Tian, Wang, Fill, & Chen, 2012), and pre-mortem ECG with no 
abnormalities referring to channelopathies was available on the other study subject 
with likely pathogenic variant in CAV3 in study III. Variant classification may have 
substantial inter-observer variability, but the overall proportion of disease-
associated variants in our studies are not far from those previously reported in cases 
with suspicion of inherited disease (Bagnall et al., 2016; Lahrouchi et al., 2017; 
Sanchez et al., 2016; Tester & Ackerman, 2007). However, a recent study from the 
U.S. reported that only 2.5% of 600 SCD victims aged 72±9 harbored 
pathogenic/likely pathogenic variants, 40% of which were in cardiomyopathy 
genes (Khera et al., 2019). In contrast to our study, Khera et al. investigated only 
very rare variants (MAF<0.0001) and used a much smaller gene panel (49 genes), 
which may in part explain the difference. Additionally, a notable proportion of 
likely disease-causing variants in our study were located in genes associated with 
diseases that share phenotypical characteristics, militating against the possibility of 
a benign/chance finding.  

6.2.1 Cardiomyopathy specific variants 

Myocardial fibrosis is a hallmark of HCM and more than half of the patients have 
LGE in CMR, which is a sign of increased risk of arrhythmias (Green et al., 2012). 
However, LGE can detect only regional fibrosis and the proportion of patients with 
also diffuse fibrosis is probably higher. A study from 2010 suggested that 
myocardial fibrosis may even precede the characteristic hypertrophy of the LV apex 
or septum in HCM patients (Ho et al., 2010). Hence, distinguishing early HCM 
from PMF may be difficult, and some PMF cases in our second study may have 
been early stage HCM which would have developed into hypertrophy in the future. 
This hypothesis is supported by the finding that many of the disease-associated 
variants in PMF subjects were in genes that have previously been associated with 
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HCM, and some of the variants have actually been found in HCM subjects. One of 
those variants is a Finnish HCM founder mutation which is present in 6% of Finnish 
HCM subjects (Jaaskelainen et al., 2019). Variants that have previously been shown 
to be related to HCM were also present in victims with hypertension/obesity-
associated hypertrophy. These variants may explain some of the hypertrophy but 
unlike many of the HCM patients, our study subjects usually had no asymmetric 
hypertrophy or myocyte disarray in histological samples (B. J. Maron & Maron, 
2013). Based on the heart weight measured at autopsy, subjects with possibly 
disease-related variants had actually less hypertrophy than those without. The 
reason for this is not clear, but again, a possible explanation lies in the presence of 
myocardial fibrosis, which is a common determinant of the disease in both HCM 
and hypertension/obesity-related hypertrophic myocardial disease. It is possible 
that subjects with disease-causing variants in myocardial structure protein coding 
genes are more vulnerable to myocyte death and fibrotic accumulation (especially 
in the co-presence of hypertension/obesity) whereas hypertrophy may represent a 
secondary response. Altogether, studies that have demonstrated the fundamental 
role of myocardial fibrosis in HCM and SCD support the hypothesis that HCM-
related variants may predispose to SCD irrespective of classical structural 
abnormalities.  

We also found many ARVC/ACM-related gene variants in our study subjects. 
Although many autopsy studies report ARVC as a common autopsy finding in 
young SCD victims, many of these cases presumably also represent LV disease. 
Miles et al. demonstrated that among 202 cases of SCD due to ARVC/ACM, LV 
involvement was present in 87% (Miles et al., 2019). Furthermore, 17% had 
isolated left-dominant ACM without substantial RV disease. Distinguishing criteria 
between left-dominant/biventricular ARVC/ACM and PMF are not established. It 
is not even clear whether these are different diseases, and therefore some PMF cases 
in other studies may have been diagnosed as ARVC/ACM and vice versa. The exact 
role of fatty replacement in the myocardium is unclear in arrhythmias and 
ARVC/ACM, and fat infiltration is present also in those without heart disease 
(Basso & Thiene, 2005). Fibrotic accumulation in the myocardium is probably a 
more important determinant of ARVC/ACM and the results of our second study 
further support this hypothesis suggesting that PMF is a possible phenotypic 
expression of ARVC/ACM. The role of myocardial fibrosis in the disease 
development and arrhythmogenesis also explains the presence of likely disease-
causing variants in ARVC/ACM-related genes among SCD victims with 
hypertension/obesity-related myocardial disease since cardiac hypertrophy is not 
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usually associated with ARVC/ACM. Although 1/200 Finns carry ARVC/ACM 
founder mutations, none of those were present in our study subjects and the 
previous disease associations to ARVC/ACM were described outside Finland. 
Hence, our observations should not be specific to Finnish founder mutations.  

