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Abstract
Cardiovascular disease is the leading cause of death in both genders worldwide, and coronary
artery disease (CAD) is the most common cause of cardiovascular death. Often the first
manifestation of CAD, especially in women, is sudden cardiac death (SCD). Studies concerning
gender difference in electrocardiographic (ECG) risk markers for adverse cardiac outcomes are
scarce. The aim of this thesis was to study ECG risk markers in women with different risk profiles.
In Study I, causes of death, autopsy findings, and ECG risk markers were studied in
consecutive series of 5,869 SCD victims who underwent medicolegal autopsy. Non-ischemic SCD
was more common in women, and especially the role of primary myocardial fibrosis as a cause of
death was pronounced. Women were more likely to lack prior ECG abnormalities. Only the
prevalence of ECG left ventricular hypertrophy (LVH) was higher in female SCD victims than in
their male counterparts.
In Study II, gender differences in the prevalence and prognostic value of QRS fragmentation
(fQRS) were studied in 10,264 middle-aged subjects with and without known cardiac disease, in
1,900 CAD patients with and without previous myocardial infarction, and in 1,101 autopsy
verified SCD victims. The prevalence of fQRS was considerably lower in women than in men in
each population, and fQRS had prognostic value for adverse cardiac event only in male subjects
with known cardiac disease.
In Study III, gender differences in ECG risk markers for heart failure hospitalization were
studied in 10,864 middle-aged subjects. Only ECG LVH predicted future heart failure
hospitalization in women, but not in men.
In Study IV, gender differences in the prevalence and prognostic value of different ECG
markers for cardiac death were studied in three large samples of Finnish middle-aged general
population containing a total of 20,310 subjects. The prevalence of all endpoints was considerably
higher in men than in women. Women had more often normal electrocardiogram compared to
men. ECG LVH was the only ECG variable which had a greater prognostic value for cardiac death
in women than in men. Inferolateral T wave inversions, prolonged QRS duration and inferolateral
early repolarization increased the risk of cardiac death only in men. Overall, the results of this
thesis contribute to a growing understanding of the different ECG risk profiles of men and women.

Keywords: cardiac death, cardiovascular disease, congestive heart failure,
electrocardiography, gender differences, mortality, risk factors, sudden cardiac death

Haukilahti, Anette, Sydänperäinen äkkikuolema sekä sydänkuolleisuus ja
-sairastavuus naisilla. Elektrokardiografiset riskitekijät
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
Acta Univ. Oul. D 1600, 2021
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Sekä miehillä että naisilla sydän- ja verisuonisairaudet ovat maailmanlaajuisesti yleisin kuolinsyy, joista sepelvaltimotaudin osuus kuolemaan johtavana sairautena on suurin. Erityisesti naisilla sydänperäinen äkkikuolema on usein sepelvaltimotaudin ensimmäinen ilmentymä. Tutkimuksia sukupuolieroista 12-kytkentäisen sydänfilmin (EKG) riskitekijöissä on tehty vähän. Tämän
väitöstutkimuksen tavoitteena oli tutkia EKG-riskimarkkereita erilaisen riskiprofiilin omaavilla
naisilla.
Tutkimuksessa I analysoitiin 5 869 sydänperäisen äkkikuoleman uhrin kuolinsyy ja ruumiinavauslöydökset sekä 1 101 uhrin EKG. Ei-iskeeminen äkki¬kuolema oli tyypillisempi naisilla,
joilla kuolinsyynä korostui erityisesti primaari sydänlihaksen fibroosi. Naisten EKG oli miehiä
useammin tulkittavissa normaaliksi, ja ainoastaan vasemman kammion hypertrofia (LVH) oli
tyypillisempi löydös äkkikuolleilla naisilla kuin miehillä.
Tutkimuksessa II tarkasteltiin sukupuolieroja QRS-kompleksin fragmentoitumisen (fQRS)
esiintyvyydessä ja ennustavuudessa 10 264 keski-ikäisellä terveellä ja sydänsairaalla suomalaisella, 1 900 sepelvaltimotauti¬potilaalla sekä 1 101 ruumiinavatulla sydänperäisen äkkikuoleman uhrilla. fQRS:n esiintyvyys oli jokaisessa populaatiossa korkeampi miehillä, ja ennusteellista merkitystä epäsuotuisalle sydäntapahtumalle havaittiin ainoastaan miehillä, joilla oli tiedossa oleva sydänsairaus.
Tutkimuksessa III tutkittiin sukupuolieroja EKG-muuttujien ennustavuudessa sydämen
vajaatoiminnan sairaalahoitojaksoille 10 864 keski-ikäisellä suomalaisella tutkittavalla. Ainoastaan LVH ennusti tulevaa sydämen vajaatoiminnan sairaalajaksoa naisilla, mutta ei miehillä.
Tutkimus IV käsitteli sukupuolieroja EKG-muuttujien ennustearvossa sydänkuolemalle kolmessa suuressa suomalaisessa keski-ikäistä perusväestöä kuvaavassa aineistossa, jotka yhdessä
sisältävät 20 310 tutkittavaa. Kaikki päätetapahtumat olivat yleisempiä miehillä kuin naisilla.
Naisilla EKG oli miehiä useammin normaali. Ainoastaan LVH:lla oli tulevan sydänkuoleman
kannalta suurempi ennustemerkitys naisilla kuin miehillä. Inferolateraaliset T-aallon inversiot,
pidentynyt QRS-kesto ja inferolateraalinen varhainen repolarisaatio nostivat sen sijaan sydänkuoleman riskiä vain miehillä. Kokonaisuudessaan tämän väitöstutkimuksen tulokset lisäävät
osaltaan tietämystä naisten ja miesten erilaisesta EKG-riskiprofiilista sydäntapahtumille.

Asiasanat: elektrokardiografia, kuolleisuus, riskitekijät, sukupuolierot, sydämen
vajaatoiminta, sydän- ja verisuonitaudit, sydänperäinen kuolema, sydänperäinen
äkkikuolema

To my mother – a woman with a golden heart
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1

Introduction

Cardiovascular disease (CVD) is a pathological process affecting the entire arterial
circulation and its manifestations are various cardiac and vascular diseases, of
which the most common are coronary artery disease (CAD) (44%), stroke (17%),
heart failure (9%), atrial hypertension (9%), stroke and disease of the peripheral
arteries (3%) (Benjamin et al., 2018). CVD is the leading cause of death worldwide
in both women and men causing approximately one-third of all deaths, resulting in
17.9 million deaths annually (Maffei et al., 2019; Roth et al., 2017). Despite the
overall reduction in CVD mortality, the death rate of CVD increased again between
2005 and 2015, and the age-adjusted death rate exceeds the amount of deaths
caused by cancer. CAD is the most common cause of these deaths. (Benjamin et
al., 2018).
The prevalence of CVD is nearly similar among both genders, being slightly
lower among females aged 20–79 years, but again slightly higher among females
≥ 85 years old (Benjamin et al., 2018). Even though the first female-specific
recommendation for prevention of CVD was published by the American Heart
Association (AHA) back in 1999 (Mosca et al., 1999), the erroneous perception
that women are protected against CVD is still strong (Sciomer, Moscucci, Dessalvi,
Deidda, & Mercuro, 2018). This conception may stem from the different symptoms
of CAD among women as they are more often asymptomatic, or their symptoms
are atypical. As a result of atypical symptoms and underestimation of CAD in
women, further non-invasive diagnostics and treatment of CAD are less frequent
among women. Altogether, the prognosis of CAD is worse in women than in men.
(Crea, Battipaglia, & Andreotti, 2015). Often the first manifestation of CAD,
emphasized in women, is sudden cardiac death (SCD) (Chiuve et al., 2015; Wellens
et al., 2014; Winkel et al., 2017).
SCD is estimated to cause approximately 50% of annual cardiovascular deaths,
and it is evaluated that 70% of the SCDs are of ischemic origin (Hayashi, Shimizu,
& Albert, 2015). The vast majority of SCDs occur among men, and therefore,
information on SCD in women is still scarce. Gender differences in the mechanisms
and risk markers of SCD are likely. (Albert et al., 2003). Typically, SCD is caused
by life-threatening ventricular tachyarrhythmia (Huikuri, Castellanos, & Myerburg,
2001). Therefore, many SCDs could be prevented with an implantable cardioverter
defibrillator (ICDs), the purpose of which is to cut off the possibly fatal ventricular
arrhythmia. However, ICDs are not able to prevent the development of ventricular
arrhythmia, which is why treatments and lifestyle changes targeting the underlying
19

cardiac disease predisposing to ventricular arrhythmias play an essential role in the
prevention of SCDs (Chugh et al., 2008). Despite the recent improvements in the
assessment of cardiovascular risk at population level and treatment of cardiac
diseases, the risk stratification of SCD at individual level is still challenging.
Current guidelines for ICD implantation for primary prevention do not take into
account screening of SCD risk in the general population or among asymptomatic
or mildly symptomatic CAD patients (Priori et al., 2015) among whom women are
overrepresented.
Standard 12-lead electrocardiogram illustrates the electrical activity of the
myocardium. Supplementing traditional risk factor assessment with standard 12lead electrocardiogram might assist in evaluating the suitability of an asymptomatic
person without CVD for risk-reduction therapies (O’Malley & Redberg, 2012). In
previous literature of risk assessment for CVD and cardiovascular mortality based
on resting electrocardiogram depression of ST-segment, T-wave inversion (TWI),
electrocardiographic (ECG) sign of left ventricular hypertrophy (LVH) or strain
and premature ventricular contractions have been associated with 2–10 fold risk for
CAD events in asymptomatic persons (Chou et al., 2011). Recent studies on the
role of ECG abnormalities in cardiac and sudden cardiac death have been mainly
conducted on cardiac patients whereas there has been less focus on the general
population and gender differences, until recently. Several different ECG
abnormalities have been associated with SCD and cardiac death in general
population (Aro et al., 2013, 2011, 2012; Holkeri et al., 2020; Terho et al., 2014;
Tikkanen et al., 2009), yet the predictive value of these separate findings remains
low, especially among supposedly healthy subjects. Despite regulators calling for
the meaningful inclusion of subjects of both genders in clinical research, there is
still a shortage of gender equal research frames, which leads to lack of knowledge
concerning the mechanism and risk stratification tools of cardiac death in women.
(Lam et al., 2019).
The aim of this thesis was to clarify the characteristics of SCD in women and
to identify the gender differences in the prevalence and prognostic value of ECG
risk markers typical for SCD. This thesis provides novel information of cardiac
death, SCD and heart failure hospitalizations among women drawn from a
comprehensive general population data set, medicolegal autopsy-based data and
angiographically verified CAD patient population.
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2

Review of the literature

2.1

Coronary artery disease

2.1.1 Gender differences in the epidemiology of coronary artery
disease
Coronary artery disease (CAD) is a term associated with insufficient blood supply
to the myocardium caused by the obstruction of the epicardial coronary arteries.
Usually, the obstruction of coronary arteries stems from atherosclerosis, which is
also a typical reason for CAD mortality, as the sudden rupture or progressive
erosion of the atherosclerotic plaque leads to an obstructive thrombus. The
manifestations of CAD are angina pectoris, myocardial infarction, and silent
myocardial ischemia.
The prevalence of CAD is quite similar in both genders in US population ≥ 20
years old with a slight male predominance (Benjamin et al., 2018). In Finnish
population consisting of subjects ≥ 50 years of age (FinHealth Study 2017), the
prevalence of CAD was 14.3% among men and 7.2% among women. CAD is rarely
seen among subjects under 50 years of age. (Koponen, Borodulin, Lundqvist,
Sääksjärvi, & Koskinen, 2018). Age is one of the most important risk factors of
CAD. The prevalence of any vascular disease has been shown to be higher with
each decade of life, and each additional decade of life approximately doubles the
risk of vascular disease (Savji et al., 2013). Both the prevalence and incidence of
CAD increases with age among both genders (Benjamin et al., 2018; Koponen et
al., 2018).
However, CAD occurs approximately ten years later in women than in men
(Kannel et al., 1998) as a consequence of loss of the beneficial effects of estrogen
after menopause. The gender difference in the incidence of CAD narrows
considerably with advancing age in US population, and the incidence at the age of
65–94 years in comparison to the age of 35–64 years more than doubles among
men and triples among women (Benjamin et al., 2018). In Finland, CAD is
approximately twice more prevalent among men under 70 years of age than among
women in the same age group, but after 80 years of age the prevalence difference
between genders disappears. Because there are less men in this age group patients
with CAD ≥ 80 years old are more often women. (Koponen et al., 2018). The
serious manifestations of CAD such as myocardial infarction and SCD are rare
21

among premenopausal women (L. S. Mehta et al., 2016). American Heart
Association (AHA) guidelines recognize postmenopausal state as an equally strong
risk factor for CVD as male sex (Mosca et al., 2011). In postmenopausal women,
both the incidence and severity of CAD increase unpredictably 3-fold in
comparison to premenopausal women of similar age. (Gordon, Kannel, Hjortland,
& McNamara, 1978). However, when the prevalence of myocardial infarction was
compared between genders in a middle-aged study population between 1988–1994
and 1999–2004, there was a decreasing trend in men while an increasing trend was
seen in women (Towfighi, Zheng, & Ovbiagele, 2009). Although the CAD
mortality rates have declined globally over the past four decades, the incidence of
CAD decreased less between 2005–2015 among women in comparison to men.
(Benjamin et al., 2018).
2.1.2 Development of atherosclerosis – the significance of gender
Atherosclerosis of the coronary arteries develops when some of the low-density
lipoprotein (LDL) particles pass through the endothelial cell layer of the coronary
arteries and end up in the inner part of the coronary artery called intima. The LDL
particles get phagocytosed by macrophages, which get filled up by cholesterol
esters and are transformed into foam cells. When foam cells die, the cholesterol
esters are released into the extracellular space, which leads to the development of
a fat core and atheroma. In addition, the LDL particles from the circulation can find
their way to the base layer of the intima, merge to fat drops, and form a fat core.
Due to this development, there is a constant inflammation reaction in the intima
which causes collagen synthesis and division of the smooth muscle cells and
formation of a fibrous cap, leading to the development of fibroatheroma. However,
at some point cytokines can prevent the collagen synthesis of the smooth muscle
cells and cause their apoptosis. This makes the fibrous cap thinner and the plaque
more unstable. (Guyton & Klemp, 1996; Hansson, 2005). High-density lipoprotein
(HDL) particles can receive unesterized cholesterol released from lysosomes of the
macrophages through ABCA1-transporter protein or from the surface of the
macrophages through the ABCG1-transporter protein. However, also HDL
particles are transformed in the intima due to oxidative and proteolytic stress, and
therefore this natural anti-atherosclerotic pathway does not prevent the
development of atherosclerosis. (Guyton & Klemp, 1996).
The occlusion of the coronary artery is caused either by disruption or by socalled erosion pathway, where repeated erosion of the collagen top of the
22

fibroatheroma leads to gradual growth of the size of the fibroatheroma due to small
and local surface thrombi. The formation of a thrombus at the site of the disruption
limits the blood flow to the myocardium even more, resulting in myocardial
infarction. (Falk, Nakano, Bentzon, Finn, & Virmani, 2013). Plaque rupture is the
most common cause of acute myocardial infarction, especially among men, causing
60–70% of the cases (Hansson, 2005). Among women younger than 50 years, the
erosion pathway is a more common cause of myocardial infarction, yet the
frequency of plaque rupture increases with each decade after the age of 50 years;
however, the explanation for the phenomenon is still unknown (Falk et al., 2013).
Regarding the Women’s Ischemia Syndrome Evaluation (WISE) study, over 50%
of the women had insignificant changes or even clear coronary vessels in
angiography (Merz et al., 1999).
The basis of the gender differences in cardiovascular regulatory mechanisms
lies in the presence of the sex chromosomes (XX for female and XY for males),
which leads to the production of the sex hormones estrogen and testosterone (A. P.
Arnold & Lusis, 2012). Estrogen receptors and estrogen are responsible for the
cardioprotective mechanisms in women. The effect of sex hormones on the
regulative enzymes of lipoprotein metabolism differs: estrogens increase the
concentration of HDL while androgens reduce it. Dyslipidemia, meaning high LDL
or triglyceride concentration or low HDL concentration in blood, has long been
known to associate with atherosclerosis and increased risk for CVD in both genders.
(Barton, 2013). As the concentration of estrogen decreases vastly while
transitioning to menopause, the natural anti-atherosclerotic pathway is disturbed.
(Maffei et al., 2019). Menopause is a well-known and independent risk factor for
CVD as in menopause, the concentration of LDL (+10–14%) and triglycerides (+4–
8%) increases while the concentration of HDL decreases or remains unchanged
(Brewer, Svatikova, & Mulvagh, 2015; Maffei et al., 2019). Based on some studies,
the total cholesterol concentration is higher in women aged > 50 years than in men
of similar age group (Brewer et al., 2015). Actually, the levels of total cholesterol,
LDL and lipoproteins seem to be stronger risk factors for developing CAD in
women than in men; of these, hypertriglyceridemia had the greatest prognostic
value (Crea et al., 2015; Ferrari et al., 2013; Gierach et al., 2006). Luckily, to
balance the equation, women with CAD seem to derive greater benefit from statin
therapy than men (Puri, Nissen, & Nicholls, 2015). Statin therapy is often the first
choice of medicinal treatment of dyslipidemia in addition to lifestyle changes.
Hypertension is an unquestionable risk factor of CAD (Kannel et al., 1961).
Hypertension accelerates atherogenesis by altering hemodynamics but also by
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causing endothelial cell dysfunction and increasing inflammation in the intima
(Gimbrone & García-Cardeña, 2016). Estrogen contributes to the control of blood
pressure via several mechanisms which are lost after the menopause. Estradiol
induces the synthesis of nitric oxide (NO) which improves vascular compliancy as
simultaneously, estrogen indirectly inhibits vascular smooth muscle contraction.
Among postmenopausal women, estrogen deficiency promotes an increase in
peripheral resistance which increases the blood pressure. Estradiol also directly
regulates blood pressure via renin concentration and levels of natriuretic peptides.
Women are more likely to have high blood pressure after the age of 65 years in
comparison to men, and the gap between genders continues to increase with age
(James et al., 2014). In the WISE study, elevated systolic blood pressure during
premenopausal time was associated with the occurrence of atherosclerotic plaque
within 5−8 years after the menopause (Gierach et al., 2006). As postmenopausal
vasomotor symptoms caused by estrogen deficiency, such as hot flashes and night
sweats, are associated with decreased endothelial function and vascular compliance,
the severity of these symptoms has been linked to increased systolic blood pressure,
and they increased independently the risk of developing coronary events. Moreover,
the production of oxygen free radicals increases in menopause, inducing proinflammatory state, which enhances the development of atherosclerosis and
endothelial dysfunction. (Maffei et al., 2019).
In addition, when considering the gender differences in the pathophysiology of
atherosclerosis, one important aspect is the effect of lifestyle. Lifestyle choices
supporting good arterial health include a healthy, versatile diet containing only little
saturated fatty acid or trans-fat and lots of fiber, fruit and vegetables, taking regular
physical exercise, not smoking, having a low-stress lifestyle, and getting a
sufficient amount of sleep. Psychological factors such as stress, depression and
anxiety are known risk factors for CDV and are often seen among menopausal
women. Depression has shown to increase the relative risk of developing CAD
among women. (Maffei et al., 2019). However, the most important lifestyle
difference between the genders has been the popularity of smoking among males,
even though the difference in smoking habits has narrowed considerably during the
past few decades. Smoking seems to be a stronger risk factor for CAD in women
than in men, especially after the age of 50 years (Crea et al., 2015). Smoking
accelerates atherogenesis by damaging the endothelial cells of the coronary arteries
and by increasing endothelial dysfunction considerably (Mayhan & Patel, 1997).
Tobacco smoking releases many oxidative vapors which not only promote
inflammation and endothelial dysfunction but also stimulate coagulation of blood
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(Raghuveer et al., 2016). In addition, smoking is associated with adverse effects on
serum lipid levels (Craig, Palomaki, & Haddow, 1989) and with insulin resistance
(Reaven & Tsao, 2003). Nicotine causes an increase in heart rate, blood pressure
and cardiac output which increase oxygen demand of the myocardium,
predisposing smokers to myocardial ischemia and acute coronary syndrome
(Neunteufl et al., 2002). In women, nicotinism is linked to loss of the vasodilatory
influence of estrogen in the coronaries, reduction of concentration of HDL, and
even to premature menopause, accelerating it by two years (Ferrari et al., 2013).
2.1.3 Classical risk factors of coronary artery disease – impact on
adverse prognosis
The Framingham Heart Study launched in 1948 was the first large-scale
epidemiological research to study CVD and its risk factors (Mahmood, Levy, Vasan,
& Wang, 2014). Traditional Framingham risk factors for CVD such as elevated
blood pressure and cholesterol levels, diabetes, age and gender have been
confirmed to increase the risk of cardiac mortality in both genders (Greenland et
al., 2003; Kannel et al., 1961), but it is likely that the impact of classical risk factors
for CVD differs in men and women (Maffei et al., 2019). Additionally, there are
multiple risk factors unique for women that associate with their reproductive history,
and development of CVD in women may correlate with some specific events from
that timeline (Maffei et al., 2019).
The effects of age, dyslipidemia, hypertension and smoking on the risk of CAD
have already been discussed in earlier sections. Family history of premature CAD
(CAD in a first-degree male relative under the age of 50 years or a female relative
under the age of 60 years) increases female individuals’ risk of developing CVD,
as does personal history of CAD or other atherosclerotic vascular disease such as
peripheral arterial, cerebrovascular or aortic disease (Mosca et al., 2011).
Another well-known risk factor for CVD is diabetes, the effect of which is to
a great degree based on accelerated coronary artery atherosclerosis often
accompanied with dyslipidemia (Rydén et al., 2013). In addition, hyperglycemia
leads to reduced levels of insulin-like growth factor-1, which normally suppresses
the apoptosis of myocytes. Type 2 diabetes mellitus (T2DM) is actually associated
with higher risk of CAD in women in comparison to men (Crea et al., 2015).
Mortality from myocardial infarction is also considerably higher among women
with T2DM than among their male counterparts and women without diabetes
(Ferrari et al., 2013).
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Obesity has been shown to increase the risk of CAD by 64% in women and by
46% in men. Especially abdominal obesity is a risk factor for CAD. Waist
circumference > 84 cm in men and > 71 cm in women is related to higher risk of
future CAD regardless of normal BMI. (Flint et al., 2010). Menopause promotes a
change in body fat distribution so that visceral adiposity increases in menopausal
women. As insulin sensitivity decreases in menopause, women are more prone to
develop diabetes and metabolic syndrome, both of which are independent risk
factors for CVD and CAD. (Maffei et al., 2019).
In addition, chronic kidney disease, inflammatory and rheumatic diseases and
psychological stress seem to be risk factors for CVD in both genders (Mosca et al.,
2011). Reduced levels of thyroid hormones lead to dysfunction of coronary
microcirculation (Sara, Zhang, Gharib, Lerman, & Lerman, 2015). The
contribution of inflammation to the development of atherosclerosis is obvious. The
level of inflammation is associated with concentration of hs-CRP, and it is related
to at least 2-fold increase in the risk of future cardiovascular events. (Jia et al.,
2020). Even though women tend to have higher levels of hs-CRP the rate of
cardiovascular events is similar in both genders (Garcia-Moll, Zouridakis, Cole, &
Kaski, 2000). Inflammatory and rheumatic diseases are more common among
women and they also increase the risk of CAD via chronic inflammation (Shaw et
al., 2006). One important and curable inflammatory state associating with higher
risk of CVD and CAD is periodontitis (Sanz et al., 2020).
2.1.4 Risk factors unique for women
In addition to risk factors for CVD that are common for both genders, there are also
numerous risk factors unique to women relating to their reproductive history and
status.
Menopause
Post-menopausal status is a well-known risk factor for CVD in women (Stone et
al., 2014) and the effects of fading estrogen production on cardiovascular health
have previously been described in more detail. The earlier the menopause occurs
the greater the risk for future CVD and the poorer the outcome seems to be (Mondul,
Rodriguez, Jacobs, & Calle, 2005; Podfigurna-Stopa et al., 2016). In premature
ovarian failure, women lose ovarian function before the age of 40 years, which
leads to early menopause and increased risk of atherosclerosis, CVD events and
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heart failure (Jankowska, 2017). Women with a history of early menopause have
worse CAD, CVD and total survival and greater risk for stroke in comparison to
those who experience menopause at normal age (Maffei et al., 2019).
Oophorectomy, surgical menopause, has not only been associated with increased
risk for CVD but also with premature death, osteoporosis, cognitive impairment,
parkinsonism, and sexual dysfunction. If bilateral oophorectomy is performed
before the age of 46, women tend to have more often CAD, hyperlipidemia, cardiac
arrhythmias, osteoporosis, depression, arthritis, asthma, or other chronic
obstructive pulmonary disease. Most importantly, these associations were reduced
in women who received estrogen therapy. (Maffei et al., 2019). The newest findings
concerning hormone replacement therapy in postmenopausal women suggest that
hormone replacement therapy actually lowers the risk of CAD, especially if started
less than 10 years after the menopause (Tuomikoski & Mikkola, 2014). However,
hormone replacement therapy is not currently recommended for primary or
secondary prevention of CAD. However, even though estrogen has protective
effects on the cardiovascular system, premature menarche is linked to higher risk
for CVD (Canoy et al., 2015).
Polycystic ovary syndrome
Polycystic ovary syndrome (PCOS) is a gynecological and metabolic disorder in
which increased amounts of stromatic tissue around the follicles cause an increase
in androgen production, inhibiting normal ovulation (Rosenfield & Ehrmann,
2016). PCOS is associated with reproductive, metabolic, and psychosocial
abnormalities, and its most typical clinical manifestations are menstrual irregularity
and infertility as well as hirsutism, acne and alopecia caused by hyperandrogenisms.
Approximately half of the women with PCOS are obese, and visceral obesity
influences the production of pro-inflammatory cytokines contributing to the
development of subclinical inflammation, and via this pathway, the development
on atherosclerosis at a young age among patients with PCOS. In addition, insulin
resistance with compensatory hyperinsulinemia is linked to some phenotypes of
PCOS, causing increased prevalence of glucose tolerance and T2DM among PCOS
patients. In addition, PCOS is shown to be an independent risk factor for
hypertension, dyslipidemia, and metabolic syndrome. As all these pathological
features promote the development of CAD, stroke and cardiovascular mortality in
women, PCOS should be considered a major risk factor for CAD and stroke and it
may also intensify a causal effect on CVD. (Maffei et al., 2019).
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Pregnancy complications and the risk of CAD
Pregnancy-related complications are one of the major female-specific CVD risk
factor categories. During the first weeks of pregnancy, the blood pressure first
decreases 5–10 mmHg but then starts to increase after 20th pregnancy week,
however typically not until 32nd to 36th pregnancy week (European Society of
Gynecology et al., 2011). The incidence of hypertensive disorders in pregnancy
varies between 6% and 8%. Preeclampsia is a condition where systolic blood
pressure exceeds 140 mmHg and/or diastolic blood pressure exceeds 90 mmHg on
two repeated blood pressure recordings after 20th week of pregnancy and the
expectant mother also suffers from proteinuria ≥ 0.5g per day. The increase in blood
pressure can be explained by impaired invasion of trophoblasts into the
myometrium, which leads to weak angiogenesis in the early placenta and uterus.
This leads to oxidative stress of the placenta which provokes an excess
inflammatory response leading to endothelial damage and capillary dysfunction. (J.
M. Roberts & Hubel, 2009). The association between preeclampsia and future CVD
has been explained by underlying vascular dysfunction. Women with history of
preeclampsia have an increased risk for hypertension later in life and especially
after menopause. The risk is also elevated for CVD, T2DM, stroke, deep venous
thrombosis, and all-cause mortality. As it correlates with many cardiovascular risk
factors, preeclampsia is the best predictor of future CVD when it comes to
pregnancy complications. (Maffei et al., 2019).
Gestational diabetes increases considerably the risk for glucose tolerance,
T2DM and metabolic syndrome after pregnancy. Higher incidence of these risk
factors also leads to elevated risk for CVD, which is mainly related to the
development of T2DM. However, women with gestational diabetes have a higher
prevalence of CAD and stroke at younger age even without existing T2DM.
Gestational diabetes has also been associated with hypertension, angina pectoris
and myocardial infarction. (Maffei et al., 2019).
In addition, preterm birth (an infant delivered before 37 weeks) is related to
higher lifetime risk for CVD and higher incidence of cardiovascular events (Maffei
et al., 2019). In some studies, preterm birth has been associated with 3-fold risk for
CVD morbidity and mortality later in the mother’s life (Minissian et al., 2018). As
the pathogenesis of preterm birth is still unclear, it has been suggested that the
association between preterm birth and higher risk of development of CVD could
be explained by dysregulation of cardio-metabolic factors as some studies have
linked preterm birth with insulin resistance, high blood pressure and low-grade
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inflammation.
Repeated spontaneous miscarriage is also related to the
development of CVD. (Maffei et al., 2019).
With the exception of avoidance of estrogen-progestin contraceptives and
hormone replacement therapy in women with multiple risk factors for or known
atherosclerotic CVD, there are no specific interventions aimed at modifying
female-specific risk factors for CVD in addition to encouraging adoption of
lifestyle modifications to reduce the overall CVD risk. In particular, women with
history of preeclampsia or early menopause should be given special attention as
preventive therapies and interventions at an earlier age may improve overall
cardiovascular health, especially in postmenopausal years (Maffei et al., 2019).
2.1.5 Prognosis of coronary artery disease in women
Survival of female patients with both acute and chronic coronary syndromes is
worse than that of men even among younger subjects aged < 50–60 years. One
explanation may be poorer recognition of CAD among women as they are more
likely to have atypical symptoms of CAD: uncharacteristic chest pain with
increased sweating, dyspnea, nausea, and even vomiting. Unfortunately, these
symptoms lead more rarely to further non-invasive diagnostics of CAD in women.
Recently, women were shown to be more vulnerable to having unrecognized prior
myocardial infarction than men (Winkel et al., 2017). Moreover, non-invasive CAD
diagnostics (resting electrocardiogram and an exercise stress test) are less sensitive
and less specific among women than among men. (Crea et al., 2015). In addition,
women > 75 years are overrepresented among asymptomatic patients which may
be due to presence of diabetes or lower physical activity (Ferrari et al., 2013).
Underestimation of CAD in women results in underdiagnosis and undertreatment (Crea et al., 2015). The benefits of pharmacotherapy in treatment of CAD
are shown to be similar in both genders, yet women are less often medicated
optimally and undergo less often angiography and coronary revascularization (Daly
et al., 2006). Despite the undertreatment among women, the outcomes of stable
angina are generally similar in both genders (Crea et al., 2015). Women undergoing
percutaneous or surgical coronary revascularization are more prone to hemorrhagic
complications or ischemic stroke than men (Duda-Pyszny, Trzeciak, & Gasior,
2018) and the hospital mortality rate is higher in women after coronary artery
bypass grafting (Crea et al., 2015). The worse prognosis of female patients can be
partly explained by their older age as CAD occurs in women approximately 10
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years later than in men, and also by the greater burden of comorbidities such as
diabetes and chronic kidney disease (Duda-Pyszny et al., 2018).
2.2

