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Sudden cardiac death (SCD) is an unexpected sudden death due to
a heart condition, that occurs within one hour of symptoms onset.
SCD is a leading cause of death in western countries, and is respon-
sible for the majority of deaths from cardiovascular disease. More-
over, SCDaccounts formortality in approximately half of all coronary
heartdiseasepatients. Nevertheless, the recentadvancementsmade
in screening, prevention, treatment, andmanagement of the under-
lying causes has decreased this number. In this article, we sought
to review established and new modes of screening patients at risk
for SCD, treatment and prevention of SCD, and the role of new tech-
nologies in thefield. Further, wedelineate the current epidemiologic
trendsandpathogenesis. Inparticular,wedescribe theadvancement
inmolecular autopsy and genetic testing, the role of target tempera-
ture management, extracorporeal membrane oxygenation (ECMO),
cardiopulmonary resuscitation (CPR), and transvenous and subcuta-
neous implantable cardioverter devices (ICDs).

Keywords

Sudden cardiac death; Sudden cardiac arrest; Cardiopulmonary resuscitation;
Transvenous and subcutaneous implantable cardioverter devices; Extracorpo-
realmembrane oxygenation

1. Introduction
Sudden cardiac death (SCD) is an unexpected sudden

death due to a heart condition, which is almost always con-
firmed upon post-mortem examination. The unexpected
death occurs within one hour of symptom onset and is at-
tributed to a cardiac cause [1, 2]. SCD weighs heavily on
the health care system and the lives of many families. It is
a leading cause of death in western countries (15-20%) and
is responsible for the majority of deaths from cardiovascular
disease [3]. However, its incidence is decreasing due to the
continued advancement in prevention, treatment, and man-

agement. The ever growing use of implantable cardioverter
devices (ICDs) has been a major factor in seeing these num-
bers decline recently [4]. Coronary artery disease (CAD) con-
tinues to be the main pathology associated with SCD, how-
ever deaths from CAD have notably declined over the past
decades. Advances in acute treatment strategies and preven-
tion have driven this decline. Consequently, the incidence
of SCD and CAD have been declining in parallel. Increasing
knowledge and research is improving our understanding of
the mechanisms around the disease (Fig. 1) [5].

2. Epidemiology
Each year, approximately 0.1% of the population (in

United States and Europe) experience a medical services-
assessed, out-of-hospital cardiac arrest [1, 6]. Sudden cardiac
arrest (SCA) is more likely to occur in males and between the
ages of 66 and 68 [7]. SCD in young athletes is rare but is still
a notable cause of death. Early morning and late afternoon
show circadian peaks for deaths andMonday is the day of the
week with the most deaths [8].

Data from other parts of the worlds is limited, however,
it may be fair to predict that the proportion of CAD-related
SCD parallels the incidence of CAD mortality as it has been
shown in western countries (Fig. 2). This is evidenced in
Japan, known for having low incidence and deaths fromCAD
and hence low SCD rates. Additionally, there is a lot of geo-
graphical variation in CAD-related SCD, with possibly high
rates in Central Asia, Oceania and Eastern Europe [3].

Different studies have demonstrated that maximal oxy-
gen uptake (VO2 max), an indicator of cardiorespiratory fit-
ness, is an independent predictor of the risk of SCD [9, 10].
Similarly, exercise-induced ST-segment depression and pro-
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Fig. 1. Incidence, Etiology (coronary artery disease, cardiomyopathy, channelopathies, etc.). Prevention (beta-blockers, amiodarone, implantable
cardioverter-defibrillator, coronary revascularization) and future directions of treatment for Sudden Cardiac Death.

longed QRS duration in resting individuals are predictors
of SCD [9, 11]. Other classic independent factors associ-
ated with SCD are: smoking, previous myocardial infarction
(MI), type 2 diabetesmellitus, bodymass index, systolic blood
pressure, and C-reactive protein [11]. Interestingly, frequent
sauna bathing is associated with a reduced risk of SCD, CVD,
and all-cause mortality [10].

3. Etiology
Undetected cardiovascular diseases account for themajor-

ity of SCD cases [12, 13]. Congenital heart defects causing
SCD ismore prevalent in younger people [14]whereas, coro-
nary artery disease is the major contributor to SCD cases in
individuals over 35 years of age [5]. CAD is involved in 80%
cases, making it the most common cause of SCD, while car-
diomyopathies and genetic channelopathies are prominent
remaining causes [15]. The predominant mechanism of SCD
is a form of ventricular arrhythmia (VA). Ventricular ar-
rhythmias are responsible for 84% of SCD. The most com-
mon type of ventricular arrhythmias that lead to SCD are VT
and VF [16]. Nevertheless, pulseless electrical activity (PEA)
and bradyarrhythmia could as well lead to SCD and SCA [17].