Additionally, many subjects with either PMF or acquired myocardial disease 
had DCM-related gene variants, which is an interesting finding since HF is usually 
a more common expression of DCM than arrhythmias (Weintraub et al., 2017). On 
the other hand, DCM has an extremely heterogeneous genetic background; rather 
than a distinct entity with specific genetic determinants, it is a term for the final 
common response of the myocardium to various insults. Myocardial fibrosis also 
has an important role in the development and prognosis of DCM, but it remains 
unclear why in our study subjects, fibrotic accumulation led to unexpected 
arrhythmias rather than to end-stage heart disease with dilatation and systolic 
dysfunction. Vulnerability to arrhythmias is probably dependent on factors beyond 
single gene variants and fibrosis, e.g. environmental factors or disease-modifying 
genes. Similarly to ARVC variants, our study subjects had no gene variants that are 
typical to Finnish DCM patients (e.g. p.Ser143Pro) although one SCD victim with 
PMF had a highly susceptible variant in LMNA, which is commonly defected in 
Finnish DCM patients (Karkkainen et al., 2006).  

6.2.2 Variable phenotypic expression of cardiomyopathies 

Our motivation in the second study was to test the hypothesis that at least part of 
the SCD victims with PMF at autopsy harbor genetic variants that are associated 
with a unique myocardial disease characterized by myocardial fibrosis without any 
other structural abnormalities. The results did show that PMF-related variants 
locate in the same genes that cause specific inherited structural cardiac diseases in 
a notable subgroup of the victims. However, since there are no specific genes or 
variants that are reported to cause PMF, the results suggest that PMF probably 
represents a unique phenotypic expression among a spectrum of inherited 
cardiomyopathies (ARVC, HCM, and DCM) rather than a distinct manifestation of 
genotype-phenotype associations (Wolf, 1997). Thus, PMF may represent an 
expression in an alternative phenotypic expression pathway in specific inherited 
cardiomyopathies rather than a distinct entity of specific genetic variants.  

It is reasonable to argue that such entities likely represent variable phenotypic 
expressions of a myocardial disease spectrum where excessive disease-causing 
gene variants to fibrotic accumulation are a fundamental component of 
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pathogenesis and unfavorable prognosis. This concept is supported by the results 
of the second study where 27% of the SCD victims due to PMF had possible 
disease-associated variants in genes that usually cause ARVC, HCM or DCM. 
Therefore, PMF is probably a variable phenotypic expression of a wide spectrum 
of inherited cardiomyopathies (Figure 13). However, it cannot be deduced based 
on the results of the second study whether PMF variation results from interactions 
with epigenetic influences, environmental factors or disease modifying genes. The 
concept of genetic modification of expression of inherited cardiomyopathies is a 
hypothesis that is suitable to our observations and justifies further research.  

Fibrotic replacement in the myocardium at autopsy in SCD victims in the 
absence of other detectable structural abnormalities, together with increasing 
evidence from imaging observations from clinical studies, suggests that fibrotic 
accumulation alone can be a sufficient structural abnormality for arrhythmogenesis 
and is hence an important structural pathway for increased risk of malignant 
arrhythmias. In addition to the results which demonstrate that PMF has a similar 
genotype patterns with ARVC, DCM, and HCM, PMF probably represents a much 
diverse myocardial disease than solely early form of DCM or HCM or left-
dominant ACM. This hypothesis is derived from the results of the second study 
where 73% of the SCD victims with PMF did not have significant variants in the 
gene panel of 174 myocardial genes. However, we cannot exclude the possibility 
of that some of these victims may have had disease-related variants beyond those 
genes. Identifying remaining or co-existing candidate genes would require an 
exome-wide association study but our study population is too small for such a study. 
Additionally, some of the PMF cases had probably developed due to acquired 
conditions, e.g. harmful drugs, previous toxic exposure or myocarditis. 