Heart failure

2.2.1 Gender differences in epidemiology of the heart failure
In heart failure, the heart is unable to pump blood efficiently enough to respond to
the need of the body’s organs and tissues, which is emphasized during physical
activity. This can be due to weakened contraction capability of the left ventricle or
the heart’s incapacity for normal diastolic inflation. (Mann, 2011). Approximately
23 million people suffer from heart failure worldwide, and heart failure is also one
of the leading causes of hospitalization in the US and Europe (Ambrosy et al., 2014).
Due to the aging of the population and advancements in medical treatment of
cardiac diseases, the prevalence of heart failure is constantly increasing (Benjamin
et al., 2018; Heidenreich et al., 2013). The age-adjusted incidence of heart failure
is higher among men, but the prevalence of heart failure is similar among both
genders, which is exceptional considering that other cardiac diseases are usually
dominant among men (Hsich & Piña, 2009; Levy et al., 2002). Heart failure is rare
among subjects under 50 years of age, but its prevalence increases rapidly with
aging. In Finnish population, the prevalence of heart failure among male subjects
between 50–59 years and female subjects between 60-69 years was 3% whereas
among subjects ≥ 80 years the prevalence was 24% in men and 27% in women.
(Koponen et al., 2018). The non-existent prevalence difference in heart failure
between the genders can most likely be explained by the shorter lifespan of males.
(Hsich & Piña, 2009; Levy et al., 2002).
In the vast majority of the study populations in previous randomized clinical
trials, women have been underrepresented (Dunlay & Roger, 2012; Ghali et al.,
2003; Hsich & Piña, 2009), with a couple of exceptions (Ambrosy et al., 2014;
Yusuf et al., 2003). Despite the fact that almost half of the heart failure patients are
women, they have represented only 20% of the study populations in randomized
trials (Hsich & Piña, 2009; A. L. Taylor, 2015). Therefore, little is known about the
impact of gender on the prevalence of hospitalization due to heart failure (Dunlay
& Roger, 2012; Ghali et al., 2003; Hsich & Piña, 2009). Some studies have reported
higher hospitalization and readmission rates for women (Frazier et al., 2007;
Howie-Esquivel & Dracup, 2007) while others have described higher rates among
30

men (Dunlay et al., 2009; O’Meara, Clayton, McEntegart, McMurray, Piña, et al.,
2007). The Atherosclerosis Risk in Communities (ARIC) Study found that between
2005–2014, the largest average annual increase in acute heart failure hospitalization
rates was seen among black women (Chang et al., 2018). However, among women
co-morbidity is higher and the quality of life is weaker in comparison to men
(Dunlay & Roger, 2012; Ghali et al., 2003; Hsich & Piña, 2009; Lam et al., 2019;
O’Meara et al., 2007) even though the prognosis after hospitalization (Frazier et al.,
2007; Levy et al., 2002) and the prognosis of heart failure in the first place is better
in women than in men (Dunlay & Roger, 2012; Lam et al., 2019; A. L. Taylor,
2015).
2.2.2 Gender differences in etiology of heart failure
The most prominent gender differences among CVD may be distinguished with
heart failure. Broadly, heart failure can be divided into two subgroups: heart failure
with preserved ejection fraction (HFpEF) and heart failure with reduced ejection
fraction (HFrEF). In HFpEF, the left ventricular ejection fraction remains > 50%
but the inflation of the left ventricle is decreased. In HFrEF, the left ventricular
ejection fraction is < 40%, representing impaired systolic function of the left
ventricle. Among women, HFpEF is predominant in comparison to men who are
more likely to suffer from HFrEF (Ceia et al., 2002; Chang et al., 2018; A. L. Taylor,
2015). In a Swedish register study containing women with heart failure the majority
had HFpEF (55%), followed by patients with mid-range ejection fraction (39%).
Only 29% of the female patients had HFrEF. (Stolfo et al., 2019). Another study
found that although HFpEF is approximately twice as common among women as
among men, its proportion has even increased during the first decade of the 21st
century (Gerber et al., 2015) and it also seems to be increasing with advancing age
(Ceia et al., 2002).
Heart failure is not an independent cardiac disease but a condition caused by
other diseases that weaken the function of the heart (Mann, 2011). Among women,
heart failure is more often caused by hypertension and valvular disease whereas
among men, heart failure typically develops due to CAD and prior myocardial
infarction (Ghali et al., 2003; Hsich & Piña, 2009; Lam et al., 2019; A. L. Taylor,
2015). There are also other gender-related differences in the etiology of heart
failure. Postpartum cardiomyopathy is an exclusive and life-threatening etiology
for heart failure in women occurring during the last weeks of pregnancy or in the
months after giving birth (Sliwa et al., 2010). Cancer therapy-induced
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cardiomyopathy is more commonly found among women as breast cancer is the
most common oncological disease in women. For example, anthracyclines,
doxorubicin and trastuzumab, commonly used in breast cancer treatment, are
known to be cardiotoxic and predispose to heart failure. (Lam et al., 2019). Even
though the aim is to keep the radiation dose to adjacent tissues at a minimum it is
difficult to avoid toxic effects on the heart when using high-dose radiation
exposure on the thorax (Lancellotti et al., 2013). Radiation therapy on the thorax
increases the risk of cardiovascular morbidity and mortality (Darby et al., 2013),
and especially the prevalence of HFpEF is found to be higher among those patients
(Saiki et al., 2017).
In addition, Takotsubo cardiomyopathy appears mainly among women over 60
years (Parkkonen & Sinisalo, 2013) as it is approximately nine times more common
among women than men (Templin et al., 2015). Takotsubo cardiomyopathy
resembles myocardial infarction in its clinical appearance even though stenosis in
the coronary arteries is not present, yet the patients have a clear malfunction of the
left ventricle typically causing ballooning of the left ventricular apex (Templin et
al., 2015). The contraction disturbance can be restricted circularly to the central
area of ventricles or less frequently, be local or basal. Typically, the patients have
experienced a strong emotional event beforehand (Parkkonen & Sinisalo, 2013).
Even though the pathophysiology of Takotsubo cardiomyopathy is not fully
understood, central and autonomic nervous systems may play an essential role in
its development (F. Pelliccia, Kaski, Crea, & Camici, 2017). In previous literature
the impact of psychological stress has been thought to be more significant in
women than in men as in response to mental stress, women tend to have myocardial
ischemia and greater increase in platelet reactivity than men with stable CAD
(Samad et al., 2014).
2.2.3 Gender differences in pathophysiology of heart failure
In heart failure, many structural, neurohumoral as well as auto- and paracrine
signaling mechanisms are activated in a compensatory manner to secure sufficient
cardiac pump function and blood supply. If persisting, they eventually form a
harmful vicious circle. Based on the Frank-Starling relationship, cardiac
contractility increases up to a certain level as preload or resting sarcomere length
is increased. In systolic heart failure, the end-diastolic pressure and preload increase
when the contractile capacity of left ventricle is impaired, which leads to
strengthening of cardiac contraction. Simultaneously, diminished minute volume
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and tissue perfusion turn on sympathetic reflexes via baro- and chemoreceptors of
the arteries and metabolic receptors of the muscles, boosting the cardiac contraction
capacity and increasing the heart rate. Increased filling of the atria activates the
reflex suppressing the sympathetic centers of the brainstem and increases the
synthesis of natriuretic peptides, both of which aim to suppress sympaticotonus and
reduce the cardiac load. Due to the increased systolic load the protein synthesis of
cardiomyocytes accelerates, which leads to left ventricular hypertrophy (LVH)
where the left ventricular wall thickness or chamber size and left ventricular mass
increase. At first, LVH is a favorable change increasing the contraction capacity of
the left ventricle. Understanding the gender differences in the pathophysiology of
heart failure is crucial in terms of treating heart failure effectively in both women
and men in the future. Sex hormone levels actually play a modest role in the
pathophysiology of heart failure.
Hypertension causes left ventricular pressure overload and is often
accompanied by sympathetic overactivation and altered levels of many hormones,
growth factors and cytokines. These changes lead to growth in cardiomyocyte size
and changes in the composition of the extracellular matrix, leading to increased
amount of myocardial fibrosis and eventually, to LVH (Drazner, 2011).
Hypertension seems to influence the pathophysiology of the development of heart
failure, particularly in women. Systolic blood pressure increases in women with
advancing age, and isolated systolic hypertension is associated with elevated risk
of stroke, LVH and HFpEF (Douglas et al., 2015). Blood pressure > 160/90 mmHg
causes 1.6-fold risk for development of heart failure (Benjamin et al., 2018), and
the risk for heart failure with elevated blood pressure level seems to be higher
among women than among men (Levy, Larson, Vasan, Kannel, & Ho, 1996).
Interestingly, hypertension as an underlying pathophysiology does not seem to
associate with adverse outcome among male patients with heart failure (Felker et
al., 2000). Even though hypertension plays a role in the development of heart
failure, it is actually low systolic blood pressure, expressing the deficit in cardiac
pump function, that is an actual risk factor for heart failure hospitalization
(Giamouzis et al., 2011).
In men, the degree of ventricular hypertrophy is greater in comparison to
women (Prabhavathi, Selvi, Poornima, & Sarvanan, 2014). Among men, pressure
overload typically leads to eccentric hypertrophy whereas among women, it results
in concentric hypertrophy (Krumholz, Larson, & Levy, 1993). Men lose more
cardiac mass with aging than women, and compensatory hypertrophy is necessary
to maintain adequate heart mass. In women, the number and size of cardiomyocytes
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is better preserved with aging. The systolic function decreases more in men than in
women with advancing age. Even though women have better diastolic function than
men, the loss of this reserve is emphasized in women as diastolic function decreases
with age in both genders and women have a smaller diastolic reserve (Prabhavathi
et al., 2014).
Obesity, classified as ≥ 30 kg/m² by body mass index (BMI), is often
accompanied by other cardiovascular risk factors but it also has independent effects
on the structure and function of the heart, such as causing hypertrophy of
cardiomyocytes, increase in left ventricular cavity size and wall thickness, and
pericardial and extra- and intracellular fat accumulation (Bastien, Poirier, Lemieux,
& Després, 2014). Obesity seems to contribute to the development of HFpEF rather
than HFrEF, which is emphasized among women in particular (Kitzman & Lam,
2017). Women are more often obese in comparison to men (Maffei et al., 2019),
and they have more visceral fat tissue after menopause, which has been associated
with impairment in cardiac function even with normal BMI. (Lam et al., 2019).
Both obesity (Savji et al., 2018) and diabetes (Kannel, Hjortland, & Castelli,
1974) are known risk factors for heart failure. Especially among women, these
comorbidities seem to associate with systemic microvascular inflammation, which
seems to contribute to the development of HFpEF (Paulus & Tschöpe, 2013).
Endothelial microvascular inflammation is expressed as altered NO signaling. NO
is produced by three isoforms of NO synthases (NOS): endothelial, neuronal, and
inducible NOS. NO is an endogenic vasodilator which reduces the contraction
capacity of the heart, but it also influences the inflammatory system. In heart failure,
NOS activity is maintained via distinct regulation as the expression of endothelial
NOS decreases and that of neuronal NOS increases. In animal studies, estrogen has
been associated with higher endothelial NOS activity and pressure overload with
higher neuronal NOS activity. In HFpEF, microvascular inflammation decreases
the activity of endothelial NOS in the endothelium of coronaries, which limits the
NO production. This leads indirectly to diastolic dysfunction and fibrosis of the left
ventricle. In addition, the expression of induced NOS is increased in both heart
failure and systemic inflammation. Increased activity of induced NOS may
contribute to the development of HFpEF by causing dysfunction of cardiomyocytes.
Overall, women seem to be predisposed to endothelial inflammation, which may
illustrate gender differences in immune response in general as women tend to have
stronger immunological response and higher prevalence of autoimmune diseases in
comparison to men. (Lam et al., 2019).
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Coronary microvascular dysfunction seems to have an important role in
HFpEF as in a recent study, coronary microvascular dysfunction was present in 75%
of patients with HFpEF. Coronary microvascular dysfunction also associates with
the severity of heart failure measured by the levels of natriuretic peptides and
markers of systemic endothelial dysfunction. (Shah et al., 2018). Recently, it was
suggested (Lam et al., 2019) that endothelial inflammation and coronary
microvascular dysfunction could be the link among heart failure syndromes typical
for women as there is evidence of neurogenically-triggered coronary microvascular
dysfunction in Takotsubo cardiomyopathy and the release of prolactin may drive
postpartum cardiomyopathy by inducing endothelial damage. Additionally, in
breast cancer, radiotherapy causes coronary microvascular damage and
inflammation which lead to the pathophysiology of radiotherapy-induced
cardiomyopathy.
2.2.4 Prognosis of heart failure in women
Heart failure is one of the leading causes of hospital treatment worldwide, and
despite improvements in medical treatments, the prognosis of patients with heart
failure has remained poor (Ambrosy et al., 2014; Barker, Mullooly, & Getchell,
2006; Roger et al., 2004) even if some improvements have taken place in recent
years (Shen et al., 2017). The in-hospital mortality has decreased and the duration
of hospital treatment has shortened despite the fact that severe forms of heart failure
have become more common (Akintoye et al., 2017).
Women with heart failure are typically older than their male counterparts
(Hsich & Piña, 2009; A. L. Taylor, 2015) as men seem to fall ill ten years earlier
than women (Koponen et al., 2018). Age is a known risk factor for the progression
of heart failure. It predisposes to hospitalization for heart failure (Giamouzis et al.,
2011) and the mortality of heart failure patients increases considerably with
advancing age (K. K. L. Ho, Pinsky, Kannel, & Levy, 1993; Wong et al., 2013).
Even though advanced age of heart failure patients is associated with accumulation
of risks for adverse events, the mortality of elderly heart failure patients has
decreased in recent years (Barker et al., 2006; Daniel Levy et al., 2002). However,
the decrease in mortality among female patients has not been as prominent in terms
of percentage as among male patients with heart failure (Barker et al., 2006), and
the rate of decrease in hospital mortality has also been slower in female patients
(Akintoye et al., 2017). This can be mainly explained by the higher prevalence of
HFpEF among female heart failure patients (A. L. Taylor, 2015).
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The need of hospitalization associates well with the later increase in mortality,
which is emphasized especially among patients with HFpEF as there is currently
no treatment available that would improve the prognosis of HFpEF. The mortality
of HFpEF patients has shown to be highest within 6 months after discharge.
(Solomon et al., 2007). Patients hospitalized for heart failure are experiencing high
readmission rates although overall post-discharge survival in women with heart
failure seems to be better than in men (Dunlay & Roger, 2012; Hsich & Piña, 2009;
A. L. Taylor, 2015). Women with heart failure have a lower risk for cardiovascular
death, SCD (Dunlay & Roger, 2012) and death due to worsening of heart failure
compared to men regardless of the cause of heart failure or ejection fraction
(Savarese & D’Amario, 2018), but have more comorbidities and worse quality of
life (Dunlay & Roger, 2012; A. L. Taylor, 2015).
2.3