At autopsy, coronary artery disease (CAD), hypertrophic
cardiomyopathy (HCM) with or without obstruction, and
valvular aortic stenosis are the most common causes of SCD.
A small percentage of cases, however, show no structural
changes (Table 1) [5].

3.1 Structural etiology

SCD accounts for approximately half of all CAD-related
deaths, and CAD is thought to be the structural cause of ap-
proximately 80% of all SCD. This of course varies for age,
gender, race, and ethnicity. In the Oregon SCD Study, CAD
was the second most common condition (22%) underlying

SCD among subjects aged 5 to 34 years. The spectrum of
substrates underlying CAD-related SCD include transient is-
chaemia, acute coronary syndromes, scar-related pathophys-
iology, and ischaemic cardiomyopathies [19].

The risk of SCD is greatest in the first month following
a myocardial infarction and decreases over time, although
those who develop ventricular remodelling and heart failure
(HF) have a subsequent increase in risk. However, two-thirds
of CAD-related SCD occurs as the first clinical manifestation
in supposedly low-risk individuals based on current risk pre-
diction methods, thwarting efforts to reduce the burden of
CAD-related SCD [20].

Ischaemic heart disease (IHD) is most commonly due
to atherosclerotic CAD. Anomalous coronary arteries with
variations in origin or course, are uncommon but are partic-
ularly seen in SCDs among athletes. Anomalies with obligate
ischaemia (e.g. left main coronary artery arising from pul-
monary artery) are rare beyond infancy while those variants
without obligate ischaemia but with malignant courses (e.g.
between aorta and pulmonary artery) may present in older
cohorts [5].

Non-ischaemic cardiomyopathies implicated in SCD in-
clude HCM, dilated cardiomyopathy, restrictive cardiomy-
opathy, arrhythmogenic right ventricular cardiomyopathy
(ARVC) and left ventricular non-compaction, a rare car-
diomyopathy due to abnormal myocardial formation during
early embryogenesis [21, 22]. Approximately 15% of over-
all SCD occurs in patients with other non-ischaemic struc-
tural heart disease in western society. These include dilated
cardiomyopathies, HCM, ARVC, infiltrative diseases (sar-
coidosis, amyloidosis), myocarditis, and congenital abnor-
malities. It is clear that SCD caused by non-ischaemic car-
diomyopathies is higher in younger populations (15-30% of
SCD in under 35’s) [22–24].
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Valvular heart disease causes SCD in two ways; mechani-
cal and arrhythmogenic. New data suggests that severe aor-
tic stenosis poses a risk of 5-7% for SCD. Mitral valve pro-
lapse has long been associated with SCD due to ventricular
arrhythmias with an estimated risk of 0.2-1.9% but the inci-
dence is poorly defined [25].

Fig. 2. Global incidence of SCD. Incidence demonstrated is from selected
studies reporting SCD in all age groups, with the exception of India (Srivatsa
2016; 35 years old) and Cameroon (Bonny 2017; 18 years old). Abbreviation:
SCD, sudden cardiac death [3].

3.2 Non-structural (arrhythmic) causes of SCD
SCD can occur with a structurally normal heart and in

these cases, the inherited arrhythmia syndromes are the usual
culprits. Genetic mutations in the ion channels of the my-
ocardial cell membrane predispose to malignant arrhyth-
mias and sudden death. The most common cardiac chan-
nelopathies are congenitallike long QT syndrome (LQTS),
Brugada syndrome, catecholaminergic polymorphic ventric-
ular tachycardia (CPVT), and short QT syndrome (SQTS)
[26]. In these cases, the heart is structurally normal, and the
pathology is molecular. There are mutations in genes en-
coding cardiac ion channel proteins. These ion channel dis-
eases increase risk of ventricular fibrillation due to the unsta-
ble electrical cardiac activity. In non-structural SCD, clinical
screening and genetic testing of family members are impor-
tant [27].

A detailed post-mortem examination, with molecular bi-
ology techniques is essential as the only opportunity for a cor-
rect diagnosis according to the guidelines for autopsy inves-
tigation of SCD proposed by the Association for European
Cardiovascular Pathology [28].