The methodology of the second study does not enable to evaluate the 
proportion of how many HCM, ARVC or DCM genotypes express as PMF 
phenotype in Finland. Finnish law requires medicolegal autopsy to be performed if 
the death is unexpected, and typical phenotypes of inherited cardiomyopathies are 
probably more likely to be diagnosed and treated as pre-existing disease before the 
occurrence of sudden death. Therefore, the proportion of HCM, ARVC and DCM 
may be underestimated in the Fingesture study. On the other hand, selection bias in 
the Fingesture study is negligible for cases that are not recognized in advance of 
sudden death. 
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Fig. 13. Illustration of cardiomyopathy disease spectrum. ARVC = arrhythmogenic right 
ventricular cardiomyopathy, HCM = hypertrophic cardiomyopathy, DCM = dilated 
cardiomyopathy.  

6.2.3 Contribution of rare gene variants in acquired myocardial 
diseases 

The concept of variable phenotypic expression led us to investigate the genetic 
background of SCD victims with apparently acquired hypertrophic myocardial 
disease. Our hypothesis was that increasing prevalence of hypertension and 
obesity-related LVH in addition to variable phenotypic expression of inherited 
cardiomyopathies may result in unrecognized myocardial disease where 
environmental causes for LVH interact with rare genetic variants and lead to the 
development of fibrotic accumulation in response to environmental triggers for 
pressure overload and LVH, and eventually, increase the risk for malignant 
arrhythmias.  
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Potentially disease-related variants were present in 38%. Although heavier 
hearts tend to be more fibrotic per se (Tanaka et al., 1986) and subjects with 
potentially disease-associated variants had, on average, smaller hearts, patchy or 
diffuse myocardial fibrosis was more commonly present in those with significant 
gene variants. This difference was not statistically significant, but smaller heart size 
is a possible confounding factor and may attenuate the association. Lack of 
statistical association is also probably due to insufficient sample size and the fact 
that fibrosis is an important determinant of heart disease also in acquired conditions 
(Hookana et al., 2011). It is also possible that some of the subjects without relevant 
variants (62%) may have had disease-associated gene defects beyond the gene 
panel. The presence of myocardial fibrosis was based on macroscopic view and 3–
5 histological samples, which may not be a highly sensitive method to detect 
fibrosis (Chugh et al., 2000; Corrado et al., 2001). Despite the aforementioned 
factors which complicate the interpretation, we found the association between 
fibrosis and likely disease-causing/uncertain variants interesting and noteworthy 
since it is in line with our hypothesis and may provide a possible explanation for a 
relatively small subgroup of SCD victims among those with hypertension/obesity-
related LVH. In conjunction with our hypothesis, previous studies have reported 
higher amount of fibrosis in HCM than in those with pressure overload hypertrophy 
(Hinojar et al., 2015; Tanaka et al., 1986). Lower mean BMI in those with relevant 
variants may also in part imply that the SCD risk originated partly from rare genetic 
variants.  

Our SCD victims in the third study were, on average, older at the time of SCD 
than those with typical HCM, but were notably younger than those dying due to 
CAD (Aro et al., 2017; Finocchiaro et al., 2019a). This pattern may in part denote 
the multifactorial etiology of the myocardial disease in our study subjects. In HCM, 
the presence of likely pathogenic variants has recently been associated with worse 
prognosis, and efforts have been made to find genotype-phenotype associations 
which would improve the recognition of patients with high SCD risk based on 
genetic determinants (Ho et al., 2018). However, although obesity and hypertension 
are increasing health problems worldwide and the amount of multifactorial 
myocardial disease is presumably increasing, the interactions between gene defects 
and environmental triggers for the development of life-threatening myocardial 
disease has received less attention (GBD 2015 Obesity Collaborators et al., 2017; 
Roberto et al., 2015). However, some of the likely disease-causing or uncertain 
variants had previously been described in patients with typical inherited 
cardiomyopathy (ARVC, HCM or DCM), meaning that in some cases, 
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hypertension/obesity-induced hypertrophy may have been an innocent bystanders 
in inherited cardiac diseases leading to SCD. Most of the cardiomyopathy-related 
gene variants have age-related incomplete penetrance, which supports the concept 
that phenotypic expression is not solely based on single gene variants; rather, it 
requires an additional disease-modifying determinant, either inherited or acquired 
(Figure 14).  