Sudden cardiac death in women

2.3.1 Scope and core of the gender differences
SCD is a sudden arrest of cardiac function which leads to hemodynamic collapse,
unconsciousness and eventually, death. SCD remains a major cause of death
throughout the world and the unexpectedness of the event is a great tragedy not
only for the victim but also for the bereaved. The estimated annual incidence of
SCD is 1–2/1,000 persons, resulting in 5,000–10,000 cases in Finland each year
(Junttila et al., 2016). The annual rate of SCD in women has been evaluated to be
almost half of that in men (Albert et al., 2003; Kannel et al., 1998; Schatzkin,
Cupples, Heeren, Morelock, & Kannel, 1984). The difference between genders is
especially striking in middle age, in the premenopausal and early postmenopausal
years. The SCD incidence is shown to increase rapidly among both genders after
the age of 70 years (Albert et al., 2003; Kannel et al., 1998; Mehta et al., 2017),
and among women, especially after the menopause (Albert et al., 2003). In the
Framingham Heart Study the incidence of SCD was seen to almost double with
each additional decade in age (Kannel et al., 1998) and women seemed to lag
approximately 10 years behind men (Kannel et al., 1998).
Even though there has been a decline in the incidence of SCD during the past
decades as prevention and interventions of cardiac diseases have progressed, the
decline in SCD incidence among women has been considerably slower in
comparison to men. (Zheng, Croft, Giles, & Mensah, 2001). Moreover, in recent
36

years the overall incidence of SCD has not decreased (Junttila et al., 2016). The
lower incidence of SCD among women is a major factor for the limited information
concerning SCD death in women. SCD is speculated to be a more heterogeneous
disorder among women than among men, and women probably have more often
atypical presentation and are less likely to have the classical symptoms of cardiac
disease (Albert et al., 2003), which leads to trickier recognition, prediction and
prevention of underlying conditions and SCD risk among women (Zheng et al.,
2001). Autopsy is the golden standard for establishing the cardiac pathology behind
SCD. However, large autopsy-based cohort studies striving to establish the actual
causes of death behind SCD among women are very rare, probably due to the low
number of SCDs in women, which leads to persistent uncertainty concerning the
pathophysiology of SCD in women.
The absolute risk of SCD varies strongly depending on individual
characteristics. Subjects with previous sudden cardiac arrest, heart failure or
another clinically recognized heart disease are at the highest risk of SCD, yet most
SCDs occur in individuals outside these subgroups (Myerburg, Mitrani, Interian, &
Castellanos, 1998). Approximately half of the SCD victims do not have previously
diagnosed cardiac disease (Huikuri et al., 2001). Traditional clinical risk factors
have been shown to associate with increased risk for SCD at population level also
in women in multiple studies (Albert et al., 2003; Bertoia et al., 2012; P. K. Mehta
et al., 2017), yet some studies have shown contradictory findings (Simmons,
Pimentel, & Lakkireddy, 2012). Considering that there are gender differences in the
prevalence, symptoms and awareness of SCD it is likely that gender differences
may also occur in the etiology and risk factors of SCD (Albert et al., 2003).
The most effective way to prevent SCD is to prevent the development of the
underlying cardiac disease. Attention should be paid especially to clinical risk
factors for CAD as many of them are also risk factors for non-ischemic cardiac
diseases (Hookana et al., 2011). Medical therapy can be utilized in the prevention
of SCD including pharmacological treatment of underlying cardiac disease, use of
anti-arrhythmic drugs, antiplatelets or anticoagulants, or drugs that inhibit adverse
cardiac modeling in heart failure, for example. Targeted therapy for preventing
SCD is ICD, the prophylactic use of which is recommended based on current
guidelines (Priori et al., 2015) if left ventricular ejection fraction is ≤ 30% (NYHA
I) or ≤ 35% (NYHA II-III) after three months of medical therapy and the patient is
expected to survive at least one year with a good functional status. However, it has
been suggested that among women, less attention should be paid to systolic
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dysfunction and clinical risk factors of CAD in risk assessment of SCD as women
are less likely to have underlying CAD (Simmons et al., 2012).
2.3.2 Underlying etiologies and mechanisms of sudden cardiac
death
Mechanisms of sudden cardiac death
SCD is a terminal complication that can be caused by several cardiac diseases.
Typically, SCD is thought to result from a potentially fatal arrhythmic event caused
by an underlying cardiac condition which eventually leads to SCD. These
arrhythmic events can be divided into tachyarrhythmias and bradycardia, of which
the earlier include ventricular fibrillation (VF) and ventricular tachycardia (VT)
and the latter asystole and pulseless electrical activity (PEA). VF and VT are
treatable with a defibrillator, i.e. shockable rhythms, whereas adrenaline is used in
addition to cardiac resuscitation when treating asystole or PEA (Monsieurs et al.,
2015). The prevalence of VF/VT as an initial rhythm of sudden cardiac arrest has
decreased during the last decades (Myerburg et al., 2013) while the prevalence of
asystole and PEA has been increasing (Herlitz et al., 2000). Nowadays the
proportion of shockable rhythms as an initial rhythm has been reported to vary
approximately between 20–50%, whereas pulseless electrical activity covers 15–
20% and asystole 30–45% of the cases (Kauppila et al., 2018; Mader et al., 2012).
The current trend may be due to a decreasing proportion of CAD as in SCDs caused
by CAD, the initial rhythm is often VF/VT (Huikuri et al., 2001; Junttila et al., 2016;
Kauppila et al., 2018). Among patients with CAD, fatal arrhythmia is typically
initiated either by VF triggered by acute myocardial ischemia or by VT without
clinically observed ischemia usually related to scarring due to previous myocardial
infarction (Huikuri et al., 2001). Among victims of non-ischemic SCD the
preceding rhythm is more often PEA and asystole (Kauppila et al., 2018). The
pathophysiology of PEA is not quite clear due to the lack of clinically relevant
laboratory models (Myerburg et al., 2013).
Initiation of ventricular arrhythmia requires the presence of a substrate, a
perpetuating structure such as infarct scar, local fibrosis, or conduction system
deficiency. However, substrate alone is not enough to initiate VT as also a trigger
(such as ischemia, electrolyte disturbance or sympaticotony) and an immediate
activator, such as ventricular premature beat or sinus arrest, is needed to provoke
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the initiation of ventricular tachyarrhythmia. (Priori et al., 2015). There are two
main mechanisms for the initiation and maintenance of ventricular arrhythmias:
spontaneous depolarization, which can be caused by either automaticity or
triggered activity (early and delayed afterdepolarizations), and re-entry. Altered
automaticity is the primary cause of tachyarrhythmias during the first few days
following ischemia or acute myocardial infarction. (Rubart & Zipes, 2012; Wagner,
Maier, & Bers, 2015). Early after-depolarization is electrical activity which is
expressed before the repolarization phase of myocytes has finished. Typically, this
can be seen in conditions where repolarization of myocytes is strongly delayed,
such as hypokalemia, the use of QT-prolonging drugs, and long QT syndromes.
Early after-depolarization can trigger VT via re-entry. Delayed after-depolarization
is typically a small electrical activity (10 mV), the amplitude of which may grow
large enough to trigger VF in specific conditions (high heart rate or pacing rate,
very early premature beat, increased Ca2+ concentration in interstitial fluid,
adrenergic receptor stimulus or digitalis poisoning). Delayed after-depolarization
causes life-threatening arrhythmias especially in CAD and heart failure. (Qu &
Weiss, 2015).
In re-entry, the depolarization signal moves continuously in a circular loop. As
a group of cells have not been activated during the initial impulse due to the longer
refractory period, they are able to achieve excitability and conduct the
depolarization signal in retrograde direction, returning the signal to the original site
to reactivate it as its refractory time is already over at this point. The re-entry loop
can be microscopic or macroscopic, and it accounts for the majority of VTs seen
with Wolf-Parkinson syndrome, junctional tachycardia formed in AV node and VTs
seen during the early reperfusion of myocardial infarction. (Wagner, Maier, & Bers,
2015).
Etiologies behind sudden cardiac death
Approximately 70−80% of SCDs are thought to result from acute coronary
syndrome and 20−30% from non-ischemic cardiac abnormalities (Hookana et al.,
2011; Huikuri et al, 2001; Junttila et al., 2016). Amongst non-ischemic causes of
SCD, approximately one fifth are due to myocardial disease, while valvular and
inflammatory cardiac diseases make up a minority of SCDs in general population
(Huikuri et al., 2001). Based on previous literature, gender differences in the
etiology and pathogenesis of SCD are likely (Albert et al., 2003), yet data on the
causes of death among female SCD victims remains limited. Among women, SCD
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seems to occur more frequently without previously known CAD (Adabag et al.,
2010; Albert et al., 2003; Albert, McGovern, Newell, & Ruskin, 1996; Chugh et al.,
2009; Kannel et al., 1998; Simmons et al., 2012; Wisten, Krantz, & Stattin, 2016).
In the Framingham study (Kannel et al., 1998), 69% of the female SCD victims did
not have a documented prior CAD event; this finding has been repeated in other
studies (de Vreede-Swagemakers et al., 1997). In addition, in the study of Albert et
al., only 10% of US women had symptoms of acute coronary syndrome weeks
before SCD (Albert et al., 2003). SCD seems to be more often the first event
associated with CAD or another cardiac disease among women (Adabag et al., 2010;
Albert et al., 2003, 1996; Bertoia et al., 2012; Chiuve et al., 2015; Chugh et al.,
2009; Kannel et al., 1998; Simmons et al., 2012). In a recent study of women with
suspected coronary artery disease and preserved ejection fraction, approximately
one-third of the female SCD victims did not have obstructive CAD. This finding
underlines that signs and symptoms of myocardial ischemia should be taken
seriously in women as the absence of obstructive CAD does not exclude the risk of
SCD (Mehta et al., 2017). The mechanism behind SCD in women without
obstructive CAD is proposed to stem from endothelial dysfunction and/or coronary
microvascular dysfunction causing ischemia (Pepine et al., 2010).
Especially among subjects under 30 years of age, non-ischemic etiologies are
a more common cause of SCD (Eckart et al., 2011). In a large Finnish autopsyverified SCD population, the most common causes of non-ischemic SCD were
obesity-related cardiomyopathy and alcoholic cardiomyopathy while hypertrophic
(HCM), dilated (DCM) and arrhythmogenic right ventricular cardiomyopathy
(ARVC) were relatively rare (Hookana et al., 2011). A small but distinct group of
non-ischemic SCD victims (1–3%) consists of subjects with primary myocardial
fibrosis (PMF) where fibrosis is present in the myocardium in the absence of other
cardiac or systemic diseases (Chugh, Kelly, & Titus, 2000). Cardiomyocytes are
embedded in a network that consist mainly of fibrillar collagen which provides
structural strength for the myocardium and participates in intercellular
communication (Weber et al., 1988). Typically, the formation of fibrosis is activated
by tissue injury or stress such as myocardial ischemia, inflammation, or pressure
overload (Zannad & Radauceanu, 2005). However, the cause of PMF is unknown
as structural disorders or disorders with secondary fibrosis (HCM, DCM, and
diabetic heart) are absent. PMF was the most common non-ischemic cause of SCD
in victims under 40 years of age in Northern Finland (Hookana et al., 2011), and
another autopsy study from the United Kingdom showed left ventricular fibrosis to
be a major cause of SCD among young athletes (Finocchiaro et al., 2016). In a
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recent autopsy-based study of SCD victims (Junttila et al., 2018), PMF was
associated with disease-causing gene variants of ARVC, HCM and DCM in the
absence of anatomic findings of these cardiomyopathies. It has been suggested that
PMF could be a phenotypically specific variant of these diseases and the expression
of myocardial fibrosis alone would have a major impact on the prognosis.
2.4

Electrocardiographic markers of increased risk of cardiac
mortality and morbidity – gender differences

The electrical activity of the heart was first detected and recorded from the surface
of the heart with a mercury capillary electrometer by Augustus Waller in 1887;
however, the string galvanometer invented by Willem Einthoven in 1901 offered
the first reliable recording of the electrical activity of the heart (Barold, 2003).
Since then, the electrocardiogram has been one of the main diagnostic tools used
in cardiology. The standard 12-lead electrocardiogram provides information of the
rhythm and impulse spreading properties in the myocardium. During the last
decades, there has been an increasing interest towards the use of the
electrocardiogram as a risk stratification tool. Supplementing the traditional risk
factors for cardiac morbidity and mortality with the standard 12-lead
electrocardiogram can assist in the evaluation of suitability of subjects for riskreduction therapies. In previous literature, multiple ECG abnormalities have been
associated with increased risk of cardiac morbidity and mortality among subjects
with and without previous cardiac disease. However, controlled trials focusing on
gender differences in evaluating the risk of cardiac mortality and morbidity are
sparse. In the future, better gender-specific risk assessment tools for cardiovascular
mortality need to be developed.
2.4.1 Normal cardiac activation and conduction system of the heart
Heart rate is a rhythmic, frequent electrochemical activation of the conduction
pathway and cardiomyocytes which normally originates spontaneously 40–100
times per minute depending on autonomous activation from the sinus node of the
right atrium in the proximity of the superior vena cava. The action potential
spontaneously generated in sinus node creates a funny current (If) due to the sodium
(Na⁺) intake via slow Na⁺-ion channels with lesser membrane potential (-40 – -50
mV) than in a normal cardiomyocyte. This positive Na+ flow changes the
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membrane potential from negative towards positive, depolarizing the pacing cells.
(Zipes & Jalife, 2013a). From the sinus node, the electrical current of depolarization
moves to the lower part of the atrium spreading to atrioventricular node along three
pathways: anterior, posterior, and medial internodal pathway. The action potential
moves to the left ventricle along the Bachmann bundle. The only pathway for
depolarization to move to the ventricles is via the atrioventricular node which slows
the electrical signal crucially by 120–210 ms to enhance the optimal pump function
of the ventricles. His bundle is divided into two main branches, left and right bundle
branch, of which the left one consists of left anterior, medial, and posterior fascicles.
Depolarization spreads to the subendocardium of ventricles via His bundle and
Purkinje fibers during only a few milliseconds whereas it is delayed by 70–100 ms
while being conducted in one front line to the epicardium. The depolarization of
ventricles starts from the centrum of the septum near the posterior papillary muscle
but above the anterior papillary muscle. Depolarization of the ventricle proceeds
from the apex towards the base of the heart. (Zipes & Jalife, 2013b). The
conduction system of the heart is presented in Figure 1.
In His-Purkinje system and in cardiomyocytes, the action potential spreads via
gap junctions. In the resting cardiomyocyte the cell membrane potential is
approximately -90mV as a result of the different concentrations of potassium (K⁺)
and Na⁺ between the extracellular matrix (ECM) and cytoplasm: the concentration
of K⁺ is approximately 30 times higher in the cytoplasm and a similar excess of Na⁺
is present in ECM. In resting phase, the outflow of K⁺ via K⁺ channels is restricted
by anions attached to intracellular structures, and as Na⁺ penetrates the cell
membrane quite poorly and 3Na⁺/2K⁺ATPase transfers actively (an energydependent transportation) two K⁺ in and 3 Na⁺ out of the cell, the membrane
potential is maintained.
When the stimulus reaches the cardiomyocyte and the membrane potential in
the cardiomyocytes decreases, voltage-gated Na⁺ (INa) and calcium channels (ICa,L)
open, and Na⁺ and calcium ions (Ca2⁺) flow rapidly into the cytoplasm (rapid
depolarization, 0-phase). INa channels close and are inactivated when the membrane
potential reaches +30 mV. The rapid depolarization is followed by early rapid
depolarization (Phase 1) where a specific fast-recovered K⁺ channel (Ito) opens,
resulting in outflow of K⁺, which leads to a small decrease in membrane potential.
Ca2⁺ activated chloride channels (IClCa) also contribute to Phase 1. (Rubart & Zipes,
2012).
The early rapid repolarization is followed by a plateau phase (Phase 2,
approximately 200 ms), during which the membrane potential remains quite stable
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due to compatible outflow of K⁺ via fast-recovered Ito and Cl- via IClCa and Ca2⁺
moving inwards via ICa,L as simultaneously, slow Na⁺/Ca2⁺-exchanger (NCX)
transports 3 Na⁺ inwards and one Ca2⁺ outwards of the cardiomyocyte. Voltagedependent IKr channels are closed, preventing outward flow of K⁺. The proportion
of fast- and slowly recovered Ito channels varies in different parts of the
myocardium which forms a transmural voltage gradient between the endocardium
and epicardium.

Fig. 1. The conduction system of the heart. AI = anterior internodal pathway, AV =
atrioventricular node, BB = Bachmann bundle, HIS = His bundle, IVC = inferior vena
cava, LA = left atrium, LAF = left anterior fascicle, LBB = left bundle branch, LPF = left
posterior fascicle, LMF = left medial fascicle, LV = left ventricle, PI = posterior internodal
pathway, MI = medial internodal pathway, RBB = right bundle branch, RV = right
ventricle, SN = sinus node, SVC = superior vena cava.

During the plateau phase, the increased Ca2⁺ concentration in the cytoplasm triggers
the ryanodine receptors of the sarcoplasmic reticulum, and Ca2⁺ is released from
the storages of the sarcoplasmic reticulum, leading to activation of the sarcomere
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and contraction of the cardiomyocyte. During the final repolarization (phase 3) K⁺,
Na⁺ and Ca2⁺ conductions restore the membrane potential to the resting level. This
is provoked by time-dependent inactivation of ICa,L channels and slow and rapid
outflow component of K⁺ via Iks and I kr channels and inwardly rectifying IKir
channel. (Rubart & Zipes, 2012). The timing of ion currents in cardiac action
potential is presented in Figure 2. As in depolarization, there is only little variation
between individuals; the spectrum of normal repolarization is considerably wider
and it is prone to changes in temperature, pH and tonus in the autonomic nervous
system, electrolyte disturbances, the impact of medications and oxygen deficiency.
The duration of repolarization is the longest in cardiomyocytes, followed by
endocardial cells, and the shortest in epicardial cells. In the left ventricle,
repolarization starts from the epicardium moving towards the endocardium.
2.4.2 Abnormalities in the heart rhythm
Intrinsically, the sinus node would fire 95–110 times per minute (Jose & Taylor,
1969), yet among healthy individuals the resting sinus node rate is lowered to 55–
75 beats per minute in a supine resting position due to parasympathetic vagus nerve
activation (D. Zhang, Shen, & Qi, 2016). Women typically have a higher resting
heart rate in comparison to men: the average resting heart rate among men is 70–
72 beats per minute and among women, 78–82 beats per minute. The difference
can be largely explained by the smaller size of the female heart (Prabhavathi et al.,
2014).
The mechanism of elevated heart rate is proposed to originate form autonomic
dysfunction or sympathetic overactivity, although atherosclerosis and myocardial
energetics have also been thought to play a role in its development (Ho et al., 2014).
Elevated resting heart rate has been associated with all-cause mortality, cardiac
mortality and SCD in the general population, especially when the heart rate rises
above 90 beats per min (Ho et al., 2014; Jouven et al., 2005; D. Zhang et al., 2016).
However, the prognostic significance of higher resting heart rate seems to be
weaker among women in comparison to men (Palatini, 2001; Theobald & Wändell,
2007; Tverdal A, Hjellvik V, 2008). Elevated heart rate has also been shown to lead
to higher risk of hospitalization for heart failure (Giamouzis et al., 2011). Among
patients with advanced heart failure (NYHA III or IV), females tend to have a
higher heart rate in comparison to men (Ghali et al., 2003).
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Fig. 2. Ion currents during an action potential of a ventricular cardiomyocyte. ICa,L =
voltage-gated K⁺ channel, If = funny current, IKir = inwardly rectifying K⁺ channel, IKr, IKs=
voltage dependent K⁺ channels, INa = voltage-gated Na⁺ channel, Ito = fast-recovered K⁺
channel, NCX = slow Na⁺/Ca2⁺-exchanger.

Atrial fibrillation is an atrial tachycardia commonly seen among elderly
populations and in patients with other cardiac disease characterized by fast and
disorganized atrial function. It is estimated that the prevalence of atrial fibrillation
is 1.5–2% in the general population. However, atrial fibrillation is rare among
young people as the prevalence among subjects under 60 years of age is
approximately 0.4% whereas it exceeds 10% among subjects ≥ 75 years of age.
(Camm et al., 2012). The prevalence of atrial fibrillation is higher among men in
all age groups (Go et al., 2001). Atrial fibrillation has been associated with a 5-fold
risk for stroke and 3-fold risk for development of congestive heart failure. Patients
with atrial fibrillation have higher hospitalization rates and risk for cardiac
mortality. (Camm et al., 2012). In addition, atrial fibrillation has been associated
with increased risk for all-cause mortality as deaths are often attributable to CAD
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and stroke (L. Y. Chen et al., 2013). Increased risks for CVD and all-cause
mortalities have also been seen in female population (Conen et al., 2011).
Premature ventricular contractions are associated with adverse prognosis in
subjects with cardiac disease, yet they are commonly seen on electrocardiograms
of subjects without cardiac disease (Ataklte, Erqou, Laukkanen, & Kaptoge, 2013).
The prevalence of premature ventricular contractions seems to vary between 1.1
and 1.4% in both women and men of general population (Y. Chen et al., 2018;
Hirose et al., 2010). The significance of premature ventricular contractions among
healthy individuals is not well established. In the population-based ARIC study,
premature ventricular contractions in 2-minute resting electrocardiogram were
associated with over 3-fold risk for CAD (Massing et al., 2006). A meta-analysis
that combined data from general populations found an association between SCD
and cardiac mortality and premature ventricular contractions (Ataklte et al., 2013).
One cohort study including supposedly healthy Japanese individuals associated
premature ventricular contractions with cardiac death among men but not among
women (Hirose et al., 2010). However, the pathophysiology of gender differences
concerning the relation between premature ventricular contractions and cardiac
mortality is not well established.
2.4.3 Depolarization abnormalities
Abnormalities of the P wave and PR interval
The P wave on the electrocardiogram represents the depolarization of the atria. The
duration of the P wave reflects the interatrial conduction and should normally be <
120 ms. The shape of the P wave depends on the position of the heart in the thorax,
the anatomy of the atria and internodal conduction pathways, but typically it is
dicrotic as the activation of the right atrium takes place slightly ahead of the left
atrium. This may be emphasized in overload conditions. Atrial fibrosis may cause
interatrial conduction over the Bachmann’s bundle, which causes superior to
inferior left atrial activation resulting in a terminal negative deflection of the P wave
in lead V1 of the electrocardiogram called P terminal force. The negativity of P
terminal force correlates well with the filling pressures of the left side of the heart
in both acute and chronic settings. (Platonov, 2012).
The PR interval represents the time that passes between the beginning of atrial
depolarization (start point of the P wave) and the beginning of ventricular
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depolarization (start point of the QRS complex). The length of the PR interval
depends on the heart rate and autonomic tone but is normally 120–200 ms.
(Schwartzman, Zipes, & Jalife, 2004). If the duration of PR interval exceeds 200
ms the condition is called first-degree atrioventricular block, the prevalence of
which in healthy population is low (0.5–2%) (Salden, Kutyifa, Stockburger,
Prinzen, & Vernooy, 2018). First-degree atrioventricular block is frequently
considered a harmless conduction disturbance among healthy individuals (Aro,
2016; Aro et al., 2013; Mymin, Mathewson, Tate, & Manfreda, 1986; Perlman,
Ostrander, Keller, & Chiang, 1971). However, associations with adverse outcomes
have also been reported as prolonged PR interval has been shown to relate to
increased risk of death, pacemaker implantation, and atrial fibrillation in general
population (M. Cheng, Lu, Huang, Zhang, & Gu, 2014; S. Cheng et al., 2009). A
prolonged PR interval is a typical finding among patients with heart failure and it
has also been associated with poorer prognosis (Salden et al., 2018). It has been
documented more often among male patients with heart failure regardless of the
ejection fraction (Nikolaidou et al., 2018).
Electrocardiographic markers of the change in the impulse conduction of
the ventricles
The QRS complex represents rapid depolarization of the His-Purkinje system and
both ventricles, and its duration is measured from the beginning of the first (Q or
R wave) to the end of the last QRS waveform (R or S wave). Men are known to
have longer QRS duration in comparison to women, and QRS duration may also
be prolonged by advanced age and some methods of measurement. The
prolongation of QRS duration is caused by either abnormality in the His-Purkinje
conduction system or by intraventricular conduction delay, which can be caused by
myocardial abnormalities such as ventricular hypertrophy, fibrosis, and acute
ischemia. It can result from complete or incomplete bundle branch blocks, nonspecific intraventricular conduction delay or pre-excitation. Intraventricular
conduction delay is rare among young, healthy subjects; the prevalence in the
general population is 0.3–0.6% whereas 5–10% of subjects over 60 years of age
have bundle branch blocks. (Mäkijärvi, Nikus, Parikka, & Raatikainen, 2019).
Prolonged QRS duration is a well-established marker of adverse prognosis
among subjects with cardiac condition (Kashani & Barold, 2005; Schinkel et al.,
2009). QRS prolongation > 120 ms has predicted SCDs in most studies (Eranti et
al., 2016). Increase in mortality has even been seen in subjects with QRS ≥ 100 ms
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in the absence of bundle branch block (Zhang et al., 2016); in addition, 18%
increase in cardiovascular risk (A. D. Desai et al., 2006) and 27% increase in SCD
risk has been detected with each additional 10 ms in QRS duration (Kurl,
Mäkikallio, Rautaharju, Kiviniemi, & Laukkanen, 2012). Almost one-third of the
patients hospitalized for heart failure have prolonged QRS duration (> 120 ms) (A.
L. Taylor, 2015), and it has been thought to be an independent prognostic marker
among male patients with severe heart failure (Ghali et al., 2003). Otherwise, the
previous literature on gender differences in the prognostic value of QRS
prolongation is scarce, and there are no gender-specific cut-points for QRS
prolongation in earlier literature. QRS prolongation has been assessed to have
prognostic significance also in general population as non-specific intraventricular
conduction delay defined as QRS ≥ 110 ms and left bundle branch block have
been associated with 2-fold risk of SCD in general population (Aro et al., 2011;
Kurl et al., 2012). The prognostic significance of right bundle branch block still
remains unclear as some studies have associated it with adverse prognosis
(Badheka et al., 2013; Bussink et al., 2013) while others consider it a benign
finding (Aro et al., 2011; Z.-M. Zhang, Rautaharju, Prineas, Rodriguez, et al., 2016).
Myocardial damage may lead to heterogeneous activation of the myocardium
and to conduction delay in the affected myocardium (Das et al., 2009; Fares et al.,
2013; Jain, Singh, Yamini, & Das, 2014). In 1973, Boineau and Cox were the first
to observe altered conduction described as QRS fragmentation (fQRS) when
studying acute ischemia in canine models (Boineau & Cox, 1973). Scar tissue
secondary to CAD and ischemic areas within the viable myocardial tissue can form
a substrate that advances disorganized ventricular activation via abnormal spatial
and temporal depolarization conduction which can result in notching or slurring of
the QRS complex (Das et al., 2007). The QRS fragmentation has been shown to
correlate with high sensitivity and specificity with a regional myocardial scar in
patients referred to myocardial stress testing (Das, Khan, Jacob, Kumar, &
Mahenthiran, 2006). QRS fragmentation in standard 12-lead ECG has been
considered as an indicator of myocardial scar in CAD patients (Bonakdar et al.,
2016; Das, 2009; Lorgis et al., 2014), and even as predictive for appropriate ICD
therapy among them (Jain et al., 2014). However, fQRS is not specific for CAD as
it is commonly seen among subjects with non-ischemic cardiac disease (Peters,
Trümmel, & Koehler, 2008; Tian et al., 2017) and asymptomatic subjects of general
population (Terho et al., 2014), which suggest that fibrosis, inflammation and other
kinds of myocardial damage can cause conduction slowing or blocks ultimately
manifested as fQRS on the 12-lead electrocardiogram. In 2006, Das et al.
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introduced the widely used ECG criteria for fQRS where an additional R wave,
notching in R or S wave, or at least two R waves in two contiguous leads would be
considered as fQRS (Das et al., 2006).
The prevalence of fQRS is described to be approximately 5% in a healthy
population (Tian et al., 2017), and 19% among subjects of general population with
no clinical or ECG proof of cardiac illness (Terho et al., 2014). The prevalence of
fQRS seems to increase the more the burden of cardiac diseases grows, as fQRS
has been observed in 20–35% of subjects with known or suspected CAD (Das et
al., 2006) and in 51% of patients with non-ST segment elevation myocardial
infarction (Das et al., 2009). Among cardiac patients, fQRS has been associated
with higher all-cause and cardiac mortality and increased incidence of arrhythmic
events and SCD (Jain et al., 2014; Torigoe et al., 2012) especially when occurring
in inferior leads (Terho et al., 2014), yet it does not seem to predict adverse outcome
in a general population (Terho et al., 2014). However, previous literature on gender
differences in the prevalence and prognostic value of fQRS is sparse, but some
studies have indicated that fQRS is a considerably more prevalent finding among
men in comparison to women (Bozbeyoğlu et al., 2016; Terho et al., 2014). One
reason for the faint evidence in gender differences might be the lower prevalence
of fQRS among women and the lower incidence of adverse outcomes.
Electrocardiographic sign of the left ventricular hypertrophy
LVH is typically a manifestation of end-organ damage due to hypertension (C. S.
Desai, Ning, & Lloyd-Jones, 2012), but it can be caused by other long-term
pressure or volume overload states, cardiomyopathies or infiltrative cardiac
processes as well. In anatomic pathological left ventricular hypertrophy, adverse
changes in intravascular hemodynamics and neuroendocrine activation lead to
cardiomyocyte hypertrophy, apoptosis, and myocardial fibrosis. Due to these
changes, the action potential duration of the myocardium increases while the
conduction velocity simultaneously decreases. These changes in electrical activity
of the heart are recognizable in 12-lead electrocardiogram. In young athletes, ECG
LVH may be a reflection of physiological adaptation to high-intensive physical
training and therefore represent a normal variant (Sharma et al., 2017). LVH is most
reliably diagnosed with cardiac echocardiography or cardiac magnetic resonance
imaging. Even though the specificity and sensitivity of ECG LVH for increase in
left ventricular mass is weaker than that of assessment by echocardiography, it may
still provide distinct prognostic and potentially mechanistic information about
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cardiac arrhythmias. ECG LVH seems to be at least partly distinct from
echocardiographic LVH as a relatively low number of subjects with ECG LVH
actually have echocardiographic LVH and vice versa. (Aro & Chugh, 2016). It has
been suggested that genetics may play a significant role in the development of ECG
LVH, especially considering that ECG LVH seems to have greater heritability in
comparison to anatomic LVH. (Aro & Chugh, 2016).
There are over 30 different ECG criteria with different specificities and
sensitivities for recognizing increase in left ventricular mass. (Aro & Chugh, 2016).
The most currently used LVH criteria rely exclusively on measurement of QRS
voltage, such as the criteria of Sokolow-Lyon (Sokolow & Lyon, 1949) where the
amplitude of S wave in V1 and amplitude of R wave in V5 or V6 (depending which
one is greater) are summarized. In addition, Cornell’s voltage (Casale et al., 1985)
and voltage-duration criteria and the Romhilt-Estes points score system, which take
into account other ECG abnormalities as well, are among the most commonly used
criteria for ECG LVH. More recently, total 12-lead QRS voltage criterion has been
considered as a noteworthy alternative to other ECG criteria for LVH (W. C.
Roberts et al., 2013); in addition, other more complex criteria which are easily
implemented with automated screening have also been developed (Hancock et al.,
2009).
The prevalence of ECG LVH is approximately 5% in general population
sample (C. S. Desai et al., 2012) and 7–14% among subjects with hypertension
(Soliman et al., 2017; Verdecchia et al., 2019). There is no notable difference in the
prevalence of ECG LVH between genders. LVH in resting 12-lead
electrocardiogram is strongly predictive of myocardial infarction, SCD, stroke,
congestive heart failure (C. S. Desai et al., 2012), and all-cause mortality (Crow,
Hannan, & Folsom, 2003; A. D. Desai et al., 2006). Recently, the presence of ECG
LVH defined by Sokolow-Lyon or Cornell voltage criteria was shown to be
independently prognostic for cardiovascular morbidity and mortality at the same
level as LVH diagnosed by magnetic resonance imaging (Bacharova et al., 2015).
Even asymptomatic subjects with ECG LVH have been shown to have a 1.6-fold
risk for CAD events, and the risk for cardiac and cardiovascular events seems to be
higher among women (Chou et al., 2011). In the ARIC study, the risk for
cardiovascular death was over 8-fold among women without clinical CVD, but only
5-fold among men with ECG LVH as defined by the criteria of Sokolow-Lyon.
Among middle-aged men with ECG LVHT, the most likely first cardiovascular
event is CAD while among women, it is heart failure. (C. S. Desai et al., 2012).
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In addition, ECG LVH has been associated with greater risk of ventricular and
atrial arrhythmias (Aro & Chugh, 2016; Eranti et al., 2016). The incidence of SCD
is higher among subjects with ECG LVH diagnosed by multiple criteria (Kannel,
Doyle, McNamara, Quickenton, & Gordon, 1975; Porthan et al., 2019), and even
independently of increased left ventricular mass (A. Pelliccia et al., 2008). In ECG
LVH, especially when significant increase in left ventricular mass is lacking,
hypertrophy of cardiomyocytes and extensive interstitial remodeling are unlikely
to explain the mechanism of arrhythmogenesis. According to one hypothesis, the
dominant mechanism for arrhythmogenesis in subjects with ECG LVH would
instead be ion channel remodeling, which could act as a substrate for triggering and
maintaining possible fatal ventricular arrhythmia.
LVH regression following treatment is related to improved outcomes (Okin et
al., 2004) and can be accomplished e.g. via successful treatment of hypertension
(Bang, Devereux, & Okin, 2014; Soliman et al., 2017) Regression of ECG LVH
defined by the criteria of Cornell has also been associated with lower risk of
development of heart failure and decreased mortality among patients with heart
failure (Larstorp et al., 2012). The overall incidence of heart failure is higher among
subjects with LVH defined by the criteria of Sokolow-Lyon, and heart failure seems
to develop earlier among those subjects (J. M. O. Arnold et al., 2003; Aronow &
Ahn, 1998). Unfortunately, the information concerning the gender differences in
the prognostic value of ECG LVH among patients with heart failure is very limited.
2.4.4 Repolarization abnormalities
Early repolarization pattern
Traditionally, the term early repolarization (ER) has been used to refer to an
upsloping ST segment which is a quite common finding among young people and
athletes and was previously thought to be benign. In 2008, Haissaguerre et al. found
elevation of J point in inferior leads to be a common finding among subjects with
idiopathic VF and to be prognostic for the occurrence of arrhythmia (Haïssaguerre
et al., 2008). Since then, J point elevation has also been associated with SCD and
VF in general population (Rosso et al., 2008; Tikkanen & Huikuri, 2015; Tikkanen
et al., 2009). However, the mechanism of ER has remained unclear, and some
studies have classified J wave as a late depolarization abnormality instead of
repolarization abnormality (Hoogendijk, Potse, & Coronel, 2013). The definition
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of ER is fulfilled if there is notching or slurring on the downslope of the R wave, J
point elevation of at least 0.1 mV in two contiguous leads, and QRS duration
remains under 120 ms (Macfarlane et al., 2015). Automated detection of ER has
also been developed (Kenttä et al., 2015).
The prevalence of ER varies between 2–31% in general population (Maury &
Rollin, 2013) due to different definitions used, differences in measurement
techniques and subject selection strategies as the prevalence of ER is strongly
dependent on age, gender, race and physical fitness level of the population. The
prevalence of ER is higher among men than among women in almost all studies,
and the highest rates are observed in young men. However, the gender difference
narrows as the prevalence of ER decreases after middle age. (Lanza et al., 2012).
In a recent study, the prevalence of ER in Finnish general population was 12%, and
subjects with ER were more likely to be men < 50 years (Holkeri et al., 2020).
Inferolateral ER pattern with a rapidly down-sloping ST segment has been
associated with higher testosterone levels in men (Junttila et al., 2013), possibly
explaining the male dominance in ER and the decline in the prevalence of this
ECG marker with age. During the last few years, the phenotypes of ER have been
studied more closely and it has been discovered that most ER patterns are benign
while some have a worse prognosis (Tikkanen & Huikuri, 2015; Tikkanen et al.,
2009). Elevated J point observed with horizontal or descending ST segment is
associated with SCD (Rosso et al., 2012) and the presence of ER inferolaterally
with a rapidly ascending ST segment does not seem to increase the risk for
tachyarrhythmic events (Tikkanen & Huikuri, 2015). According to Tikkanen et al.,
(Tikkanen et al., 2011), approximately nine out of ten ER patterns with ascending
ST segment are seen among men whereas ER with a horizontal or descending ST
segment is only slightly more common among men (57%).
Inferior ER has been associated with a significantly increased risk of cardiac
death in Finnish middle-aged subjects of general population and in several other
case-control studies (Tikkanen & Huikuri, 2013). Inferior ER is more typical
among men, whereas lateral ER is more frequently seen among women (Tikkanen
et al., 2011). Sinner et al. have reported that ER increases the risk of all-cause and
cardiac mortality 2- to 4-fold among middle-aged male subjects whereas no
increase in risk was seen among women in any age group (Sinner et al., 2010).
However, in a recent study of Finnish middle-aged general population, inferolateral
ER associated with an over 4-fold risk for SCD among female subjects aged < 50
years whereas no association with SCD could be seen among male subjects from a
similar age-group. Nor was any association with cardiac or all-cause mortality
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detected in either gender. (Holkeri et al., 2020). Similar results have also been
obtained in another cohort study where ER associated with SCD only in women;
however, the study used only one J point elevation in any leads to define ER (Olson,
Viera, Soliman, Crow, & Rosamond, 2011; Shulman et al., 2015). A meta-analysis
consisting of approximately 200,00 subjects from 16 studies implied that women
with ER might be at higher risk of sudden cardiac arrest, cardiac death and allcause mortality in comparison to men, but no statistical significance was obtained
(Y. J. Cheng et al., 2016). The variety in results concerning the prognosis of
different ER patterns can mainly be explained by the heterogeneity of the
definitions of these patterns (Macfarlane et al., 2015).
Prolongation of the QT interval
The QT interval represents the time from the beginning of ventricular
depolarization to the end of repolarization. An increase in heart rate shortens the
QT interval, which is why correction for heart rate is usually used in ECG
interpretation when studying the QT interval. The most commonly used formula
for this purpose is Bazett’s formula, but also other formulas are established. In
addition to heart rate, QT interval is affected by gender, as women typically have
longer QT interval, disturbances in calcium concentrations, and many medications.
(Rautaharju, Surawicz, & Gettes, 2009). In addition, there is a congenital,
hereditary background for abnormal QT interval length known as long QT
syndrome and short QT syndrome, both of which predispose to ventricular
arrhythmias (Priori et al., 2015). Commonly, heart rate corrected QT interval (QTc)
≤ 450 ms for men and ≤ 460 ms for women is considered normal (Rautaharju et al.,
2009). QTc ≥ 480 ms before puberty and > 500 ms repeatedly among adults refers
to long QT syndrome (LQTS), but the disorder can also be diagnosed with shorter
QT interval (Priori et al., 2015). Three main genotypes of LQTS (LQTS1, LQTS2
and LQTS3) cover approximately 90% of the cases, and each of them is caused by
a different mutation of genes coding structural proteins of ion channels of
myocardiocytes. The risk for adverse cardiac event is the highest among LQTS1
boys aged 15–16 years and among LQTS2 adult females. In some cases, QTprolonging medication can provoke prolongation of QT interval among subjects
with genetic susceptibility (Roden, 2004). In short QT syndrome, the duration of
QT interval is typically ≤ 340 ms in men and ≤ 360 ms in women, and additional
criteria must be met (Prioriet al., 2015).
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Mortality is increased not only in subjects with long QT syndrome but also at
population level (Chugh et al., 2009; Y. Zhang et al., 2011). QT prolongation has
been strongly associated with increased risk of SCD and the risk seems to grow
gradually as the QT interval lengthens. Most of the previous studies associate
prolonged QTc with SCD in both genders. (Chugh et al., 2009; O’Neal et al., 2017;
Straus et al., 2006). Prolonged QTc seems to associate with cardiovascular death
among both genders (Nielsen et al., 2014). In advanced heart failure, prolonged
QTc is generally an accepted risk factor for ventricular arrhythmias, but its
prognostic value in mild and moderate heart failure remains contradictory (Straus
et al., 2006). Gender differences in the prognostic value of QTc for heart failure
hospitalization are unclear.
Abnormalities of the T wave and ST segment
T wave represents the repolarization of ventricles. Changes in ST segment and T
wave are well-known risk factors for cardiovascular events (Chou et al., 2011). In
Finnish general population, the prevalence of TWIs in right precordial leads (V1–
V3) is estimated to be 0.5% and in other leads 0.7%. TWIs in lead V1–V3 do not
seem to predict an increase in adverse outcome while TWIs in other leads are
associated with increased risk of arrhythmic and cardiac death. (Aro et al., 2012).
In addition, TWI ≥ 0.1 mV in lead I, II, avF and V4–V6 have been associated with
3-fold risk for SCD and increased risk for death at population level (Laukkanen et
al., 2014). In a Swedish longitudinal study, inferolateral T inversion in male
subjects at age of 50 years associated with the development of ECG markers of
CAD such as Q/QS pattern and ST-segment depression (Moller, Byberg,
Sundstrom, & Lind, 2006). Depression of ST segment and TWI on resting
electrocardiogram of an asymptomatic subject has been associated with 1.6–1.9fold risk for CVD events (Chou et al., 2011).
TWIs are typically associated with repolarization abnormalities caused by
ventricular hypertrophy or ischemia (Rautaharju et al., 2009). The association
between TWIs and LVH was first described in 1929 (Barnes & Whitten, 1929).
Typical strain, referring to J-point depression, down-sloping depression of ST
segment and asymmetrical TWI due to an increased hemodynamic burden, was
introduced in 1941 (Kaplan & Katz, 1941). Since then, it has become clear that
LVH with strain changes does not necessarily indicate the effect of increased
hemodynamic work as it is often seen with patients with DCM or HCM as well.
Also lesser degrees of ST-T abnormalities associate with LVH as well as with
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greater left ventricular mass and higher burden of cardiovascular complications and
mortality. (Hancock et al., 2009). Repolarization abnormalities such as TWIs or
strain changes in ST segment with ECG LVH represent more severe LVH and
associate with increased risk of adverse outcomes (Bang et al., 2014).
2.4.5 Gender differences in the usefulness of the electrocardiogram
in risk stratification
The main strength of using standard 12-lead electrocardiogram as a risk
stratification tool is that it is a cheap and non-invasive method widely available
within the health care system. As electrocardiogram is routinely recorded from
patients having symptoms attributable to a cardiac condition and often taken as part
of yearly control visits to the practitioner, in many conditions its availability as a
risk stratification tool is quite good. However, in a low-risk population and general
population where the prevalence of ECG abnormalities is quite low, the predictive
value of the electrocardiogram remains weak. Supplementing traditional risk factor
assessment with electrocardiogram could be helpful when evaluating the suitability
of asymptomatic subjects without a CVD for risk-reduction therapies (O’Malley &
Redberg, 2012).
Because women are consistently underrepresented especially in clinical trials,
and even in studies representing the general population, (Lam et al., 2019) ECG
risk factors can be considered more apposite for men than women. For example,
the majority of previous studies conclude that SCD can less often be predicted
based on ECG changes in women than in men (Albert et al., 2003; Simmons et al.,
2012). Even though invented over a century ago, it is most likely that the full
potential of the electrocardiogram as a risk assessment tool has not been realized
and there is still work to be done in the future, especially in the field of gender
differences.
2.5

Interventions to reduce the gap between the genders in risk
assessment of adverse cardiac events

The main challenge in defining the risk profile for cardiac events in women is the
lower incidence of these adverse events among female population, which limits the
statistical interpretation. To solve this problem and to establish a proper picture of
the risk factors for adverse cardiac events among women, population sample sizes
should be bigger, women should be represented equally in study populations, and
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women-specific risk factors should be investigated based on meta-analysis. Women
should also be treated equally with men and possible gender differences should be
carefully taken into account in treatment. The erroneous perception that women are
protected against CVD is still strong among the general public and even among
health care professionals (Sciomer et al., 2018). A lot of work has been done to
increase people’s and practitioners’ awareness of the gender differences in
symptoms, outcomes, and risk stratification of cardiac diseases, yet the problem
cannot be considered to have been solved. Study groups all over the world need to
continue to push forward in collaboration so as to be able to enhance risk
assessment and reduction of adverse cardiac outcomes not only among men but
among women as well.
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3

Aim of the study

The aim of this thesis was to assess the risk of adverse cardiac events associated
with traditional ECG risk markers in women in study populations with different
risk profiles and to find possible gender differences. The specific aims of the study
were:
1.
2.

3.

4.

To determine autopsy findings, causes of death and gender differences in the
prevalence of traditional ECG risk markers in a large SCD cohort (I).
To explore gender differences in the prevalence of fQRS in three patient
populations with different risk profiles, and to assess the risk of arrhythmic and
cardiac death and all-cause mortality in women and in men (II).
To evaluate the difference in the prevalence and predictive value of classical
ECG abnormalities between subjects hospitalized for heart failure and control
group subjects, and between the genders in a middle-aged general population
sample (III).
To study the prognostic value of traditional ECG risk markers for cardiac
mortality, SCD and all-cause mortality in three large middle-aged general
population samples and assess the differences between women and men in the
prognostic value of these markers (IV).
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4

Materials and methods

4.1

Study populations

4.1.1 FinGesture Study (Study I and II)
The Finnish study of Genotype and Phenotype of Sudden Cardiac Death
(FinGesture) is an observational retrospective study which systematically collected
clinical data and medicolegal autopsy data from victims of SCD in the defined
geographical area of Northern Finland between 1998 and 2017. Finnish law
requires a medicolegal autopsy to be carried out if the death is not due to a preexisting known disease, if the subject has not been treated by physicians during the
last illness, or if the death is otherwise unexpected (Act on the Inquest Into the
Cause of Death, 459/1973, 7th paragraph: Finnish law). A death was considered as
sudden if it was either a witnessed event within 6 hours of the onset of symptoms
or an unwitnessed death within 24 hours of when the subject was last seen alive in
a normal state of health. In previous literature the 1-hour definition for SCD
proposed by Hinkle and Thaler (Hinkle & Thaler, 1982) has been seen as a golden
standard. The current 6- and 24-hour definition of SCD was used in a previous
autopsy-based study population (A. J. Taylor et al., 2000), and was chosen so as to
cover as many subjects with SCD as possible, considering that many SCD victims
are found dead due to the lethal arrhythmias taking place a few hours after the onset
of symptoms in acute coronary syndromes, and would therefore be missed with the
original 1-hour definition.
A medicolegal autopsy was performed on all of the 5,869 victims of SCD (male
n=4,631, 78.9%; female n=1,238, 21.1%; mean age, 65 ± 12 yrs.) at the Department
of Forensic Medicine, University of Oulu, Oulu, Finland, and the National Institute
for Health and Welfare, Oulu, Finland, by experienced forensic pathologists who
each perform over 100 autopsies per year, and by using contemporary guidelines
for the purpose of diagnosing the cause of death. All cases with evidence of noncardiac cause of death were excluded from the study population. Taking into
account the Finnish law requirements considering medicolegal autopsy, the
FinGesture Study includes virtually all unexpected SCDs in Northern of Finland
during the study timeframe, which markedly reduces possible selection bias. If
there was evidence of an active coronary artery process, defined as an acute
intracoronary thrombus, plaque rupture or erosion, hemorrhage into a plaque or
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critical coronary stenosis (> 75%) in a major coronary artery, the SCD was
classified as ischemic. If the criteria for ischemic SCD were not met, the death was
classified as non-ischemic. Pre-defined autopsy criteria for diagnosis of underlying
heart disease in the FinGesture Study have previously been described in detail
(Hookana et al., 2011) and the methods of the FinGesture Study have been
described by Kaikkonen et al. (Kaikkonen, Kortelainen, Linna, & Huikuri, 2006).
The precise definitions of non-ischemic SCD including alcoholic-, obesity- and
hypertension-related cardiomyopathy and PMF are reviewed in Table 1.
In the first original publication (Study I), premortem ECGs were available and
analyzed in 1,101 subjects (74.7% male) and they were taken on average two year
prior to the SCD (interquartile range, 0.28, 4.9 years). ECGs were recorded
incidentally for various reasons such as dyspnea, chest pain or palpitations, but only
1.7% had a coronary event (Holmström et al., 2020). In addition, information on
prior illnesses and medications was collected from medical records and with
specific questionnaires for relatives. Subject selection in Study I is illustrated in
Figure 3. In the second original publication (Study II), the SCD population was
limited to subjects between 30 and 80 years of age (n=993, 21% women). The study
complies with the Declaration of Helsinki and was approved by the Ethics
Committee of Northern Ostrobothnia Hospital District and the National Authority
for Medicolegal Affairs (Valvira). The requirement for consent from close relative
was relinquished by the Ethics Committee since according to Finnish law,
medicolegal autopsy does not require consent.
4.1.2 ARTEMIS Study (Study II)
The ARTEMIS study (Innovation to Reduce Cardiovascular Complications of
Diabetes at the Intersection study, ClinicalTrials.gov identifier: NCT01426685) is
a prospective observational study that recruited CAD patients with or without
T2DM in the Oulu University Hospital District. The subjects had undergone
coronary angiography 3 to 6 months earlier and were diagnosed with CAD.
Subjects in the following subgroups were excluded from the study: 1) guideline
criteria for prophylactic implantable cardioverter defibrillator were met, 2) patient
was under 18 or over 85 years old, 3) patient had had an acute coronary syndrome
less than three months ago, 4) the patient suffered from end-stage renal disease,
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ARVC

Interstitial, diffuse or patchy myocardial fibrosis without LVH, myocardial scarring, or other structural abnormalities

(BMI >30).

hypertrophy, dilation of both atria and ventricles, excessive epicardial fat and fat infiltration of myocardium, obesity

Heart weight increased over value predicted for normal body weight, LVH or both left and right ventricular wall

cirrhosis and/or severe steatosis, pancreatic fibrosis/calcifications).

dilated cardiomyopathy, other organ changes related to excessive long-term alcohol consumption (eg., liver

Focal replacement fibrosis of the myocardium, LVH and increased heart weight (>420 g). In later stages signs of

hypertrophy, intimal fibrosis/sclerosis in renal arterioles).

Increased heart weight (>420 g), LVH, unspecific fibrosis, other organ changes related to hypertension (eg, medial

without left ventricular hypertrophy (heart weight <420 g) or any other apparent cause for fibrosis.

= sudden cardiac death.

hypertrophic cardiomyopathy; HOCM = hypertrophic obstructive cardiomyopathy; LVH = left ventricular hypertrophy; PMF = primary myocardial fibrosis; SCD

ARVC = arrhythmogenic right ventricular cardiomyopathy; BMI = body mass index; CM = cardiomyopathy; DCM = dilated cardiomyopathy; HCM =

CM associated with obesity

Alcoholic CM

Hypertensive CM

PMF

Other cardiomyopathies

Right ventricular dilation, atrophy of the right ventricular myocardium with fibrofatty replacement of myocytes.

LVH, with asymmetric septal hypertrophy, myocyte disarray, and various degrees of interstitial fibrosis.

Right ventricular dysplasia/CM

Concentric LVH, with myocyte disarray accompanied by various degrees of interstitial fibrosis.

HCM

of both ventricles and atria, unspecific fibrosis and focal atrophy/hypertrophy of myocytes.

Left ventricular dilation with inadequate degree of LVH, in later stages pale and flabby myocardium and dilation

Autopsy findings

HOCM

Hypertrophic cardiomyopathy

DCM

Dilated cardiomyopathy

death from autopsy

Adjudicated and descriptive causes of

Table 1. Definitions for non-ischemic causes of SCD.

severe heart failure (NYHA IV), pre-diabetic state of hyperglycemia or was
mentally or physically unfit to participate, or 5) patient’s life-expectancy was less
than one year due to comorbidity. After exclusions, a total of 1,946 CAD patients
with significant stenosis (> 50%) in at least one major epicardial artery were
included in the study.
Baseline examinations included measurement of blood pressure, 12-lead ECG,
24 hours Holter monitoring, echocardiography, exercise stress test, broad health
questionnaires, venous blood sample and urine sample. After excluding 46
unreadable ECGs a total of 1,900 12-lead resting ECGs remained. These subjects
were divided into two subgroups based on history of myocardial infarction. The
population of the ARTEMIS study was used as a subpopulation of the original
Study II, and the subject selection is presented in Figure 4. The ARTEMIS Study
complies with the Declaration of Helsinki and the study protocol was approved by
the Ethics Committee of Northern Ostrobothnia Hospital District.
4.1.3 Social Insurance Institution’s Coronary Heart Disease Study of
the Finnish Mobile Clinic Health Examination Survey (Studies
II, III and IV)
The Social Insurance Institution’s Coronary Heart Disease Study of the Finnish
Mobile Clinic Health Examination Survey (following the CHD Study) consists of
a total of 10,957 subjects between ages 30 and 59 years (47.7% female, n=5,254)
from twelve populations in four geographical areas in Finland. The study was
carried out between 1966 and 1972, and 89% of the 12,310 subjects invited took
part in the study. Details of the study population have previously been described in
more detail (Reunanen et al., 1983). In summary, the subjects completed health
questionnaires regarding their health habits, previous illnesses, medication and
cardiac symptoms, the subjects’ height, weight, and blood pressure was measured,
and 12-lead resting ECG was recorded. A total of 53 subjects were excluded from
the study due to unreadable ECG, and after these exclusions, 10,904 subjects with
ECG (47.7% female, n=5,201; mean age 44.0 ± 8.5 yrs.) from the original cohort
remained in the study. In Study IV, also subjects with bundle branch blocks were
excluded, and 10,807 subjects remained in the study population (47.8% female,
mean age 44.0 ± 8.5 years). Subject selection in Study IV is presented in Figure 6.
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electrocardiogram, SCD = sudden cardiac death.