 

Fig. 14. Schematic illustration of gene-environmental interaction in the development of 
symptomatic myocardial disease. 

6.3 Clinical implications 

The clinical implications of the study results in this thesis can be divided regarding 
either ECG abnormalities or genetic testing. The unique rationale of Finnish 
legislation and the Fingesture study also highlight the role of post-mortem 
investigations to reliably determine the cause of death.  

6.3.1 ECG abnormalities 

Inferolateral ER probably represents a primary electrical disturbance of the heart 
muscle since it did not correlate with the amount of myocardial fibrosis in the fourth 
study and it has previously also been associated with SCD due to acute coronary 
event (Tikkanen et al., 2012). Hence, ER pattern may increase the risk of SCD 
independently of underlying structural heart disease, and the independent effect 
was also supported by our first study. Estimates from a meta-analysis by Wu et al. 
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concluded that the presence of ER pattern is associated with 1.7-fold increased risk 
of SCD in general population (Wu SH, Lin XX, Cheng YJ, Qiang CC, & Zhang J, 
2013). The incidence of SCD in general population is between 1–2/1,000, and 
according to a Finnish general population cohort of more than 10,000 subjects, the 
risk is roughly 37/10,000 among those with a malignant ER pattern (Tikkanen JT 
et al., 2011). These risks are congruent with chances of getting 9 and 8 tails in a 
row in a coin toss for ER negative and ER positive, respectively. The presence of 
inferolateral ER solely does not therefore warrant further courses of action due to 
the low absolute risk in general population. However, in borderline cases with 
already high SCD risk due to other risk factor accumulation, the presence of 
inferolateral ER may support actions toward prophylactic therapies. Further studies 
are needed to assess more the usefulness of ER in such cases.  

Although numerous studies have investigated the usefulness of ECG 
abnormalities in SCD prediction and found associations between ECG 
characteristics and increased SCD risk, the absolute SCD risk still remains 
inadequate to have any impact on clinical decision-making regarding primary 
prevention of SCD with ICD. Hence, the role of ECG in SCD prevention is 
primarily in the recognition of patients with underlying cardiac disease. Improved 
pharmacotherapy and decreased SCD rates in HF have narrowed the usefulness of 
ICD especially in non-ischemic myocardial diseases (Kober et al., 2016; Shen et 
al., 2017). This trend highlights the role of proper non-invasive treatment of 
underlying heart disease as a cornerstone for SCD prevention among those with 
cardiac disease. As seen in the literature review, SCD often associates with heart 
diseases with fibrotic accumulation. The results of the fourth study demonstrated 
that various depolarization and repolarization abnormalities in ECG associated 
with the degree of myocardial fibrosis at autopsy and were present before the death. 
Sudden death due to myocardial diseases often occurs without previously 
recognized cardiac disease and therefore patients with such ECG abnormalities, in 
the absence of cardiac disease diagnosis, should probably undergo cardiac 
examinations in order to detect underlying fibrotic heart disease, especially if any 
additional clinical risk factors (e.g. hypertension, obesity, family history of SCD, 
excessive alcohol consumption) are present. Early diagnosis and treatment of 
underlying cardiac disease in as yet asymptomatic patients may have an effect on 
SCD risk. A recent study from the U.S. demonstrated that warning symptoms often 
precede SCA, and those with known heart disease are more likely to call emergency 
medical services and survive (Marijon et al., 2016).  
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6.3.2 Genetic testing 

The results of the studies in this thesis also have some clinical implications 
regarding genetic testing, especially as part of post-mortem investigations. Current 
guidelines recommend post-mortem genetic testing to be used if SCD is due to 
structurally normal heart or inherited cardiomyopathies (Ackerman et al., 2011). 
According to the results of the second study, post-mortem genetic testing should 
probably also be used if the victim of SCD has unexplained myocardial fibrosis as 
the only structural abnormality in the heart without any explainable causes. 
Although myocardial fibrosis is a common phenotypic characteristic in ARVC, 
HCM and DCM, the genetic background of PMF has not previously been 
comprehensively studied. The results support the hypothesis of variable phenotypic 
expression of inherited cardiomyopathies and highlight the role of myocardial 
fibrosis as an important determinant of prognosis as it can be the only structural 
abnormality in the development of life-threatening arrhythmias.  