Fig. 3. Flow chart of the prevalence differences between sexes and ischemic and non-ischemic sudden cardiac deaths. ECG =

Fig. 4. Subject selection in the ARTEMIS study. ECG = electrocardiogram, MI =
myocardial infarction.

The average follow-up time of the participants was 30 ± 11 years (Study II and III).
The follow-up was carried out until the end of the year 2011 using nationwide
health registers (Causes of Death Register maintained by Statistics Finland and
Care Register for Healthcare [HILMO] maintained by the National Institute for
Health and Welfare) whose quality and validity has been well established (Rapola
et al., 1997). However, in the fourth original study (Study IV) the follow-up time
was limited to 8 years to clarify ECG in risk assessment, taking into account that
change in ultimate cardiovascular risk profile could be possible during a longer
follow-up period. The causes of death were established using death certificates
provided by Statistics Finland. The definition of cardiac cause is based on the
International Classification of Disease code of cause of death and represents codes
I20–I25 in the International Classification of Diseases 10. All the cardiac deaths
were reviewed using death certificates and hospital records by a committee of
qualified and experienced cardiologists who were unaware of the ECG analysis to
identify SCDs from arrhythmia based on the definitions presented in the Cardiac
Arrhythmia Pilot Study (Greene et al., 1989). Sudden deaths were defined to be
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arrhythmic if there was a spontaneous cessation of breathing or circulation with a
loss of consciousness that was either immediate or preceded by symptoms
attributable to myocardial infarction or cardiac arrhythmia, and the subject did not
suffer from heart failure. The deaths were not classified as arrhythmic if the subject
was known to suffer from severe congestive heart failure and death from heart
failure was evaluated to be unavoidable within four months before death occurred.
SCDs also included events that were not witnessed if there was no evidence of
another cause of death.

Fig. 5. Subject selection in Study IV. ECG = electrocardiogram.

The subject selection in Study II is in line with the illustration of subject selection
of the CHD Study in Figure 5, but the population was divided into subjects with
and without a history of previous cardiac disease based on the clinical history of
previous myocardial infarction, documented CAD, ECG signs of CAD (Minnesota
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codes: 1.1–1.3, 4.1–4.3, 5.1–5.2, 7.1 and 7.4) (Rose et al., 1968), history of
congestive heart failure and use of cardiac medication. Due to missing information,
a total of 10,264 subjects with and without information of previous cardiac disease
remained in this study population sample. As bundle branch blocks were not
excluded in Study III, a total of 10,904 subjects remained in the final study
population after exclusions (47.7% female, n=5,201; mean age 44.0 ± 8.5 yrs.).
These subjects were divided into two subgroups based on the information on
hospitalization due to heart failure (collected from HILMO). The diagnoses of the
register have been validated by Sund et al. (Sund, 2012).
4.1.4 Mini-Finland Health Survey (Study IV)
The Mini-Finland Health Survey, conducted between 1978–1980, was the third
main phase of the Finnish Mobile Clinic Survey. The primary study population
consisted of 8,000 subjects over 30 years old from 40 different geographical areas
around Finland. In the first phase of the study, 7,703 subjects (96.3%) took part in
a health interview and 7,217 subjects (90.2%; 54.0% female, n=3,895; mean age
51.5 ± 14.2 yrs.) took part in the next phase including basic health examinations
(Figure 6). Detailed descriptions of the study protocol and methods have been
published earlier (Knekt, Rissanen, Järvinen, & Heliövaara, 2017). Briefly, subjects
completed health questionnaires regarding their health habits and history of
previous diseases, and in the clinical health examination, their height, weight, blood
pressure and heart rate was measured. In addition, a standard 12-lead resting ECG
was recorded and thorax x-ray, venous blood sample and urine sample were taken.
Based on these examinations, specialists in internal medicine made diagnostic
conclusions concerning the existence of CVDs. The participants were followed up
from the baseline examinations until the end of 2011, a total of 24.0 ± 10.6 years,
using the nationwide Causes of Death Register, but in the fourth original article the
follow-up time was limited to 8 years as described earlier. The protocol concerning
the endpoints during the follow-up period and determination of the causes of death
has been explained above.
4.1.5 Health 2000 Examination Survey (Study IV)
The Health 2000 Health Examination Survey was carried out between 2000–2001
in 80 different regions around the country. A total of 8,028 adults between ages 30
and 80 were invited to participate in the study; 6,986 (87%) of them were
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interviewed. The baseline health examinations including extensive health
questionnaires, measurements of height, weight, blood pressure, heel bone density
and lung capacity by spirometry, as well as venous blood sample and recording of
standard 12-lead ECG, were attended by 6,345 subjects. After excluding
unreadable ECGs and subjects over 61 years, 4,360 subjects (52.3% female, mean
age 45.5 ± 8.4 years) remained in the study population (Figure 6). The study
protocol has been reported earlier in detail (Heistaro, 2008). The ultimate followup period of the study was 12.1 ± 2.8 years until the end of January 2009, but the
follow-up time of the fourth original study was shortened to 8 years to get a better
idea of the actual risk profile.
4.2

Electrocardiographic measurements

All 12-lead ECGs were recorded at paper speed 50 mm/s and calibration 1 mV/10
mm with subjects resting in supine position. ECGs of the FinGesture Study subjects
were interpreted by two independent and blinded researchers. In the ARTEMIS
Study, ECGS were analyzed by nine independent specialists. In the Mobile Clinic
Health Examination Survey, ECG changes were coded according to revised
Minnesota coding (Rose et al., 1968) by six specialists working in pairs and
supervised by two cardiologists, and the repeatability of coding was assessed to be
moderately good (Reunanen et al., 1983). Minnesota coding was also used for
ECGs from the Mini-Finland Health Survey at the time of registration. Paper ECGs
from the Mini-Finland Health Survey and FinGesture were digitized in three phases
using computer programs developed for the purpose. In the Health 2000
Examination Survey, ECGs were recorded directly onto paper and in digital format.
Electrocardiographic analyses included standard interval measurements,
including QRS and QT duration. QRS duration and QT interval were measured
from leads II or V5, or mean duration of all leads was used. QRS duration was
considered as prolonged if it was ≥ 110 ms. Heart rate correction for the QT interval
was performed with Bazett’s formula. Three definitions of prolonged QTc were
analyzed in each study population: QTc ≥ 460 ms among women and QTc ≥ 440
ms among men, QTc ≥ 470 ms among women and QTc ≥ 450 ms among men, and
QTc ≥ 490 ms in both men and women was regarded as marked prolongation.
Q waves were classified using standard Minnesota criteria (codes 1.1–1.3).
Inferolateral TWIs were classified as inferior (II, III, aVF) or lateral (I, aVL, V4V6) if at least two < -0.1 mV TWIs were present in ≥ 2 contiguous leads within the
coronary artery region. ST segment was classified as horizontal or descending if it
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was < 0.1 mV 100 ms after the end of the QRS complex. ER was classified by
coronary artery regions as inferior, lateral, or inferolateral if ≥ 2 slurred or notched
≥ 0.1 mV J-point elevations were present in the leads of the same coronary artery
region or in total in both of them. Similarly, fQRSs were classified by coronary
artery regions as anterior (V1 to V3), inferior (II, III, aVF) or lateral (I, aVL, V4–
V6) when ≥ 2 fragmented QRS complexes were present in the same region.
Fragmented QRS was determined by notching of R or S wave or at least one
additional R wave, adapting previously established criteria (Das et al., 2006).
Different fQRS morphologies fulfilling the criteria used in this study are presented
in Figure 6. ECG markers of LVH were measured by using either the criteria of
Sokolow-Lyon (Study I–IV) or the voltage criteria of Cornell (Study I). The ECG
LVH was graded as positive if the sum of the S wave amplitude in V1 and R wave
amplitude in V5/V6 (whichever was larger) was ≥ 35 mm (Sokolow-Lyon) or if the
sum of S-wave in V3 and R-wave in aVL was > 24 mm in men or > 20 mm in
women (Cornell).

Fig. 6. Illustration of different fQRS morphologies on 12-lead ECG. Reprinted with
permission from Elsevier.

4.3

Statistical analysis

Continuous data were analyzed using Student’s t-test and results are presented as
means ± standard deviations (SD). Categorical data were compared between the
groups using Pearson Chi-Square test and number of cases is presented with the
prevalence among the study population in brackets. General linear model was used
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when comparing age- and gender-adjusted means for continuous variables as well
as the prevalence of categorical variables (Study II). Unadjusted and adjusted
hazard ratios and their 95% confidence intervals (CI) were assessed using Cox
proportional hazard model. The covariates used were chosen based on the
established data of an association with cardiac mortality. In Study III, adjustments
in multivariable model included age, BMI, diastolic blood pressure, smoking, prior
cardiac medication, and arterial hypertension. In Study II, age, BMI, cholesterol
levels, systolic blood pressure, smoking, QRS duration and QTc time were
covariates in multivariable analysis. In Study IV, age, BMI, cholesterol levels,
systolic blood pressure, smoking, diabetes, CAD, heart rate and the population
sample were used as adjustments. Subjects with missing data in covariates were
excluded in each original publication, which explains the marginally different
numbers of participants when comparing the publications as slightly different sets
of covariates were used.
The ECG abnormalities studied were selected based on previous evidence of
SCD or cardiac mortality. Interaction effect between gender and ECG abnormalities
was defined using Cox regression analysis where gender, each ECG variable and
their interaction term were in the same model. The interaction was further analyzed
if the interaction term was statistically significant. Kaplan-Meier curves were used
if interaction was graphically illustrated. In Study III, the proportional hazard
assumption was confirmed by plotting Schoenfeld residuals against survival time
altered into natural logarithms. All the statistical analyses were performed using
Statistical Package for Social Studies versions 25.0 and 26.0 (IBM SPSS Statistics),
and p-value of < 0.05 was considered statistically significant in all the original
studies I–IV whereas values < 0.01 were considered statistically significant when
studying the gender differences in Study I. All the p-values are two-tailed.
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5

Results

5.1

Sudden cardiac death in women: causes of death, autopsy
findings and ECG markers

5.1.1 Characteristics and causes of death
Interestingly, in a subgroup analysis of sudden death from 2016 (593 natural sudden
deaths, 24.1% women), 60% of the sudden deaths were caused by cardiac causes.
The proportion of SCD within all sudden deaths was actually higher in women than
in men (69% vs. 57%, P=0.009, respectively). However, the majority of the SCD
victims were male (78.9%, p<0.001). The characteristics and autopsy findings of
SCD victims are presented in Table 2. Women were more likely to lack
macroscopic findings at autopsy, in addition to having more often normal histology.
Myocardial fibrosis was a common finding among both genders as any degree of
fibrosis was observed in 92.4% of the male and 89.3% of the female victims. The
degree of fibrosis seems to be more severe among men.
Table 2. Characteristics, macroscopic and histological autopsy findings of SCD victims
by gender.
Characteristics

Women, n=1,238

Men, n=4,631

p

Age (years)

70.1 (13.1)

63.5 (11.8)

<0.001

Body mass index (kg/m²)

28.1 (7.4)

27.5 (6.0)

0.001

Abdominal fat (cm)

3.2 (1.8)

2.7 (1.4)

<0.001
<0.001

Heart weight (g)

412 (104)

501 (128)

Prior scar

546 (44.9)

1,958 (43.2)

0.313

1,104 (89.3)

4,277 (92.4)

<0.001
<0.001

Fibrosis of any degree
None

132 (10.7)

348 (7.5)

Mild

404 (32.6)

1,327 (28.7)

0.006

Moderate

605 (48.9)

2,363 (51.0)

0.178

96 (7.8)

590 (12.7)

<0.001

Substantial

Continuous variables values are presented as means in gender and standard deviation in brackets.
Categorical variables are presented as number of cases in gender and corresponding percentage in
brackets. P values < 0.05 were considered as statistically significant.

CAD was the most common cause of death among both genders (74.8%, p=0.005),
being emphasized especially among men as it was the cause of death in almost 80%
of the SCD cases among men (p=0.005). Women experienced more often non71

ischemic SCD as almost one-third of the SCDs among women were non-ischemic
whereas among men, the proportion was one-fourth. The prevalence of causes of
death are presented in Table 3. Women had twice higher prevalence of PMF in
comparison to men.
Table 3. Causes of death of SCD victims by gender.
Cause of death in autopsy

Women, n=1,238

Men, n=4,631

p

888 (71.7)

3504 (75.7)

0.005

Hypertensive cardiomyopathy

90 (7.3)

310 (6.7)

0.475

Obesity cardiomyopathy

76 (6.1)

264 (5.7)

0.558

PMF

64 (5.2)

120 (2.6)

<0.001

Alcoholic cardiomyopathy

49 (4.0)

244 (5.3)

0.060

Valve disease

23 (1.9)

53 (1.1)

0.049

Myocarditis

20 (1.6)

40 (0.9)

0.020

Ischemic death

Normal finding

7 (0.6)

8 (0.2)

0.015

ARVC

5 (0.4)

1 (0.0)

<0.001

DCM

6 (0.5)

46 (1.0)

0.090

HCM

6 (0.4)

34 (0.7)

0.343

Anomalies

1 (0.1)

4 (0.1)

0.952

Missing information

3 (0.1)

3 (0.1)

0.082

Values are presented as number of cases within gender and corresponding percentage in brackets. P<0.05
is considered statistically significant. ARVC = arrhythmogenic right ventricular cardiomyopathy, DCM =
dilated cardiomyopathy, HCM = hypertrophic cardiomyopathy; PMF = primary myocardial fibrosis.

5.1.2 Circumstances of sudden cardiac death
Out of 4,631 SCDs in men, 85.3% were unwitnessed; of the SCDs among women,
the corresponding proportion was 83.4% (p=0.102, respectively), and especially
ischemic deaths seemed to occur more often unwitnessed among men than among
women. In women, SCD occurred more frequently indoors than in men. The
proportion of SCD during exercise was considerably higher among men and the
gender difference was emphasized with ischemic SCDs. The circumstances during
SCD are presented in Table 4. Among men, SCD took place more often during the
daytime, being emphasized among ischemic SCD victims, whereas among women,
death between midnight and 6 AM was considerably more frequent than among
men. Conversely, this gender difference was highlighted among non-ischemic SCD
victims.
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818 (92.1)**
95 (7.9)**
26 (2.9)**
105 (26.7)
105 (26.7)
105 (26.7)
78 (19.8)

Indoors

Outdoors

During exercise

12 AM – 6 AM

6 AM – 12 PM

12 PM – 6 PM

6 PM – 12 AM

31 (24.6)

25 (19.8)

26 (20.6)

44 (34.9)

2 (0.6)**

25 (7.1)**

325 (92.9)**

305 (87.1)*

45 (12.9)*

Non-ischemic women, n=350

320 (20.2)

507 (32.0)

419 (26.5)

338 (21.3)

449 (12.8)

698 (19.9)**

2,802 (80.1)**

2,927 (83.6)

576 (16.4)

Ischemic men, n=3,503

75 (19.8)

98 (25.9)

106 (28.0)

100 (26.4)

47 (4.2)

138 (12.2)**

989 (87.8)**

1,023 (90.8)*

104 (9.2)*

Non-ischemic men, n=1,127

is given in brackets. Unwitnessed indicates subjects who were found dead.

*p<0.05; **p<0.01 women compared to men. Values are presented as number of cases within ischemic or non-ischemic subgroup, and corresponding percentage

160 (18.0)
728 (82.0)

Unwitnessed

Ischemic women, n=888

Witnessed

Circumstance

Table 4. Circumstances around SCD.

5.1.3 Temporal trends in the incidence of sudden cardiac death
When temporal patterns in the incidence of SCD were examined at 5-year intervals
a descending trend was seen in ischemic SCD as its proportion declined from 78.8%
to 77.2% between 1998–2002, to 77.2% between 2003–2007, to 72.3% between
2008–2012, and remained at 72.4% between 2013–2017. Temporal patterns in the
incidence of SCD are presented in Figure 7. The trend could be seen in both genders
even though there was some fluctuation in the prevalence among women during
the last ten years. The overall proportion of non-ischemic SCD was increasing
during that time period.

Fig. 7. Temporal patterns of ischemic and non-ischemic SCD in women and men during
the last 20 years. Reused with permission of the publisher from the original article.
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5.1.4 Gender-related ECG differences among subjects with sudden
cardiac death
A total of 1,101 SCD victims had a premortem ECG recorded; of these, only one
in four were women (25.3%, p=0.005). The following ECG markers were studied
in Study I: Q waves, TWIs and fQRSs in total and by each coronary artery region,
ER with and without horizontal or descending ST segment, and LVH with and
without repolarization abnormalities defined by the voltage criteria of both
Sokolow-Lyon and Cornell. QRS duration was studied as a continuous variable and
categorical variable (QRS > 110 ms), and a similar strategy was used with QTc
time. When comparing the prevalence of ECG changes between genders and
ischemic and non-ischemic SCD victims, most of the ECG abnormalities were
more frequently found in premortem electrocardiogram of male victims. The
prevalence of each statistically significant ECG variable in SCD subpopulations is
presented in Table 5. Approximately 85% of the male SCD victims had at least one
ECG abnormality. This was a remarkably higher prevalence than in women: more
than one in four of the female SCD victims had a normal electrocardiogram. ECG
findings that were more common in men than in women were prolonged QRS
duration and QTc time, presence of Q waves and fQRS. Especially, pathological Q
waves were markedly more frequently found among ischemic male SCD victims
in comparison to female victims, with a greater difference between genders than
observed in total population. The prevalence of pathological Q waves was
emphasized especially among ischemic male victims
The only statistically significant ECG marker which was considerably more
commonly found among women than among men was ECG sign of LVH defined
by the voltage criteria of Cornell, which was found in 17.9% of female SCD victims
but in only 10.6% of the male victims. When observed with repolarization
abnormalities, ECG sign of LVH was again more prevalent among women than
among men. The gender difference was emphasized especially among nonischemic SCD victims among whom 10.2% of women, but only 4.6% of men, had
this particular ECG change. Otherwise, nearly analogous findings as in the entire
population were observed in subgroup analyses of ischemic and non-ischemic SCD
victims.
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5.2

Gender differences in prevalence and prognostic value of
fragmented QRS complex

The prevalence of fQRS associated with advanced age, severity of prior cardiac
illness and male gender. The characteristics of each study population by gender
have been presented in Table 6. During the follow-up period of 30 ± 11 years, a
total of 6,159 subjects (56.5%) of the CHD Study died; 32.2% of those deaths were
due to cardiac causes and 13.0% to sudden arrhythmic death. In the ARTEMIS
Study, 212 subjects died or were resuscitated during the follow-up time of 4.7 ± 0.8
years; 2.7% of the deaths were SCDs.
5.2.1 Gender differences in the prevalence of QRS fragmentation
There seemed to be a gradual increase in the prevalence of fQRS the higher the
subjects’ burden of cardiac disease. Among subjects without a clinical history or
ECG evidence of previous cardiac disease the prevalence of fQRS was 19.0%. QRS
fragmentation was more typical among supposedly healthy men than among
healthy women as one-fifth of the men had fQRS while the corresponding
prevalence among women was approximately 15%. The prevalence of fQRS
increased from 19.0% to 22.3% among subjects with a known or suspected cardiac
disease. Among men, the proportion of fQRS rose to one-fourth while among
women, it remained the same as in female subjects without previous cardiac disease
(25.4% vs. 15.8%, for men and women, respectively, p<0.001). Among subjects
with angiographically documented CAD but no prior myocardial infarction, the
prevalence of fQRS rose to 35.3%, and fQRS was seen significantly more often
among male subjects in comparison to females (39.9% vs. 26.4%, p<0.001). After
prior myocardial infarction, the total prevalence of fQRS increased to 39.5% as
42.9% of the male subjects and 31.2% of the female subjects had fQRS. The
prevalence of fQRS was the highest among victims of SCD, 53.8% of whom had
fQRS (56.1% vs. 46.0%, for men and women, respectively, p=0.009). The gender
differences in the prevalence of fQRS in populations with different risk profiles are
presented in Figure 8. Inferior fQRS was most commonly seen in all populations
even though it was especially emphasized among men.
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Fig. 8. The prevalence of fQRS in populations with different levels of cardiac burden.
Reused with permission of the publisher from the original article. CAD = coronary artery
disease, SCD = sudden cardiac death.

5.2.2 Gender differences in prognostic significance of QRS
fragmentation
Male subjects with fQRS had overall higher mortality rates in comparison to female
subjects, which was seen repeatedly with all-cause mortality (57.5% vs. 47.6%, for
men and women, respectively), cardiac mortality (18.4% vs. 13.7%) and sudden
arrhythmic death (8.1% vs. 4.4%). A statistically significant interaction effect could
be seen only among subjects without a previous cardiac disease between genders
and prognostic value of inferior and total fQRS for cardiac (total fQRS: [HR: 1.5;
95% CI: 1.15–1.92, p=0.003]; inferior fQRS: [HR:1.6, 95% CI 1.21–2.08,
p=0.001]) and all-cause mortality (total fQRS: [HR:1.2, 95% CI:1.08–1.43,
P=0.002]; inferior fQRS: [HR: 1.3, 95% CI: 1.12–1.52, p=0.001]). Hazard ratios of
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78
5 (1.8)

Anterior

45 (16.1)

Inferior

Anterior

167 (20.3)

363 (44.2)

214 (26.1)

457 (55.6)

39 (4.7)

81 (9.9)

26 (3.2)

128 (15.6)

40 (4.9)

87 (10.6)

283 (34.4)

368 (44.8)

438 (38)

201 (24.5)

102 (23)

696 (84.7)

Men

All SCDs

0.125

0.011

0.079

0.007

0.030

0.036

0.025

0.002

0.036

0.001

<0.001

<0.001

0.623

<0.001

<0.001

<0.001

p

25 (14.6)

65 (38.0)

33 (19.3)

80 (46.8)

4 (2.3)

11 (6.4)

1 (0.6)

16 (9.4)

12 (7.0)

39 (22.8)

32 (18.7)

46 (26.9)

440 (38)

28 (16.4)

95 (21)

125 (73.1)

100 (19.3)

230 (44.3)

130 (25.0)

290 (55.9)

25 (4.8)

34 (6.6)

92 (17.7)

100 (19.3)

26 (5.0)

53 (10.2)

168 (32.4)

219 (42.2)

437 (39)

135 (26.0)

102 (23)

442 (85.2)

Men

p

0.171

0.148

0.125

0.039

0.051

0.032

0.068

0.003

0.318

<0.001

0.001

<0.001

0.440

0.010

<0.001

<0.001

Ischemic SCD victims
Women

20 (18.5)

34 (31.5)

25 (23.1)

49 (45.4)

1 (0.9)

5 (4.6)

1 (0.9)

7 (6.5)

11 (10.2)

20 (18.5)

16 (14.8)

17 (15.7)

435 (37)

10 (9.3)

93 (25)

332 (72.2)

67 (22.1)

133 (43.9)

84 (27.7)

167 (55.1)

7(2.3)

17(5.6)

10 (3.3)

28 (9.2)

14 (4.6)

31 (10.2)

115 (38.0)

159 (49.2)

443 (40)

66 (21.8)

101 (23)

254 (83.8)

Men

p

0.432

0.024

0.355

0.082

0.371

0.697

0.189

0.378

0.038

0.025

<0.001

<0.001

0.073

0.004

0.004

0.009

Non-ischemic SCD victims
Women

and standard deviation in brackets. fQRS = QRS fragmentation; LVH = left ventricular hypertrophy; QTc = corrected QT time; SCD = sudden cardiac death.

categorical variables values are presented as number of cases within gender and corresponding percentage in brackets, and for continuous variables, as mean

*As QTc cut point 440 ms and 450 ms were used among men, and 460ms and 470 ms among women. P values <0.05 were considered as significant. For

58 (20.8)
99 (35.5)

Lateral

129 (46.2)

16 (5.7)

Inferior

fQRS

2 (0.7)

23 (8.2)

23 (8.2)

Lateral

Pathological Q waves

LVH (Cornell) + strain changes

50 (17.9)

48 (17.2)

LVH (Cornell)

QTc ≥ 450 ms / 470 ms*

439 (37)
63 (22.6)

QTc duration (ms)

QTc ≥ 440 ms / 460 ms*

94 (23)
38 (13.6)

QRS ≥ 110 ms

203 (72.3)

Women

QRS duration (ms)

Any ECG abnormality

ECG risk marker

Table 5. Statistically significant ECG risk markers for all, ischemic and non-ischemic SCD victims by gender.
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50.5 (7.0)

Men

68 (8.4)

252 (26.5)*

73 (21.5)*

56 (8.5)*

262 (39.9)*

422 (26.7)*

105 (17.6)*

68 (9.3)

657 (100.0)

28.2 (4.2)

66.6 (8.1)*

Men

Women

Men
28.2 (4.5)

65.2 (9.3)*

107 (18)*

68 (9.3)

51 (19.2)*

83 (31.2)*

42 (6.6)*

274 (42.9)*

430 (26.1)* 423 (27.7)*

99 (16.2)*

67 (8.8)

266 (100.0) 638 (100.0)

28.7 (4.7)

68.7 (8.4)*

12 (5.7)

97 (46.0)*

438 (37.7)

94 (22.8)*

78 (17.3)

104 (49.2)

28.3 (7.6)*

70.1 (13.1)*

Women

42 (5.7)

416 (56.1)*

440 (39.8)

102 (22.8)*

79 (19.1)

456 (61.5)

27.5 (6.0)*

63.5 (11.8)*

Men

FinGesture, n=953

Examination Survey; fQRS = fragmented QRS complex; LVH = left ventricular hypertrophy; QTc = corrected QT time.

mass index; CAD = coronary artery disease; CHD study = The Social Insurance Institution’s Coronary Heart Disease Study of the Finnish Mobile Clinic Health

within gender and corresponding percentage within brackets. Continuous values are presented as mean with standard deviation within brackets. BMI = body

*p<0.05 indicates statistically significant difference between female and male subjects. For categorical variables values are presented as number of cases

86 (7.9)*

938 (24.0)* 2,190(50.7)*

LVH, yes

89 (26.4)*

417 (27.8)* 407 (29.8)* 428.3 (23.3)*
173 (15.8)* 241 (25.4)*

109 (11.1)* 100.2 (16.8)*

73 (15.3)*

339 (100.0)

28.5 (5.3)

69.1 (7.7)*

Women

With myocardial infarction

ARTEMIS, n=1,900
Without myocardial infarction

578 (14.8)* 906 (21.0)*

86 (9.1)*

79 (16.2)*

110 (10.1) 130 (13.7)

27.9 (5.0)* 26.0 (3.7)*

51.4 (7.0)

Women

Possible cardiac death

fQRS, yes

89 (8.6)*

72 (14.1)*

0 (0.0)

25.6 (3.2)*

43.0 (8.3)*

Men

QTc duration, ms 415 (26.2)* 401 (26.8)*

85 (7.7)*

QRS duration, ms

0 (0.0)

CAD, yes
80 (15.5)*

26.1 (4.3)*

BMI, kg/m²

Heart rate, 1/min

43.8 (8.3)*

Women

No cardiac death

Finnish database – CHD study, n=10,957

Age, years

Characteristic

Table 6. Characteristics of study populations by gender.

univariate and multivariate model are presented in Table 7. QRS fragmentation in
any lead increased slightly the relative risk of cardiac mortality in multivariable
analysis among subjects with history of previous cardiac disease. Lateral fQRS
associated with all endpoints even after adjustments. Among women, fQRS in any
two contiguous leads did not have prognostic significance whereas among men,
total fQRS increased the risk for cardiac death. Even after adjustments, lateral
fQRS increased the relative risk of arrhythmic death 4.0-fold and risk of death of
any cause 2.6-fold among men. However, no statistically significant gender
interaction effect was detected among subjects with a history of previous cardiac
disease.
5.2.3 QRS fragmentation and fibrosis
As part of medicolegal autopsy, histological samples were collected from the
myocardium from all the SCD victims in the FinGesture Study. When comparing
the degree of fibrosis to the prevalence of fQRS a gradual increase in the prevalence
of fQRS was seen simultaneously with the increase in the degree of myocardial
fibrosis. This observation is presented in Figure 9.

Fig. 9. The prevalence of QRS fragmentation with respect to histological samples from
autopsy data among the victims of sudden cardiac death. Reused with permission of
the publisher from the original article.

80

81

97 (16.2)*

14 (10.8)
5 (17.9)

Anterior fQRS

Lateral fQRS

4 (3.1)
4 (3.1)

Inferior fQRS

Anterior fQRS

Lateral fQRS

312 (52.2)*

60 (46.2)

17 (60.7)

Inferior fQRS

Anterior fQRS

Lateral fQRS

207 (19.3)

22 (57.9)

94 (63.9)

575 (59.6)

644 (60.1)

2 (5.3)

14 (9.5)

95 (9.8)

106 (9.9)

6 (15.8)

30 (20.4)

185 (19.2)

1.1 (0.89–1.3)

0.95 (0.87–1.0)

1.0 (0.89–1.1)

0.6 (0.15–2.4)

1.0 (0.59–1.7)

1.0 (0.79–1.2)

1.0 (0.81–1.2)

0.85 (0.38–1.9)

1.0 (0.71–1.5)

0.9 (0.78–1.1)

0.9 (0.79–1.1)

Male

1.6 (0.97–2.5) 1.0 (0.69–1.6)

1.0 (0.80–1.3)

1.3 (1.1–1.4)*

1.2 (1.1–1.4)*

1.0 (0.14–7.3)

0.8 (0.29–2.1)

1.4 (0.93–2.0)

1.2 (0.86–1.8)

1.8 (0.73–4.2)

0.9 (0.53–1.5)

1.5 (1.2–1.8)*

1.4 (1.1–1.7)*

Female

0.9 (0.84–1.0)

0.8 (0.19–3.1)

1.0 (0.55–1.7)

0.9 (0.74–1.2)

0.9 (0.76–1.2)

1.1 (0.49–2.5)

1.0 (0.69–1.5)

1.2 (0.73–2.0)

1.1 (0.85–1.4)
1.2 (0.80–1.9)

1.0 (0.83–1.3)

1.0 (0.90–1.2) 0.9 (0.82–0.99)*

1.0 (0.92–1.2)

0.8 (0.11–5.4)

0.9 (0.32–2.4)

1.2 (0.81–1.8)

1.1 (0.79–1.7)

1.3 (0.55–3.3)

1.0 (0.59–1.7)

1.2 (0.95–1.5) 0.8 (0.71–0.98)*

1.2 (0.96–1.5) 0.9 (0.73–0.99)*

Male

Multivariate HR
Female

Male

6 (40.0)*

7 (25.9)

18 (17.6)

27 (20.7)

10 (66.7)*

17 (63.0)*

45 (45.5)

1 (33.3)

9 (75.0)

41 (78.8)

14 (93.3)

25 (92.6)

86 (86.9)

50 (78.1) 114 (88.4)

0 (0)

1 (8.3)

1 (1.9)

2 (3.1)

0 (0.0)

2 (16.7)

13 (25.0)

15 (23.4) 63 (48.8)*

Female

No. of deaths (%)

0.3 (0.04–2.1)

1.0 (0.49–1.9)

1.1 (0.76–1.5)

1.0 (0.77–1.4)

no events

1.2 (0.15–8.6)

0.3 (0.04–2.2)

0.5 (0.11–2.1)

no events

0.7 (0.17–2.7)

1.1 (0.58–1.9)

1.0 (0.56–1.7)

Female

1.8 (1.1–3.1)*

1.2 (0.83–1.9)

1.0 (0.80–1.3)

1.1 (0.86–1.3)

3.9 (1.7–9.0)*

1.7 (0.78–3.7)

1.1 (0.67–1.9)

1.3 (0.85–2.1)

3.0(1.56–5.6)*

1.9(1.15–3.1)*

1.2 (0.89–1.7)

1.4 (1.0–1.9)*

Male

Univariate HR

1.0 (0.13–7.1)

0.9 (0.45–1.7)

1.0 (0.68–1.4)

1.0 (0.71–1.3)

no events

1.2 (0.16–9.2)

0.3 (0.04–2.0)

0.4 (0.10–1.9)

no events

0.7 (0.1–2.7)

1.0 (0.55–1.9)

0.95 (0.54–1.7)

Female

2.6 (1.5–4.6)*

1.2 (0.79–1.9)

1.1 (0.89–1.4)

1.2 (0.95–1.5)

5.0 (2.10–12.0)*

1.6 (0.67–3.7)

1.3 (0.76–2.2)

1.5 (0.94–2.4)

4.3 (2.2–8.3)*

1.8 (1.4–3.1)*

1.4 (1.02–2.0)*

1.6 (1.2–2.1)*

Male

Multivariate HR

Subjects with a known cardiac disease, n=2,044

BMI, cholesterol levels, smoking, systolic blood pressure, QRS duration and QTc time. CI = confidence interval; fQRS = fragmented QRS complex; HR = hazard ratio.

*p<0.05. Statistical analysis was made for subjects of Coronary Heart Disease Study of the Finnish Mobile Clinic Health Examination Survey. Relative risks are adjusted with age, gender,

366 (51.2)*

Total fQRS

All-cause mortality

34 (4.8)
31 (5.2)

Total fQRS

Arrhythmic death

111 (18.7)*

Inferior fQRS

Male

Univariate HR

Subjects without a known cardiac disease, n=8,220

No. of deaths (%)

Female

Total fQRS

Cardiac death

Endpoint

Table 7. Unadjusted and adjusted hazard ratios for subjects with and without prior cardiac disease.

5.3

Electrocardiographic risk markers of hospitalization for heart
failure in women – gender differences

Almost half of the hospitalized subjects were women (n=5,215, 48.8%), and the
prevalence of hospitalization was slightly higher among women in comparison to
men (16.5% vs. 15.6% for women and men, respectively, p=0.139). However, the
annual incidence of heart failure hospitalization was slightly higher among men
than among women (0.69% vs. 0.75% for women and men, respectively, p=0.639),
and men also seemed to have slightly increased relative risk for heart failure
hospitalization (HR: 1.15; 95% CI: 1.05–1.26; p=0.004). The baseline
characteristics are presented in Table 8, and the main difference between the
genders was the older age of female subjects at the time of hospitalization for heart
failure (74.8 ± 11.0 years vs. 69.6 ± 10.6 years; p<0.001).
Table 8. The baseline characteristics of the study population.
Characteristics

Women, n=5,215
Control,

Heart failure

n=4,354

hospitalization,

Age (years)

43.3 (8.3)

49.6 (7.0)

BMI (kg/m²)

25.9 (4.3)

Men, n=5,649
p

Control,

Heart failure

n=4,767

hospitalization,

<0.001

43.0 (8.4)

47.4 (7.8)

28.1 (4.5)

<0.001

25.5 (3.2)

26.5 (3.7)

<0.001

136.7 (22.6)

145.6 (26.5)

<0.001

138.3 (19.1)

141.2 (21.5)

<0.001

82.6 (11.9)

87.4 (12.9)

<0.001

80.8 (12.4)

83.5 (13.5)

<0.001

239 (5.5)

121 (14.1)

<0.001

381 (8.0)

149 (16.9)

<0.001

Smoking (yes)

575 (13.2)

107 (12.4)

0.538

2,503 (52.5)

494 (56.0)

0.053

Medication for

235 (5.4)

97 (11.3)

<0.001

86 (1.8)

50 (5.7)

<0.001

n=861

Systolic blood

p

n=882
<0.001

pressure (mmHg)
Diastolic blood
pressure (mmHg)
Previous cardiac
disease (yes)

hypertension (yes)
p<0.05 indicates statistically significant result within genders. For categorical variables, values are
presented as number of cases within gender and corresponding percentage in brackets, and for continuous
variables, as mean and standard deviation in brackets. BMI = body mass index.

5.3.1 Gender differences in adverse outcomes of heart failure
A total of 651 women (75.6%, p<0.001) and 721 men (81.7%, p<0.001) died during
the follow-up period after hospitalization for heart failure. The death rate of
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subjects with hospitalization for heart failure was markedly higher in comparison
to other subjects of the study population as only 42.3% of the women and 61.2%
of the men died (p<0.001 for both). However, a gender difference in all-cause
mortality was not observed after the diagnosis of heart failure (figure 10). The death
was of cardiac origin in 28.9% of women and 37.4% of men hospitalized due to
heart failure (p<0.001 for both), but in only 10.2% of women and 19.9% of men
who did not experience hospitalization (p<0.001 for both). After the diagnosis of
heart failure, the rate of cardiac death increased more intensively among men
although women had only slightly better survival at the end of the follow-up period
in comparison to male patients (Figure 10). However, the rate of SCD was
markedly higher among male heart failure patients than among women (Figure 10).
5.3.2 Gender differences in ECG risk markers among patients
hospitalized for heart failure
On average 24 ± 11 years passed between the recording of electrocardiogram and
hospitalization for heart failure. A statistically significant difference between
subjects hospitalized for heart failure and controls group could be seen in QTc
prolongation, pathological Q waves and atrial fibrillation, all of which were more
prevalent among hospitalized patients. The prevalence of each ECG variable
studied is presented in Table 9. When comparing women and men hospitalized for
heart failure, women had on average higher heart rate and longer QTc duration
although statistical significance could not be obtained. The Sokolow-Lyon index
for LVH was more common among men although the finding was not statistically
significant. When comparing the female control subjects and women hospitalized
for heart failure, the Sokolow-Lyon index for LVH was remarkably more common
among the latter group, remaining prognostic for heart failure hospitalization also
in multivariable analysis. Men hospitalized for heart failure were found to have
more often QTc ≥ 450 ms than their female counterparts (QTc ≥ 470 ms). In
addition, men tend to have more often pathological Q waves, atrial fibrillation or
flutter and inferolateral TWIs.
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with permission of the publisher from the original article.

Fig. 10. Kaplan-Meier curves of all-cause and cardiac mortality and SCD for men and women after diagnosis of heart failure. Reused
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83 (1.9)

9 (0.2)

Right bundle branch block

3 (0.3)

0.531

0.387

0.339

0.152

0.376

0.140

0.039

0.368

<0.001

0.005

<0.001

0.023

0.020

0.954

0.223

0.195

p

Control

28 (0.6)

15 (0.3)

45 (1.2)

885 (19.2)

142 (3.7)

997 (21.1)

189 (4.1)

30 (0.6)

6 (0.1)

104 (2.2)

2,046 (42.4)

187 (3.9)

401 (27)

224 (4.7)

88 (11)

72 (15)

n=4,767

3 (0.3)

5 (0.6)

8 (1.2)

179 (21.4)

32 (4.6)

203 (23.6)

36 (4.2)

15 (1.7)

8 (0.9)

39 (4.4)

354 (40.1)

47 (5.4)

405 (26)

50 (5.7)

87 (12)

73 (14)

hospitalization, n=882

Heart failure

Men, n=5,649

0.367

0.241

0.978

0.129

0.214

0.095

0.832

0.001

<0.001

<0.001

0.203

0.044

<0.001

0.194

0.132

0.007

p

repolarization; fQRS = fragmented QRS complex; LVH = left ventricular hypertrophy; TWI = T wave inversion; QTc = corrected QT time.

presented as number of cases and corresponding percentage in brackets, and for continuous variables, as mean and standard deviation in brackets. ER =early

*QTc cutoff points 470 ms for women and 450 ms for men were used. P<0.05 was considered statistically significant. For categorical variables, values are

13 (0.3)

1 (0.1)

7 (1.0)

30 (0.7)

Lateral

Left bundle branch block

27 (3.7)

145 (16.8)
120 (14.5)

644 (14.8)

fQRS

19 (2.2)

7 (0.8)

5 (0.6)

77 (2.5)

553 (12.7)

157 (3.6)

ER

27 (3.2)
223 (25.9)

Inferior

26 (0.6)

Inferolateral TWI

7 (0.8)
417 (26)

135 (3.1)

4 (0.1)

Atrial fibrillation/flutter

80 (16)
82 (9.8)

Anterior

57 (1.3)

Pathological Q waves

788 (18.1)

QTc ≥ 470 ms / 450 ms*

LVH

35 (0.8)
415 (26)

QTc interval (ms)

82 (10)

QRS ≥ 110 ms

79 (16)

QRS duration (ms)

Heart failure
hospitalization, n=861

Control

Women, n=5,215
n=4,354

Heart rate (1/min)

ECG risk marker

Table 9. The prevalence of ECG risk markers compared between sex and subjects with and without heart failure hospitalization.

There was a statistically significant interaction effect between gender and
prognostic value of ECG sign of LVH, inferolateral TWIs and heart rate,
represented in Table 10 and Figure 11. The Sokolow-Lyon index for LVH
associated with increased risk of heart failure hospitalization only among women.
On the contrary, inferolateral TWI, pathological Q waves and elevated heart rate
were independently prognostic for heart failure hospitalization only among men.
Atrial fibrillation/flutter was associated with increased risk of hospitalization for
heart failure even though the prevalence was very low in both genders. The
differences in risks for future heart failure hospitalization are presented in Table 11.
Table 10. Gender interactions for heart failure hospitalization.
Variable

HR

95% CI

p

Age (years)

1.02

1.01–1.03

0.012

Body mass index (kg/m²)

1.02

0.99–1.04

0.116

Systolic blood pressure (mmHg)

1.01

1.00–1.01

0.010

Diastolic blood pressure (mmHg)

1.01

1.00–1.02

0.009

Heart rate (1/min)

0.99

0.98–1.00

0.017

Previous cardiac disease

1.27

0.75–1.25

0.792

Medication for hypertension

0.47

0.33–0.67

<0.001

Smoker

0.69

0.54–0.75

0.003

QRS ≥ 110 ms

0.88

0.40–1.96

0.758

QTc ≥ 470 ms / 450 ms*

1.03

0.64–1.67

0.966

ER

0.61

0.35–1.08

0.089

Inferolateral TWI

0.27

0.11–0.67

0.005

fQRS

1.05

0.83–1.33

0.699

LVH

1.89

1.54–2.33

<0.001

Pathological Q waves

0.92

0.39–2.13

0.835

Atrial fibrillation/flutter

1.12

0.32–3.85

0.895

Left bundle branch block

0.15

0.02–1.28

0.082

Right bundle branch block

1.64

0.33–8.33

0.540

Cardiac death

1.09

0.89–1.33

0.412

Death

1.05

0.84–1.33

0.628

*QTc cutoff point 470 ms for women and 450 ms for men were used. Univariate Cox regression analysis
was used to assess the interactions between gender and ECG abnormalities Interaction was considered
statistically significant if p value was <0.05. CI = confidence interval; ER = early repolarization with
horizontal or descending ST segment; fQRS = fragmented QRS complex; LVH = left ventricular
hypertrophy; TWI = T wave inversion; QTc = corrected QT time.
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Reused with permission from Elsevier. LVH = ECG sign of left ventricular hypertrophy, TWI = T wave inversion.

Fig. 11. Kaplan-Meier curves for men and women with and without ECG-based left ventricular hypertrophy and T wave inversion.
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<0.001

14.0 (5.2–37.4)
0.52 (0.07–3.7)
1.6 (0.50–4.5)

Atrial fibrillation/flutter

Left bundle branch block

Right bundle branch block

1.1 (0.36–3.5)

0.19 (0.03–1.4)

6.7 (2.4–18.2)

1.2 (0.75–1.8)

1.4 (1.2–1.6)

1.1 (0.49–2.5)

0.92 (0.75–1.1)

1.1 (0.74–1.6)

0.95 (0.79–1.1)

1.2 (0.56–2.5)

0.59 (0.37–0.94)

1.2 (0.84–1.9)

0.71 (0.32–1.6)

1.0 (0.97–1.1)

Adjusted

0.856

0.099

<0.001

0.531

<0.001

0.802

0.408

0.654

0.596

0.679

0.025

0.275

0.402

0.686

p

0.92 (0.29–2.8)

3.4 (1.4–8.1)

10.8 (5.4–21.6)

2.5 (1.8–3.5)

0.93 (0.82–1.1)

1.4 (0.67–2.7)

1.1 (0.95–1.3)

1.3 (0.94–1.9)

1.1 (0.97–1.3)

5.9 (3.5–9.8)

1.2 (0.86–1.7)

1.8 (1.3–2.4)

1.1 (0.86–1.5)

1.1 (1.1–1.1)

Unadjusted

0.915

0.007

<0.001

<0.001

0.311

0.399

0.194

0.109

0.108

<0.001

0.274

<0.001

0.371

<0.001

p

0.60 (0.19–1.9)

2.4 (0.98–5.7)

6.8 (3.3–13.8)

1.7 (1.2–2.3)

1.1 (0.78–3.2)

1.6 (0.78–3.2)

1.1 (0.89–1.2)

1.2 (0.81–1.7)

1.1 (0.91–1.3)

2.5 (1.5–4.3)

1.2 (0.83–2.2)

1.9 (1.7–2.2)

1.3 (0.95–1.7)

1.1 (1.0–1.1)

Adjusted

Men, n=5,649
p

0.383

0.054

<0.001

0.002

0.455

0.213

0.542

0.404

0.450

<0.001

0.397

0.095

0.114

0.008

corrected QT time.

repolarization; fQRS = fragmented QRS complex; LVH = left ventricular hypertrophy (defined by criteria of Sokolow-Lyon); TWI = T wave inversion; QTc =

presented as number of cases and corresponding percentage in brackets, and for continuous variables, as mean and standard deviation in brackets. ER = early

*QTc cutoff points 470 ms for women and 450 ms for men were used. P<0.05 was considered statistically significant. For categorical variables, values are

0.444

0.518

<0.001

2.2 (1.4–3.3)

Pathological Q waves

0.259
<0.001

1.8 (1.5–2.1)

1.5 (0.73–3.2)

Lateral

0.045

0.412

0.048

0.179

0.187

0.001

0.988

0.701

p

Women, n=5,215

LVH

1.2 (1.0–1.5)

Inferior

1.2 (1.0–1.4)

fQRS
1.2 (0.80–1.7)

1.7 (0.79–3.5)

Inferolateral TWI

Anterior

0.74 (0.47–1.2)

ER

1.9 (1.3–2.8)

0.99 (0.47–2.1)

QRS ≥ 110 ms

QTc ≥ 470 ms / 450 ms*

1.0 (0.97–1.0)

Unadjusted

Heart rate (1/min)

ECG risk marker

Table 11. Hazard ratios of each ECG risk marker for future heart failure hospitalization represented by gender.

5.4

Electrocardiographic risk markers of cardiac death, sudden
cardiac death, and all-cause mortality: gender differences in
middle-aged general population (Study IV)

5.4.1 Characteristics
A total of 296 cardiac deaths (13.9% women, p<0.001) occurred during the followup period of 7.7 ± 1.2 years. Characteristics of the subjects are presented in Table
12. Women who experienced cardiac death were slightly older and they had higher
heart rate and longer QT duration at the time of the baseline measurements in
comparison to men. Men smoked more often than women, and they suffered from
T2DM more often in comparison to women. Approximately two-fifths of the
subjects with cardiac death (40.6%, p<0.001) and SCD (40.0%, p<0.001) had prior
CAD. As expected, the proportion of CAD was higher among male victims. Of the
men who suffered cardiac death, 44.7% had CAD whereas the corresponding
proportion in female subjects was 33.2% (p<0.001 for both). The gender difference
was emphasized among victims of SCD as 43.8% of the men and 28.4% of the
women had prior CAD (p<0.001 for both).
5.4.2 ECG abnormalities among subjects with cardiac death
Female victims of cardiac death had at least one ECG abnormality in 61.0% of the
cases, and presence of some ECG abnormality was slightly more common among
male victims (72.5%) even though the difference between genders was not
statistically significant. When female victims of cardiac death were compared with
their male counterparts, only fQRS was commonly found among women, but the
number of cases was extremely low and statistical significance was lacking. Cox
proportional hazard models were used to assess the prognostic significance of each
ECG risk marker. Statistically significant interaction effect was seen only between
gender and prognostic value of ECG LVH as it provided stronger prognostic value
for cardiac death among women in comparison to men. Gender interaction effects
are presented in Table 13. LVH with and without strain changes, QTc prolongation
> 470 ms and inferior or lateral TWIs associated with the relative risk for cardiac
death among women in univariate model but did not remain statistically significant
after adjustments (Table 13). In men, prolonged QRS duration, LVH with strain
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changes, TWIs and inferior or inferolateral ER had increased relative risk for
cardiac death in multivariate model (Table 13).
5.4.3 ECG abnormalities among subjects with sudden cardiac death
and all-cause mortality
During the follow-up, a total of 883 deaths occurred (24.5% women, p<0.001), 149
of which were SCDs (14.8% women, p<0.001). Of female SCD victims, 68.2% had
some ECG abnormality while the corresponding prevalence among male SCD
victims was 77.8%. However, the difference in prevalence was not statistically
significant. The prevalence of each ECG abnormality was low due to the low
number of endpoints emphasized in women. Extremely prolonged QTc, TWIs and
LVH remained statistically significant predictors for SCD in multivariable analysis
in both women and men, and prolonged QRS duration and presence of any ECG
abnormality only in men. (Table 14). No statistically significant interaction
between gender and ECG variables was seen for SCD. Any ECG abnormality, LVH
and prolonged QRS duration associated with moderately higher risk of SCD in
subjects with prior CAD compared to those free of CAD. LVH with repolarization
abnormalities and TWIs seemed to associate with considerably higher risk for SCD
in those with prior CAD although the number of cases was substantially low. The
differences in the prevalence and prognostic value of different ECG risk markers
among victims of SCD with and without prior CAD are presented in Table 15.
Multiple ECG variables associated with all-cause mortality in Cox
multivariable analysis, yet statistically significant interaction terms between gender
and only LVH, lateral ER and fQRS as well as total fQRS were seen as these
abnormalities had greater prognostic value in women than in men (Table 16).