The results of the third study suggest that post-mortem genetic testing may also 
have implications if the SCD victim has environmental exposure to myocardial 
diseases but they are not in line with the magnitude of cardiac pathology. This 
considerable mismatch between hypertension/obesity and the magnitude of cardiac 
disease should raise suspicion of possible genetic predisposition that may 
potentially contribute to the expression and extent of myocardial disease. 
Hypertension and obesity are increasing problems in western societies; recent 
estimates report that nowadays, 46% of U.S. citizens have hypertension and up to 
one in three are obese (Muntner et al., 2018; Ng et al., 2014). Therefore, recognition 
of inherited diseases in such patients may be difficult if suspicion of inherited 
disease is based on the absence of environmental exposures. In addition to accurate 
diagnosis after SCD, the results of genetic testing in alive patients have a role in 
the guidance and treatment of genetically vulnerable subjects.  

6.3.3 Importance of post-mortem investigations 

More than half of SCDs due to non-ischemic myocardial diseases occur without 
previously diagnosed cardiovascular disease, which implies the irreplaceable role 
of meticulous post-mortem investigations (including autopsy) in the determination 
of cause of death (Hookana et al., 2011). As seen in previous studies, victims of 
non-ischemic SCD usually have the same risk factors that also cause CAD (e.g. 
obesity and hypertension) (Finocchiaro et al., 2018; Hookana et al., 2011; Tseng et 
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al., 2018; Wisten et al., 2017). Therefore, differentiating ischemic from non-
ischemic SCD especially in older victims, is impossible without properly 
performed autopsy and coronary investigations. Although CAD is the most 
important cause of SCD particularly in older victims, the Fingesture study has 
demonstrated that non-ischemic myocardial disease accounts for a substantial 
proportion of SCDs also among victims over 40–50 years, an age group where 
meticulous post-mortem investigations are often neglected due to high possibility 
of CAD. Post-mortem investigations are also important in initiating 
multidisciplinary procedures to find possible family members with the disease who 
are at increased risk of SCD. 

6.4 Study limitations 

The studies of this thesis also have some notable limitations that need to be 
addressed. In the first study, one source of possible bias is that the two study groups 
(SCD victims and general population) differ in terms of the study era and subject 
characteristics because the data from the control group was not collected for the 
purpose of this study. However, the aim of this study was not to evaluate the precise 
impact of inferolateral ER on the occurrence of non-ischemic SCD but rather, to 
demonstrate the significantly high prevalence of inferolateral ER in non-ischemic 
SCD victims. Also, we were not able to evaluate the presence of inferolateral ER 
in all non-ischemic SCD victims since pre-mortem ECG was not always available.  

In the second study, a major limitation is that NGS studies may not be sufficient 
to demonstrate a causative role between genetic variants and the disease. Also, 
many of the variants we detected were novel or VUS and the disease-causing nature 
of such variants should be confirmed by further meticulous studies that can 
demonstrate co-segregation with the disease in affected families and functional 
defects of altered proteins. Our ongoing study is targeted to investigate co-
segregation of disease-associated variants and PMF. The determination of the cause 
of death at autopsy may also have some inter-observer variability and be dependent 
on the expertise of the forensic pathologist. However, in the Fingesture study, 
autopsies were performed by only a few highly experienced forensic pathologists 
although the study population included subjects from an area covering 
geographically almost 50% of Finland. Uniform criteria for the diagnoses were also 
used. Still, the distinction between PMF and left-dominant ACM may be difficult 
and no specific criteria differentiating PMF from ACM have been established. 
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Fibrosis may also be caused by ischemia that is due to small vessel bridging or 
spasm, but this possibility is unlikely.  