90

91

Finnish Mobile Clinic Health

680 (13.2%)*
82 (1.6%)*

Smoking

Diabetes

12 (0.2%)*
115 (2.2%)*

SCD

All-cause mortality

408 (7.2%)*

73 (1.3%)*

154 (2.7%)*

714 (12.7%)*

111 (2.0%)*

2,990 (53.0%)*

72.0 (14.2)*

401.7 (27.1)*

88.4 (7.8)*

6.5 (1.3)

138.7 (19.5)

25.6 (3.3)*

43.7 (8.5)*

Male, n=5,640

63 (2.3%)*

6 (0.2%)*

12 (0.4%)*

110 (4.1%)*

58 (2.2%)*

431 (16.0%*)

69.0 (12.7)*

419.5 (23.7)*

82.6 (7.8)*

3.9 (1.1)*

137.9 (20.9)*

25.5 (4.5)*

44.9 (9.3)

Female, n=2,686

174 (7.1%)*

26 (1.1%)*

73 (3.0%)*

156 (6.3%)*

90 (3.7%)*

964 (39.2%)*

64.7 (12.8)*

405.3 (23.8)*

89.4 (8.8)*

4.5 (1.3)*

139.8 (18.2)*

25.8 (3.5)*

44.4 (9.1)

Male, n=2,457

Mini-Finland Health Survey, n=5,143

38 (1.7%)*

4 (0.2%)*

7 (0.3%)*

13 (0.6%)*

54 (2.4%)*

502 (22.1%)*

63.8 (10.3)*

416.9 (15.9)*

86.5 (8.4)*

5.7 (1.1)*

125.9 (18.4)*

26.1 (5.0)*

45.4 (8.5)

Female, n=2,282

85 (4.1%)*

28 (1.4%)*

28 (1.3%)*

56 (2.7%)*

103 (5.0%)*

653 (31.5%)*

62.3 (11.1)*

410.9 (15.6)*

95.5 (10.1)*

6.0 (1.1)*

131.6 (16.6)*

27.0 (4.2)*

45.6 (8.4)

Male, n=2,078

n=4,360

Health 2000 Examination Survey,

artery disease; QTc = corrected QT time; SCD = sudden cardiac death.

corresponding percentage in brackets. Continuous values are presented as mean with standard deviation in brackets. BMI = body mass index; CAD = coronary

*P<0.05 indicates statistically significant difference between genders. For categorical variables, values are presented as number of cases within genders and

22 (0.4%)*

Cardiac death

753 (14.6%)*

79.6 (15.5)*

Heart rate (1/min)

CAD

415.2 (26.2)*

QTc (ms)

84.8 (7.0)*

QRS duration (ms)

138.1 (23.5)

Systolic blood pressure (mmHg)
6.5 (1.3)

26.2 (4.4)*

BMI (kg/m²)

Cholesterol (mmol/l)

44.3 (8.4)*

Female, n=5,167

Examination Survey, n=10,807

Age (years)

Characteristics

Table 12. Baseline characteristics of the subjects who experienced cardiac death, sudden cardiac death, or all-cause mortality.
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1 (2.4)

Inferior ER

3 (8.3)

Anterior fQRS

2.3 (0.69–7.7)

1.1 (0.49–2.6)

2.4 (0.64–9.3)

1.6 (0.78–3.3)

1.6 (0.38–6.9)

0.77 (0.10–5.8)

0.54 (0.07–4.1)

0.64 (0.15–2.7)

0.175

0.777

0.188

0.197

0.511

0.799

0.553

0.542

0.341

0.275

0.167

0.031

0.061

0.185

p

13 (6.0)

50 (20.8)

25 (11.5)

77 (31.0)

19 (7.6)

22 (8.8)

11 (4.4)

31 (12.2)

26 (10.2)

13 (5.1)

97 (38.2)

1 (0.4%)*

23 (9.2)

14 (5.5)

182 (72.5)

n (%)

1.3 (0.70–2.2)

1.2 (0.86–1.62)

1.7 (0.99–3.0)

1.3 (0.97–1.7)

1.7 (1.0–2.7)

1.3 (0.80–2.0)

1.0 (0.56–1.9)

1.1 (0.78–1.7)

4.3 (2.8–6.7)

3.4 (1.9–6.2)

1.2 (0.90–1.6)

1.4 (0.19–10.2)

1.3 (0.80–2.0)

3.1 (1.8–5.3)

1.6 (1.2–2.1)

HR (95% CI)

Men, n=255

0.464

0.300

0.054

0.079

0.033

0.326

0.904

0.438

<0.001

<0.001

0.209

0.737

0.300

<0.001

0.002

p

p

1.5 (0.42–5.7)

1.1 (0.49–2.6)

2.1 (0.79–5.5)

1.4 (0.72–2.9)

0.84 (0.19–3.8)

1.1 (0.13–8.9)

0.73 (0.09–5.8)

0.63 (0.14–2.7)

0.72 (0.21–2.5)

2.2 (0.48–10.1)

2.4 (1.2–4.9)

0.32 (0.02–5.2)

1.5 (0.43–5.2)

0.514

0.764

0.133

0.301

0.821

0.938

0.768

0.531

0.600

0.311

0.014

0.420

0.530

no events in women

1.3 (0.67–2.6)

0.419

Women vs. men
HR (95% CI)

TWI = T wave inversion; QTc = corrected QT time.

Cox regression analysis. CI = confidence interval; ER = early repolarization; fQRS = fragmented QRS; HR = hazard ratio; LVH = left ventricular hypertrophy;

pressure, heart rate, medication for hypertension and the study sample. Interactions between gender and ECG risk markers were assessed using univariate

ms for men. ***Inferolateral ER + horizontal /descending ST-segment. Results are adjusted with age, smoking, diabetes, CAD, BMI, cholesterol, systolic blood

*P<0.05 indicates statistically significant difference between genders in case p value is not presented. **QTc cut point of 470 ms was used for women and 450

6 (16.2)
8 (20.0)

Inferior fQRS

14 (34.1)

Lateral fQRS

Any fQRS

2 (4.9)

1 (2.4)

Lateral ER

Inferolateral ER ***

2 (4.9)

Inferolateral ER

2.0 (0.47–8.8)

3.2 (0.40–25.3)

2 (4.9)
3 (7.3)

LVH + TWI

Inferolateral TWI

1.8 (0.79–3.9)

13 (31.7)

LVH

9.4 (1.2–71.7)

1 (2.4%)*

3.2 (0.95–10.9)

no events

1.6 (0.80–3.1)

HR (95% CI)

Women, n= 41

QTc ≥ 490 ms

0 (0.0)
3 (7.3)

QTc ≥ 470 ms / ≥ 450 ms**

25 (61.0)

n (%)

QRS ≥ 110 ms

Any ECG abnormality

ECG risk marker

Table 13. Adjusted hazard ratios of cardiac death and gender interactions for each electrocardiographic risk marker.
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n (%)

1.6 (0.20–12.6)

1 (4.5)

1 (5.3)

Anterior fQRS

1.3 (0.16–9.7)

1.1 (0.36–3.2)

0.98 (0.16–6.1)

1.4 (0.52–3.7)

1.5 (0.20–11.4)

p

0.828

0.906

0.986

0.504

0.699

0.658

0.639

0.064

0.047

0.033

0.011

0.063

0.084

n (%)

6 (5.9)

23 (20.0)

20 (19.0)

43 (35.8)

6 (4.8)

11 8.7)

1 (0.8)

11 (8.7)

8 (6.3)

53 (42.1)

13 (10.2)

1 (0.8%)

11 (8.7)

11 (8.7)

98 (77.8)

1.1 (0.48–2.5)

1.0 (0.66–1.6)

1.7 (0.86–3.3)

1.3 (0.84–1.9)

1.1 (0.48–2.5)

1.5 (0.78–2.8)

0.20 (0.03–1.4)

0.90 (0.48–1.7)

5.3 (2.4–11.4)

1.7 (1.2–2.6)

4.6 (2.5–8.5)

2.4 (1.0–5.4)

1.3 (0.67–2.5)

3.7 (1.9–7.0)

1.9 (1.3–2.9)

HR (95% CI)

Men, n=863
p

0.815

0.866

0.127

0.270

0.819

0.239

0.104

0.732

<0.001

0.008

<0.001*

0.039

0.437

<0.001

0.003

0.97 (0.11–8.6)

1.1 (0.33–3.4)

0.71 (0.97–2.6)

1.0 (0.40–2.8)

1.3 (0.15–11.2)

0.93 (0.09–9.2)

no events in women

0.85 (0.10–6.9)

1.6 (0.20–13.8)

2.5 (0.99–6.4)

0.92 (0.19–4.4)

0.33 (0.02–5.4)

2.0 (0.42–9.8)

no events in women

1.4 (0.51–3.7)

HR (95% CI)

Women vs. men
p

0.980

0.919

0.064

0.923

0.824

0.949

0.877

0.649

0.053

0.913

0.437

0.384

0.532

TWI = T wave inversion; QTc = corrected QT time.

Cox regression analysis. CI = confidence interval; ER = early repolarization; fQRS = fragmented QRS; HR = hazard ratio; LVH = left ventricular hypertrophy;

pressure, heart rate, medication for hypertension and the study sample. Interactions between gender and ECG risk markers were assessed using univariate

ms for men. ***Inferolateral ER + horizontal /descending ST-segment. Results are adjusted with age, smoking, diabetes, CAD, BMI, cholesterol, systolic blood

*P<0.05 indicates statistically significant difference between genders in case p value is not presented. **QTc cut point of 470 ms was used for women and 450

2 (10.5)
4 (18.2)

Inferior fQRS

7 (31.8)

Any fQRS

Lateral fQRS

1 (4.5)

Inferolateral ER***

Inferior ER

no events

Lateral ER

0.61 (0.08–4.8)

1 (4.5)
0 (0.0)

Inferolateral ER

2.8 (1.0–7.8)
8.0 (0.88–71.9)

1 (4.5)

8 (36.4)

LVH

5.4 (1.1–25.6)

14.8 (1.8–119.1)

4.2 (0.93–19.0)

no events

2.3 (0.90–5.8)

HR (95% CI)

Women, n= 426

LVH + TWI

2 (9.1)

1 (4.5%)*

Inferolateral TWI

QTc ≥ 490 ms

0 (0.0)
2 (9.1)

QTc ≥ 470 ms / ≥ 450 ms**

15 (68.2)

QRS ≥ 110 ms

Any ECG abnormality

ECG risk marker

Table 14. Adjusted hazard ratios of sudden cardiac death for each electrocardiographic risk marker.
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1.3 (0.47–3.5)

1.5 (0.65–3.5)

0.29 (0.04–2.1)
0.793

0.333

0.224

0.644

0.307

0.523

0.541

0.437

0.003

0.009

<0.001

0.286

0.233

0.002

0.009

p

3 (5.4)

6 (10.7)

0 (0.0)

6 (10.7)

5 (12.5)

12 (25.0)

2 (5.3)

17 (32.7)

7 (12.7%)*

29 (52.7%)

8 (14.3%)

1 (1.8%)

7 (12.5%)

5 (8.9%)

47 (83.9%)

1.1 (0.34–3.5)

1.8 (0.75–4.3)

no events

1.2 (0.49–2.7)

2.7 (0.96–7.8)

1.6 (0.81–3.0)

0.77 (0.18–3.2)

1.5 (0.82–2.7)

6.1 (2.5–14.6)

2.7 (1.5–4.8)

2.8 (1.3–6.1)

4.0 (0.51–32.1)

2.0 (0.88–4.7)

7.5 (2.8–19.7)

3.6 (1.7–7.4)

HR (95% CI)

SCD victims with prior CAD, n=56
n (%)

p

0.897

0.188

0.748

0.059

0.190

0.716

0.195

<0.001

0.001

0.009

0.188

0.098

<0.001

0.001

HR = hazard ratio; LVH = left ventricular hypertrophy; TWI = T wave inversion; QTc = corrected QT time; SCD = sudden cardiac death.

blood pressure, heart rate, medication for hypertension and the study sample. CI = confidence interval; ER = early repolarization; fQRS = fragmented QRS;

450 ms for men. ***Inferolateral ER + horizontal /descending ST-segment. Results are adjusted with age, smoking, diabetes, CAD, BMI, cholesterol, systolic

*P<0.05 indicates statistically significant difference between genders in case p value is not represented. **QTc cut point of 470 ms was used for women and

4 (4.3)

6 (6.5)

Inferior

Inferolateral ER***

1 (1.1%)

Lateral

0.82 (0.35–1.9)

1.5 (0.71–3.0)

6 (6.5%)

17 (20.2)

Inferolateral ER

Lateral

0.83 (0.48–1.5)

15 (16.9)

Inferior

1.3 (0.53–3.3)

1.2 (0.74–2.0)

5 (6.0)

33 (36.7)

9.3 (2.1–41.1)

1.9 (1.2–3.1)

15.8 (6.8–36.7)

3.0 (0.40–21.9)

1.7 (0.71–4.0)

3.7 (1.6–8.7)

1.9 (1.2–3.0)

Anterior

fQRS

7 (7.5)

Inferolateral TWI
2 (2.2%)*

1 (1.1)

QTc ≥ 490 ms

LVH + TWI

6 (6.5)

QTc ≥ 470 ms / 450 ms*

32 (34.4%)

6 (6.5)*

QRS ≥ 110 ms

LVH

66 (71.7)

HR (95% CI)

SCD victims without prior CAD, n=93
n (%)

Any ECG abnormality

ECG risk marker

Table 15. Differences in adjusted relative risks for each ECG risk marker among victims of SCD with and without prior CAD.
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n (%)

HR (95% CI)

7 (3.7)

Anterior fQRS

0.94 (0.44–2.0)

1.5 (1.1–2.1)

2.0 (1.1–3.4)

1.5 (1.1–2.1)

1.8 (1.0–3.1)

0.84 (0.37–1.9)

2.1 (1.3–3.5)

1.5 (0.98–2.4)

2.7 (1.4–5.5)

1.7 (0.42–7.1)

p

0.881

0.018

0.017

0.007

0.039

0.674

0.003

0.062

<0.001

0.032

0.005

0.444

0.182

0.601

<0.001

n (%)

28 (4.8)

127 (19.7)

66 (11.3)

187 (28.5)

47 (7.2)

52 (8.0)*

25 (3.9)*

74 (11.1)

22 (3.3)

239 (36.0)*

39 (5.8)

6 (0.9%)*

55 (8.4)*

26 (3.9)*

445 (67.5)

1.1 (0.72–1.6)

1.1 (0.87–1.3)

1.5 (1.1–2.1)

1.1 (0.91–1.3)

1.5 (1.1–2.1)

1.2 (1.90–1.6)

0.92 (0.61–1.4)

1.1 (0.84–1.4)

3.0 (1.9–4.8)

1.1 (0.91–1.3)

3.1 (2.2–4.4)

2.4 (1.0–5.4)

1.3 (0.96–1.7)

1.9 (1.3–2.8)

1.2 (1.0–1.5)

HR (95% CI)

Men, n=863
p

0.763

0.582

0.025

0.374

0.007

0.227

0.673

0.543

<0.001

0.369

<0.001

0.039

0.090

0.002

0.012

0.82 (0.35–1.9)

no values

1.8 (1.1–3.0)

1.6 (1.1–2.2)

1.2 (0.65–2.2)

0.73 (0.31–1.7)

3.1 (1.6–5.7)

1.6 (0.98–2.6)

1.7 (1.2–2.4)

0.81 (0.40–1.7)

2.3 (0.95–5.4)

1.9 (0.39–9.7)

0.91 (0.44–1.9)

1.2 (0.16–8.8)

1.7 (1.2–2.3)

HR (95% CI)

p

0.647

0.014

0.009

0.548

0.482

<0.001

0.059

0.003

0.561

0.064

0.420

0.914

0.868

0.001

Women vs. men

early repolarization; fQRS = fragmented QRS; HR = hazard ratio; LVH = left ventricular hypertrophy; TWI = T wave inversion; QTc = corrected QT time.

body mass index. Interactions between gender and ECG risk markers were assessed using univariate Cox regression analysis. CI = confidence interval; ER =

450 ms for men. ***Inferolateral ER + horizontal /descending ST-segment. Results are adjusted with smoking, systolic blood pressure, heart rate, age, and

*P<0.05 indicates statistically significant difference between genders in case p value is not represented. **QTc cut point of 470 ms was used for women and

27 (14.2)
50 (23.5)

Inferior fQRS

71 (27.5)

Any fQRS

Lateral fQRS

14 (6.5)

6 (2.9)*

Inferior ER

Inferolateral ER***

18 (8.3)*

Lateral ER

7.4 (3.1–17.3)

7 (3.2)
23 (10.6)

50 (23.1)*

LVH

LVH + TWI

10 (4.6)

Inferolateral TWI

Inferolateral ER

1.5 (1.0–2.1)

2 (0.9%)

QTc ≥ 490 ms

1.6 (0.81–3.1)

1.7 (0.24–12.1)

1 (0.5)*
9 (4.2)*

1.8 (1.4–2.4)

QTc ≥ 470 ms / ≥ 450 ms**

131 (60.9)

Women, n= 426

QRS ≥ 110 ms

Any ECG abnormality

ECG risk marker

Table 16. Adjusted hazard ratios of all-cause mortality for each electrocardiographic risk marker.
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6

Discussion

The main finding of Study I was the clear female dominance in the proportion of
non-ischemic SCDs, highlighted especially in the higher prevalence of PMF in
women. Female victims of SCD had more often normal electrocardiogram, and the
only statistically significant ECG risk marker associating with SCD in women was
ECG sign of LVH. In Study II, the prevalence of fQRS was the greater the higher
the cardiac disease burden of the population. However, the prevalence of fQRS was
considerably lower among women in each subpopulation with a different risk
profile. QRS fragmentation had prognostic value only among male victims with a
suspected or known cardiac disease. In Study III, the ECG sign of LVH was the
only ECG marker associating with future hospitalization for heart failure in women.
In addition, in Study IV, two-fifths of the female victims of cardiac death did not
have any ECG abnormalities. Again, ECG LVH had more pronounced prognostic
value among middle-aged women than among men.
6.1

Sudden cardiac death in women

The incidence of SCD was found to be significantly lower in women than in men
as described also previously (Albert et al., 2003; Kannel et al., 1998; Tseng et al.,
2018). In the current study, over 70% of the SCDs were ischemic. The
predominance of ischemic etiology has also been reported in earlier studies
(Hookana et al., 2011; Huikuri et al., 2001). However, non-ischemic etiology was
more common among female SCD victims than among men, and a similar
observation was also made previously (Albert et al., 2003, 1996; Simmons et al.,
2012). Within the non-ischemic subgroup, the prevalence of PMF was twice as high
in women than in men. Moreover, the prevalence of ECG sign of LVH with and
without strain patterns was higher among women in comparison to men. However,
many subjects with SCD among both genders could not have been detected as being
at specific risk of SCD based solely on ECG abnormalities as a major proportion
of these victims did not have any ECG abnormalities. This was emphasized among
women as one-fifth of the women in the ischemic SCD subgroup and almost onethird of the women in the non-ischemic SCD group had normal electrocardiograms.
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6.1.1 Gender differences in characteristics and causes of death
The prevalence of different causes of death differs from those presented in previous
literature (Tseng et al., 2018), which can be largely explained by the differences in
study protocols and in legislation concerning medicolegal autopsy. Study I focused
on cardiac deaths, and non-cardiac causes of sudden death were excluded from the
total study population. Finnish law requirements concerning inquest into the cause
of death are unique (Act on the Inquest Into the Cause of Death, 459/1973, 7th
paragraph: Finnish law), leading to the highest medicolegal autopsy rates compared
to other Western societies (Saukko, 1995). The proportion of CAD is higher in
Study I compared to prior estimates, which may be due to the age of the population
and to the mandatory requirement for autopsies in Finland, which eliminates
referral bias. In addition, a specific classification of cardiomyopathy diagnosis was
used in Study I, described and used also previously (Hookana et al., 2011; Junttila
et al., 2016), which relies primarily on histological analyses that are not a
mandatory part of sudden death autopsy in many other countries. One explanation
for the difference may also be the so-called 6-hour definition for SCD chosen to be
used in the study protocol to cover as many subjects with SCD as possible, taking
into account that due to the characteristics of Finnish population, many subjects
with SCD are found dead and would have been missed with the 1-hour definition
for SCD (Hinkle & Thaler, 1982).
The incidence of SCD has shown to increase among both genders with
advancing age, being emphasized after 70 years of age and post-menopause (Albert
et al., 2003; Chugh et al., 2004; Kannel et al., 1998). SCD seems to occur
approximately 10 years later in women than in men (Kannel et al., 1998). In Study
I, female SCD victims were found to be markedly older in comparison to male
victims. They were also more likely to have no findings at autopsy compared to
men, even though that was unexpectedly rare (< 1% in both genders) among victims
of SCD compared to other studies. The difference in the prevalence of macroscopic
and histologic autopsy findings might be attributable to the age of the populations
in Study I due to the inclusion criteria for FinGesture as well as to the pedantic
histological examinations of the myocardium as part of the standard procedure in
autopsy in Finland. However, previous literature has proposed the possibility of
existence of gender differences in the pathogenesis and pathophysiology of SCD
(Albert et al., 2003).
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PMF was the cause of death of 3.1% of the SCD victims who died between
1997–2017 in the area of Northern of Finland. The prevalence of PMF was twice
as common as cause of SCD in women than in men. This may partly be attributable
to a significantly lower proportion of CAD in women, which might highlight the
prevalence of other causes of SCD. However, no large gender difference was seen
in the prevalence of other non-ischemic causes of SCD. It seems that in PMF,
especially the synthesis of collagen type I is significantly increased (Hookana et al.,
2014). The information concerning the genetic background of PMF is still sparse,
but a recent study (Junttila et al., 2018) proposed that PMF might be an alternative
phenotypic expression of structural disease-associated genetic variants as these
likely disease-causing variants existed in 10% of the SCD victims studied in the
absence of classic anatomical findings of these cardiac diseases. These variants
were predominantly seen in myocardial structure protein-coding genes that are
frequently associated with HCM, ARVC and DCM. However, 73% of the SCD
victims with PMF did not have any significant variants of the vast panel of
myocardial genes. Therefore, it is uncertain whether PMF is an early form or a
unique phenotypic expression among a spectrum of these inherited
cardiomyopathies (HCM, ARVC, DCM). Still, the expression of myocardial
fibrosis alone seemed to associate with prognosis (Junttila et al., 2018).
Accumulation of myocardial fibrosis at autopsy of SCD victims with lack of other
detectable structural abnormalities suggests that occurrence of fibrotic replacement
alone may be a sufficient structural abnormality to trigger a life-threatening
ventricular arrhythmia. Fibrotic tissue does not have the essential properties of
myocardial tissue to contract and conduct electricity efficiently. Accumulation of
fibrotic tissue increases the distance between adjacent cardiomyocytes, disturbing
the normal electrical conduction of the myocardium, and can even form an
anatomic reentry loop (de Jong et al., 2011). Accumulation of fibrosis can also
predispose to VT, triggering premature ventricular contractions (Nguyen, Xie,
Garfinkel, Qu & Weiss, 2012). PMF is defined as interstitial, diffuse or patchy
myocardial fibrosis (Table 1) which are the forms of fibrosis that may have the
greatest arrhythmogenic potential while compact fibrosis may have the least
(Nguyen et al., 2014). Means of detecting fibrosis are needed to identify these
subjects at risk for SCD.
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6.1.2 Temporal patterns and circumstances of sudden cardiac death
The temporal trends in causes of SCD have previously been analyzed in a
subpopulation of FinGesture gathered between 1998 and 2012 consisting of
previously undiagnosed subjects (Junttila et al., 2016). In Study I, also subjects
with prior diagnosis of cardiac disease were included. In Study I, the proportion of
ischemic SCD was lower in the last 5-year segment (2012–2017) in both genders
compared to the previous 5-year segments, and the overall trend in the proportion
of ischemic SCD was decreasing in both genders, but the decrease was more
dramatic in women. This might be a desired consequence of advances in acute
treatment of myocardial infarction, but it could also be an indicator of increased
awareness of ambient symptoms and successful preventive interventions of CAD
among women. However, as these estimations are made from proportions of Study
I, no direct conclusions can be drawn on the incidence of ischemic and nonischemic SCD over the last 20 years.
There seemed to be a difference in the circumstances surrounding SCD
between women and men. More men suffered SCDs while exercising; most of the
deaths were caused by CAD, which is in line with a previous finding from a
subpopulation of the FinGesture study (Toukola et al., 2015). The gender difference
in this aspect can be explained by the significantly lower proportion of ischemic
SCD among women. Again, women were more likely to experience SCD between
midnight and 6 am compared to men, which was emphasized among women with
non-ischemic cause of SCD. In previous studies, a slight majority of non-ischemic
SCDs occurred during the 12-hour period between midnight and noon whereas half
of the ischemic SCDs occurred during the daytime. The majority of SCDs occurred
at home, with a higher proportion among subjects with non-ischemic SCD
compared to subjects with ischemic SCD (Hookana et al., 2011; Junttila et al.,
2016). When compared to previous studies, the percentage of unwitnessed SCDs is
quite high, which is probably due to the characteristics of the Finnish population
and partly due to the legislation of cause of death in Finnish law (Act on the Inquest
into the Cause of Death, 459/1973, 7th paragraph: Finnish law) which leads to a
higher proportion of medicolegal autopsies performed on subjects with
unwitnessed SCD.
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6.1.3 ECG risk markers among subjects with sudden cardiac death
Previously, literature has claimed that the traditional prognostic markers for CAD
would predict poorly SCD among women (Simmons et al., 2012), yet traditional
prognostic ECG markers for SCD do not seem to perform any better in a current
study. Over one-fifth of the female SCD victims had a normal or near-normal premortem electrocardiogram, which was even more common among non-ischemic
female SCD victims, among whom more than one in four lacked presence of ECG
abnormalities. Approximately 15% of the male SCD victims had a normal
electrocardiogram. Therefore, normal electrocardiogram does not rule out
underlying risk for cardiac death, especially among women.
Even though the prediction of SCD death among women seems to be more
difficult based on ECG changes, LVH defined by the voltage criteria of Cornell
might be used to detect women at risk of SCD considering the higher prevalence
of LVH and its association with cardiovascular risk (Chou et al., 2011; C. S. Desai
et al., 2012; Jørgensen et al., 2014). ECG sign of LVH has also associated with
increased risk of SCD in previous literature (Kannel et al., 1975). ECG LVH was
the only statistically significant ECG risk marker among female SCD victims, and
its prognostic value was emphasized especially among ischemic SCD victims
amongst whom LVH was present in more than one-fifth of the females but only in
one-tenth of the males. Moreover, when observed with repolarization abnormalities,
LVH was over twice as likely to be seen in electrocardiograms of female SCD
victims in comparison to male victims.
6.2