In the third study, the most notable limitation is also probably due to lack of 
evidence on the possible co-segregation of disease-associated variants and 
phenotype in affected families. Similarly to the second study, the causative nature 
of association between detected variants and disease cannot be solely based on 
NGS studies. Also, current data regarding the pathogenic properties of certain 
variants is incomplete and disease-causing status may change over time as evidence 
increases. Especially in the case of VUSs, further evidence is needed to establish 
the possible pathogenicity of such variants. Although there are more autopsy-
verified SCD victims in the Fingesture study than in any other study in the world, 
we cannot be fully sure that all sudden deaths were actually due to cardiac disease. 
This may not, however, be a problem because SCD does not represent a cardiac 
disease itself: rather, it is a symptom of cardiac disease. The studies in the thesis 
investigated the association between genetic variants and specific structural cardiac 
diseases. Furthermore, the exact impact of rare genetic variants on the occurrence 
of SCD in hypertensive/obesity related myocardial diseases cannot be deduced 
from autopsy-based studies and therefore further prospective studies are needed to 
address this question. In addition, we did not have a matched control population 
although the data regarding the occurrence of gene variants was derived from the 
SISu database which includes genomic data from more than 10,000 Finns.  

Although the number of pre-mortem ECGs was high and all autopsies were 
performed by experienced forensic pathologists, the fourth study of this thesis also 
has some notable limitations. First, the median time from ECG recording to SCD 
was two years and important things can happen during this time. Second, we were 
not able to collect pre-mortem ECGs from all SCD victims, which resulted in 
insufficient statistical power for subgroup analysis. Third, the amount of 
myocardial fibrosis was not quantitative; instead, it was based on pathologist’s 
verbal statement. Finally, we currently have no data regarding the region or 
transmural distribution of myocardial fibrosis which also has an effect on ECG 
characteristics.  
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7 Concluding remarks 
The aim of this thesis was to investigate electrocardiographic risk markers of non-
ischemic SCD and to examine the previously unrecognized genetic background of 
SCD victims with PMF and obesity/hypertension-related myocardial disease. 
Among ECG abnormalities, we focused on the ECG characteristics of myocardial 
fibrosis and on studying whether previously ischemic SCD related inferolateral ER 
might also be a risk factor for non-ischemic SCD.  

In the first study, we demonstrated that inferolateral ER with malignant 
horizontal/descending ST segment in 12-lead ECG is a possible risk factor for non-
ischemic SCD. The association persisted independent of various SCD risk factors. 
This study was the first of its kind to report high prevalence of inferolateral ER in 
a large group of non-ischemic SCD victims. However, further cohort studies are 
required to evaluate the precise effect on inferolateral ER on the occurrence of non-
ischemic SCD in order to further assess the possible clinical implications among 
high-risk patients.  

The results of the second study showed that a substantial proportion of SCD 
victims due to PMF harbored disease-causing variants or VUSs in myocardial 
structural protein coding genes. Such variants have previously been associated with 
ARVC, HCM or DCM although our study subjects had no typical anatomical 
findings of these inherited cardiomyopathies. The results support the concept of 
variable phenotypic expression of inherited cardiomyopathies and demonstrate that 
PMF can be an alternative phenotypic expression or early manifestation of ARVC, 
HCM and DCM. The results also support the hypothesis that myocardial fibrosis 
as the only structural abnormality is sufficient to cause SCD because no rare 
variants in ion channel coding genes were present. According to the results, 
performing post-mortem genetic studies may be extended to cases where unspecific 
myocardial fibrosis is present even in the absence of the typical anatomical findings 
of ARVC, HCM or DCM.  

In the third study, likely pathogenic variants or VUSs were surprisingly 
common also among SCD victims with hypertension/obesity-related myocardial 
disease. Defected genes have previously been associated with the development of 
ARVC, HCM and DCM. The results suggest that rare variants in myocyte protein 
coding genes may interact with environmental factors contributing to the 
expression and extent of myocardial disease and associate with the risk of SCD. 
Therefore, the possibility of genetic predisposition to myocardial disease and life-
threatening arrhythmias should probably be taken into account in subjects with 
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considerable mismatch between environmental exposures and magnitude of cardiac 
disease.  

In the fourth study, we noticed that increased amount of myocardial fibrosis at 
autopsy was associated with QRS prolongation, pathologic Q waves, fragmented 
QRS complex, T-wave inversions and positive T-waves in aVR lead. Repolarization 
abnormalities had stronger association with fibrosis in ischemic than non-ischemic 
SCD victims. The findings also highlight the high prevalence of repolarization 
abnormalities among non-ischemic SCD victims in comparison to general 
population. Therefore, the presence of such depolarization and repolarization 
abnormalities may require further investigations to detect possible underlying life-
threatening heart disease, especially in the presence of any risk factors for non-
ischemic myocardial diseases. 
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