Prevalence and prognostic value of QRS fragmentation in
women

Study II examined gender differences in the prevalence and prognostic value of
fQRS in three populations reflecting the difference in cardiac risk burden. Previous
literature on gender differences in the prognostic value of fQRS is non-existent. In
Study II, fQRS associated with male gender, advancing age and altogether
increased cardiac risk as there was a clear relationship between increasing
prevalence and advancing cardiac disease among both genders. However, the
prevalence of fQRS was higher among men in each subpopulation of Study II, and
fQRS had prognostic value only among male subjects with a previous cardiac
disease. When analyzing the histological samples of a subpopulation consisting of
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SCD victims, a distinct relationship was seen between increased degrees of
myocardial fibrosis and the prevalence of fQRS.
6.2.1 Gender differences in the prevalence and prognostic value of
QRS fragmentation
The prevalence of fQRS increased gradually with the burden of cardiac risk and
more advanced cardiac diseases, being 19% in general population, 22% in subjects
with suspected CAD, 35% in subjects with documented CAD, 40% in subjects with
prior myocardial infarction, and 54% among victims of SCD. A similar trend has
also been described in previous literature. The prevalence of fQRS is approximately
5% in a healthy population (Tian et al., 2017) and 19% in general population with
no clinical or ECG evidence of cardiac disease (Terho et al., 2014). Among subjects
with documented or suspected CAD the prevalence of fQRS has been reported to
vary between 20–35% (Das et al., 2006), and to be significantly higher (51%)
among patients with non-ST segment elevation myocardial infarction (Das et al.,
2009). However, women had considerably lower prevalence of fQRS in each
patient population in comparison to men, yet the same increasing trend in
prevalence was seen. The gender difference in prevalence was emphasized among
victims of SCD as 56% of men and 44% of women had fQRS. In addition, men had
more often fQRS without previous cardiac disease than women, which can mainly
be explained by more prevalent fQRS in the inferior leads among men.
QRS fragmentation has been associated with adverse outcome in several
cardiac conditions (Das MK, 2009). However, there is evidence that fQRS is not
prognostic for arrhythmic, cardiac or all-cause mortality among subjects of general
population with no evidence of cardiac illness, but does associate with 3-fold risk
for arrhythmic death, 2–5-fold risk for cardiac mortality, and almost 2-fold risk for
all-cause mortality among subjects with a suspected or known cardiac disease
(Terho et al., 2014). In Study II, men with fQRS had overall higher mortality rates
in comparison to women. QRS fragmentation seems to have prognostic value for
adverse event only among men with a known cardiac disease.
6.2.2 Fibrosis and QRS fragmentation
A gradual increase in the prevalence of fQRS combined with an increase in the
amount of myocardial fibrosis was also found in histological samples of SCD
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victims. This supports the hypothesis that fQRS represents a local slowing of
conduction in the ventricular myocardium caused by ischemia, scar, fibrosis or
inflammation (Haukilahti, Eranti, Kenttä, & Huikuri, 2016). QRS fragmentation in
lateral leads seems to have the highest accuracy for myocardial fibrosis
(Debonnaire et al., 2015). The prevalence of fQRS has shown to be 4–6 times
higher in patients with ischemia and infarction compared to controls, and fQRS
has also shown to correlate with a regional myocardial scar (Das et al., 2006;
Ozdemir et al., 2013). Actually, fQRS is markedly more sensitive in detecting a
myocardial scar than Q waves (86% vs. 36%) (Das et al., 2006). QRS fragmentation
has also been shown to associate with larger infarct size and peri-infarct zone as
well as poorer acute ventricular remodeling in patients with ST segment elevation
myocardial infarction (Lorgis et al., 2014). In the current study, the prevalence of
fQRS was again marginally higher in male victims compared to female victims
regardless of the degree of fibrosis, but the largest gender difference was seen with
mild myocardial fibrosis.
6.3

Heart failure in women

The results of this study indicate that there are some gender differences in ECG risk
markers predicting future hospitalization for heart failure in middle-aged subjects.
Sokolow-Lyon voltage index for LVH predicted future hospitalization for heart
failure only in women, and inferolateral TWIs, pathological Q waves, and elevated
heart rate only in men. ECG risk markers for heart failure have not previously been
extensively studied among women.
6.3.1 Gender differences in ECG risk factors
In previous literature, ECG sign of LVH has been related to higher incidence and
earlier development of heart failure amongst the elderly (Aronow & Ahn, 1998),
and regression in the voltage criteria of Cornell has been shown to diminish the risk
of heart failure development and mortality (Larstorp et al., 2012). Despite the
higher prevalence of Sokolow-Lyon index of LVH in men than in women, it was
prognostic for future heart failure only in women. On average, women had higher
BMI in comparison to men, which may explain the gender difference in the
prevalence of ECG sign of LVH, as the sensitivity of Sokolow-Lyon criteria is
shown to be lower among obese women (Snelder et al., 2020). Typically, LVH has
been related to undiagnosed and/or poorly controlled hypertension (Garg &
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Drazner, 2016). LVH in echocardiography is a more typical finding in women than
in men among hypertensive patients (Gerdts et al., 2018), which may reflect the
higher proportion of hypertension as an underlying condition predisposing to heart
failure among women (Lam et al., 2019; A. L. Taylor, 2015). In terms of preventing
the development and aggravation of heart failure, adequate control of blood
pressure might be crucial especially among women. In middle-aged women, ECG
LVH should result in tightened diagnostics and prevention; for example, a yearly
electrocardiogram in women at risk could be of some additional value in heart
failure prevention.
Inferolateral TWIs and pathological Q waves were prognostic for future
hospitalization for heart failure only in men. The prevalence of TWIs was, however,
quite low among both genders. Nonetheless, these ECG abnormalities are quite
commonly found among patients with severe heart failure, prior myocardial
infarction or cardiomyopathy, and considering that CAD is a more typical
underlying condition of heart failure in men (Ghali et al., 2003; Hsich & Piña, 2009;
O’Meara et al., 2007; A. L. Taylor, 2015), these factors may explain the gender
differences discovered in Study III. However, the risk for future hospitalization for
heart failure did not differ considerably when comparing the male subjects with and
without previous CAD. In addition, elevated heart rate was found to associate with
future hospitalization for heart failure only in men, which is compatible with
previous literature. The presence of atrial fibrillation or flutter increased the risk for
future hospitalization for heart failure in both genders in the current study. Still, the
prevalence of heart failure was extremely low. Atrial fibrillation has been
associated with adverse outcome in heart failure patients (Wang et al., 2003).
6.3.2 Gender differences in outcomes of heart failure
The prevalence and the average yearly incidence rate of hospitalization for heart
failure were similar regardless of the gender. The previous literature concerning
hospitalization and readmission rates is contradictory as some studies report higher
rates for women (Frazier et al., 2007) and some for men (Dunlay et al., 2009;
O’Meara, et al., 2007). Male gender increased the risk of hospitalization, which is
in line with some previous studies (Dunlay et al., 2009; O’Meara et al., 2007;
Savarese & D’Amario, 2018) albeit not with all (Deswal & Bozkurt, 2006; Frazier
et al., 2007; Galvao et al., 2006; Howie-Esquivel & Dracup, 2007). In the current
study, the prevalence of cardiac death and all-cause mortality was lower in women
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hospitalized for heart failure in comparison to their male counterparts, but the
gender differences in the rate of cardiac death diminished considerably towards the
end of the follow-up time, being only slightly better than in men. No gender
difference in survival or all-cause mortality was detected after diagnosis of heart
failure, but women hospitalized for heart failure had also significantly less SCDs
than hospitalized men. There has been a debate whether the outcome among
patients hospitalized for heart failure varies by gender (Hsich & Piña, 2009; Meyer
et al., 2017; A. L. Taylor, 2015; Tribouilloy et al., 2008). The current study indicates
better survival among female heart failure patients, which may be explained by the
higher prevalence among women of HFpEF, which generally has better prognosis
compared to HFrEF, and the different underlying etiology in women and in men
(Hsich & Piña, 2009; A. L. Taylor, 2015).
6.4

Gender differences in the prevalence and prognostic value of
ECG risk markers of cardiac death

It was documented in Study IV that female victims of cardiac death had more often
a normal or near-normal electrocardiogram in comparison to men. However, if
Sokolow-Lyon index of LVH was present it had greater prognostic significance for
cardiac mortality among middle-aged women than men. Sokolow-Lyon index of
LVH, extremely prolonged QTc time and TWIs seemed to predict SCD in both
middle-aged women and men. Overall, men had significantly more endpoint events
in comparison to women.
Similarly to Study IV, the prevalence of cardiac death, SCD and all-cause
mortality is reported to be higher among men than among women (Albert et al.,
2003; Jousilahti et al., 1999; Kannel et al., 1998). CAD and SCD occur
approximately 10 years later in women than in men (Kannel et al., 1998). As the
risk of CAD increases significantly with aging among both genders (Jousilahti et
al., 1999) and each additional decade of life seems to approximately double the risk
of vascular disease (Savji et al., 2013), the prevalence of CVD in women with
advancing age is reported to finally equal that of men (Maffei et al., 2019). In Study
IV, approximately 40% of the subjects with cardiac death or SCD had prior CAD,
and the proportion of CAD was expectedly higher among male subjects with
cardiac endpoint. Based on previous literature (Hayashi et al., 2015; Huikuri et al.,
2001), approximately 70% of SCD are thought to be ischemic in origin. The
considerably lower proportion of prior CAD among victims of SCD in Study IV
can be largely explained by the mean age of the study population and by SCD often
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being the first CAD-associated event, especially among women (Adabag et al.,
2010; Chiuve et al., 2015).
Male victims of cardiac death had more often ECG abnormalities prior to their
death in comparison to female cardiac death victims as two-fifths of female cardiac
death victims had normal electrocardiogram while the corresponding proportion
among their male counterparts was approximately one-fourth. However, statistical
significance was not maintained concerning this gender difference. Among SCD
victims the gender difference narrowed. In men, multiple ECG risk markers
associated with cardiac death in multivariable model even though a statistically
significant gender interaction effect could not be detected. This reflects that overall
adverse cardiac outcomes are harder to predict among middle-aged women than
men.
Yet, the presence of Sokolow-Lyon index of LVH had a greater prognostic
value for cardiac mortality among women than in men. However, the overall
number of subjects with ECG sign of LVH was low, which led to lack of statistical
power in the multivariate model. In previous literature the risk for cardiac death has
been evaluated to be 1.6-fold in patients with LVH (Chou et al., 2011). ECG LVH
has also been associated with higher risk of cardiovascular mortality (Prineas,
Rautaharju, Grandits, & Crow, 2001). In the ARIC study, the risk for cardiac death
was 8 times higher in female subjects who met the Sokolow-Lyon criteria whereas
it was 5-fold among male subjects, and the risk for adverse outcomes was even
higher in each subgroup if ECG LVH existed with strain changes (C. S. Desai et
al., 2012). In Study IV, LVH with TWI associated with increased relative risk for
each endpoint in men, but the number of cases was limited. Among women, ECG
LVH with TWI did not remain statistically significant in multivariable model,
probably due to the limited number of cases.
In Study IV, prolonged QRS duration was a more typical finding among male
cardiac death victims, and it also associated with higher relative risk for cardiac
death among them. However, the gender difference in the prevalence of prolonged
QRS duration was not statistically significant. Although prolonged QRS duration
is an indisputable indicator for adverse prognosis among subjects with cardiac
disease (Kashani & Barold, 2005; Schinkel et al., 2009) and increases the risk for
detrimental events also in general population (Aro et al., 2011), the previous
literature on gender differences in the prognostic value of QRS prolongation is
sparse.
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Other well-known risk factors for cardiovascular events are changes in ST
segment and T wave (Chou et al., 2011). In the current study, we did not assess ST
segment changes alone, but inferior or lateral TWIs were statistically significant in
a multivariate model for cardiac death only among men. Previously, abnormalities
in T waves have been related to approximately 2-fold risk for CAD among subjects
of general population (Chou et al., 2011; Machado et al., 2006), but the information
of gender differences in the prognostic value of TWIs is sparse. In the current study,
TWIs remained a statistically significant predictor for SCD in multivariable model
also among women. However, no gender interactions were seen for any of the
variables predicting SCD.
6.5

Strengths and limitations

The strength of this study is the novel value it reveals concerning the gender
differences in ECG risk markers for cardiac mortality and morbidity as well as SCD
in women. The FinGesture (Study I) was the first of its kind to study the gender
differences in autopsy findings, causes of death and ECG risk markers associating
with SCD, and similarly, Study II was the first to investigate the gender differences
in the prevalence and prognostic value of fQRS. In this thesis, large general
population samples representing Finnish middle-aged subjects were used in studies
II–IV yielding enough events for meaningful statistical analysis and enabling the
generalization of the results, perhaps with the exception of Study IV where the
prevalence of ECG variables remained low despite the large population sample. In
the general population samples used, women represented approximately 50% of the
population. A lower proportion of female subjects has been a major limitation in
many previous studies and the even distribution by gender is a definite strength of
this thesis. The thorough baseline examinations of these study populations allowed
adjustments for many important confounders.
To our knowledge, Study III is the largest population cohort looking at gender
differences in ECG risk factors of hospitalization for heart failure, as is Study IV
in exploring the prevalence and prognostic value of multiple ECG markers for
cardiac mortality, SCD and all-cause mortality in the middle-aged general
population. In Study IV, the data were pooled from these three different general
population samples to overcome the relatively low event rates among women,
which is an obvious limitation of the study. However, the samples were altogether
quite homogeneous in terms of cardiovascular risk factors, taking also into account
that the data were collected during different decades. This might cause some bias
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in studies II, III and IV as treatments for cardiac diseases have evolved dramatically
during the last decades and health behavior might have changed over the decades.
Only Study IV contains a population sample from the 21st century; the proportion
of this sample comprises only one-fourth of the total study population, and all the
findings might not be completely transferable to the current era. The follow-up
times of the same study populations varied regarding the original publication. In
studies II and III, the general population sample was on average followed up for 30
± 11 years, and the long and comprehensive follow-up period is a major strength of
these studies. In Study IV, a considerably shorter follow-up period was used to
standardize the population samples used. On the other hand, a shorter follow-up
time is clinically more relevant. There were also slight differences in adjustments
of these studies. Lack of echocardiographic data in studies III and IV may be seen
as a limitation of these studies as LVH could have been more definitely diagnosed
by echocardiography. However, echocardiographic information was not available
at the start of the collection of these general population samples used, and its
collection afterwards would have been practically impossible.
The FinGesture represents supposedly the largest number of autopsied female
SCD victims. Attributable to the law requirements in Finland, the selection bias
also remains minimal. However, resuscitated victims of cardiac arrest were
excluded from the data; in addition, patients who had passed away due to an
advanced cardiac condition might not have been included as according to Finnish
legislation, general practitioners are allowed to issue a death certificate to this
subgroup of SCD victims without a complete medicolegal autopsy. Only 0.3% of
the population did not have any macroscopic or histologic changes at autopsy,
which might have led to flawed categorization of arrhythmic SCDs into something
else than SCD, resulting in their exclusion from the study population. In addition,
due to the significantly lower incidence of SCD among women, only one quarter
of the study population were women. However, thanks to the study protocol, the
FinGesture population contains all the unexpected cardiac deaths that occurred in
Northern Finland between 1998 and 2017.
The definition of SCD in FinGesture differs from some of the other studies
(Hinkle & Thaler, 1982) although the definition has been used in previous literature
(A. J. Taylor et al., 2000). The 6-hour definition was chosen since the onset of
symptoms is a very vague concept especially in the SCD context, and we did not
want to exclude valuable data from the population. In many cases, the exact
mechanism of SCD was hard to define when the subject was found dead. The
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medicolegal autopsy is a golden standard in identifying the underlying cardiac
condition causing SCD, but it does not reveal the precise mechanism of SCD.
However, general etiologic classification of cardiomyopathies is tricky, considering
that different mechanisms can cause diseases with the same or similar histologic
findings. In addition, coronary spasms, which are more typical among women,
cannot be identified by autopsy.
In FinGesture, the information on prior diagnoses and medications was
collected afterwards from patient records and close relatives, which might have led
to some deficiencies. In addition, the time from recording of electrocardiogram to
the occurrence of SCD was on average two years, and unfortunately, information
on possible dynamic changes during that time period was lacking. There is also a
substantial number of missing electrocardiograms due to the nature of SCD. Many
subjects experienced SCD as the first event of cardiac disease and had not been
treated prior to death due to cardiac symptoms, which explains the large number of
missing ECG data. Nevertheless, women had a higher proportion of prior
electrocardiograms than men, and this is the highest number of autopsy verified
SCDs related to prior electrocardiograms ever published.
6.6

Summary and future directions

In summary, the present studies show that even though women have less often ECG
abnormalities in comparison to men, when a specific risk factor is present it seems
to have a stronger association with adverse outcome in women than in men. As
cardiac death may occur by many different mechanisms, the predictive power of a
single ECG variable is often insufficient, which is often emphasized in women
among whom ECG abnormalities are more sparsely seen than among men. Still,
these data show that electrocardiogram may be a promising and independent risk
stratification tool of more specific modes of cardiac mortality and morbidity in
women (Figure 12). More attention should also be paid to the prognostic value of
single ECG markers among women, and the presence of these abnormalities should
readily lead to preventive measures and treatment of underlying cardiac diseases.
In the future, active research work on gender differences will hopefully increase
our knowledge to such a level that more specific recommendations concerning the
presence of ECG risk markers can be given based on the scientific information
gathered on gender differences in this field.
However, even though specific ECG variables may be promising in the risk
stratification of the specific manner of cardiac death, the current consensus is still
109

that a single ECG risk marker would unlikely be accurate enough for screening at
population level. The prognostic significance of combined ECG abnormalities,
possibly observed with other risk markers, may increase the predictive power of
ECG risk assessment. In addition, the progress in digital ECG signaling processing
will enable automatic screening of individuals with high-risk ECG phenotypes
from digital ECG archives. Mobile ECG applications have become available for
use in everyday electronic devices, such as watches and mobile phones, and their
accuracy is constantly improving. This allows high-risk patients to screen their
electrocardiogram even on a daily basis, which may facilitate and speed up
therapeutic reactions for abnormalities that arise in electrocardiogram, especially
as automated screening of this kind of data is advancing rapidly.
The ever-improving availability of electrocardiogram for individual use also
provides an opportunity for individuals to react to ECG abnormalities individually
and to seek medical consultation. Despite the efforts of raising public awareness of
the actual CVD risk among women and of the symptoms related to coronary events
that require urgent emergency treatment and their special characteristics in women,
more work is still needed. Progress has been made in this field over the past decades.
In the original publication I, the overall trend in the incidence of ischemic SCD was
decreasing, but the decrease was more dramatic among women. This might be the
desired consequence of advances in acute treatment of myocardial infarction, but
the impact of increased awareness of the peculiar symptoms and successful
preventive interventions of CAD in women cannot be ruled out.
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Fig. 12. Illustration of the main findings of this thesis on gender differences of ECG risk
markers. *Stronger association in the gender interaction analysis for adverse outcome.
ER = early repolarization, fQRS = fragmented QRS, LVH = ECG sign of left ventricular
hypertrophy, QTc = corrected QT time, SCD = sudden cardiac death, TWI = T wave
inversion.
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7

Conclusions

The aim of this thesis was to clarify the presence of gender differences in the
prevalence and prognostic value of classical ECG risk markers of SCD and to find
potential easily detectable ECG risk factors to prevent adverse cardiac outcomes
especially among women. Additionally, we aimed to determine the autopsy
findings and causes of death among women in a large SCD population.
In Study I, differences in the etiology and ECG risk markers of SCD were
identified between the genders. The majority of the SCD victims were male, but
the proportion of SCD of all sudden deaths was actually higher in women than in
men. Non-ischemic SCD was more typical among women, and especially the twice
higher prevalence of PMF as a cause of SCD stood out in women. Means of
detecting fibrosis are needed to identify these subjects at risk of SCD. Almost one
third of the female subjects had a normal electrocardiogram prior to SCD but the
prevalence of ECG LVH was higher in women than in men.
In Study II, the prevalence of fQRS was found to be considerably lower in
women than in men regardless of the study population. QRS fragmentation seemed
to have prognostic value for adverse cardiac event only among male subjects with
known cardiac disease. A gradual increase in the prevalence of fQRS was seen in
both genders together with risk accumulation of the population, indicating a
relationship between fQRS and the underlying cardiac disease. A gradual increase
in the prevalence of fQRS combined with an increase in the amount of myocardial
fibrosis was also found in histological samples of SCD victims, supporting the
hypothesis of fQRS representing a local slowing of conduction in the ventricular
myocardium caused by ischemia, scar, fibrosis or inflammation.
The prognostic value of ECG sign of LVH was also highlighted in other
original publications. In Study III, Sokolow-Lyon index for LVH predicted future
hospitalization for heart failure in middle-aged women but not in men, emphasizing
the relevance of adequate treatment of hypertension in middle-aged women or/and
diagnosing other possible causes of ECG LVH to prevent development of future
heart failure or other adverse cardiac outcomes. In Study IV, Sokolow-Lyon index
for LVH was again a stronger predictor of cardiac death in middle-aged women
than in middle-aged men in the gender interaction analysis and associated also with
SCD in women (Study IV). The results of this thesis contribute to the growing
understanding of different cardiac risk profiles in women and men and of gender
differences in SCD. A normal electrocardiogram does not rule out an underlying
risk for SCD or cardiac death in women, making prediction of adverse cardiac
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outcome more demanding in women than in men. The present study indicates that
an ECG sign of cardiac disease in women seems to have a stronger association with
adverse outcome compared to those with a normal electrocardiogram and to men.
This thesis indicates that in women, electrocardiogram may be a better predictor of
more specific modes of cardiac mortality and morbidity than was previously
thought in the general population.
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