4. Pathology
Ventricular fibrillation (VF) is the underlying mechanism

in most SCD. The most common cause of VF is acute coro-
nary ischemia whereas increased risk of ventricular tachycar-
dia (VT) commonly occurs in patients with structural heart
disease as well as channelopathies [29]. A myocardial scar
from a previous infarct is the number one cause of sustained
monomorphic VT in patients with structural heart disease.
Sudden death in these patients frequently results from VT
which eventually leads to VF [29].

Metabolic derangement and oxidative stress particularly
during myocardial ischemia may lead to SCD. Impaired my-
ocyte metabolism and increases in reactive oxygen species,
lead to malfunction of ionic homeostasis in cardiac myocytes,
that in turn cause ventricular tachyarrhythmias and subse-
quently SCD [30]. Following MI, the major causes of SCD
are tachyarrhythmias, re-infarction, and myocardial rupture.
Nonetheless, the risk for SCD declines as time passes [31].

Another potential unifying mechanism for SCD is a
marked release of catecholamines during the stress response.
Massive activation of the sympathetic nervous system leads to
alteration in myocyte intracellular calcium handling, which
in turn leads to ventricular arrhythmias and subsequent SCD
[32]. It has been hypothesized that autonomic nervous sys-
tem activation during sleep triggers arrhythmias that lead to
SCD [18]. In patients with heart failure (HF), in addition
to neurohumoral signaling alterations, there is abnormal ex-
pression of ion channels, which predisposes patients to ven-
tricular arrhythmias, and consequently to SCD [33]. Animal
models have shown downregulation of potassium channels
and abnormal regulation of calcium channel in myocytes of
a failing heart [34, 35]. It appears that increased sympathetic
innervation in failing heart also predisposes patients to ar-
rhythmias [36].

SCD is triggered by a loss of function of one or more of
the four vital systems: heart, brain, lungs, and vasculature
system. Failure of one of the four causes the cessation in
function of the others. For example, in ventricular fibrilla-
tion (VF), failure of the heart to circulate blood causes the
brain, lungs, and vasculature to fail. In contrast, the collapse
of the vascular system may lead to failure of the lungs and
brain, as well as to PEA. Similarly, excess anesthesia leading
to central nervous system arrest, leads to a pulmonary arrest,
followed by vascular and cardiac arrest [37].

5. Clinical features
SCA often occurs without any warning. SCA and SCD

signs and symptoms are immediate and drastic and include
loss of consciousness, sudden collapse, pulsesness, and lack
of breathing [38]. Reduced cerebral blood flow during SCA
causes unconsciousness within seconds. Other symptoms, if
present, are nonspecific and include palpitations, chest pains,
shortness of breath, and weakness.
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Table 1. Primary pathologies related to SCD according to patient age [18]
Age Primary pathology

From birth to 13 years A congenital abnormality such as Tetraology of Fallot.
14 to 34 years Hypertrophic cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, congenital coronary anomalies, genetic

channelopathies, myocarditis, Wolff-Parkinson-White syndrome, and Marfan syndrome.
Over 35 years Coronary heart disease.

Table 2. Tests that should be done following SCA [39]
Examination Purpose

Electrocardiogram Diagnosis of ischemic heart disease, Myocardial infarction and inherited channelopathies.
Echocardiogram Can show signs of heart failure, cardiomyopathy, Valvular heart disease and congenital heart disease.
Coronary angiography Evidence of coronary artery disease, congenital abnormalities, and coronary spasms.
Exercise test Can illustrate ischemic heart disease, LQTS and CPVT.
Electrophysiology Detect suspected arrhythmia. Procainamide can provoke Brugada syndrome regardless of the findings on the initial

electrocardiogram.
Cardiac CMR To show ARVC, sarcoidosis (fibrotic cardiomyopathy), myocarditis, and myocardial injury from coronary spasms.
Genetic testing If cardiomyopathy, Brugada syndrome, CPVT, or LQTS are found.
Cardiac biopsy Can be considered.

ARVC, arrhythmogenic right ventricular cardiomyopathy; CMR, Cardiac magnetic resonance; CPVT, catecholaminergic polymorphic ven-
tricular tachycardia; LQTS, long QT syndrome.

6. Clinical assessment of a patient with SCA
6.1 Evaluation of a patient with SCA

Before transportation to a hospital, whenever possible, an
automated external defibrillator (AED) should be attached to
the patient. Cardiac monitoring using an electrocardiogram
(ECG) should begin on arrival of Emergency Medical Ser-
vices. Once the patient is admitted to hospital, full cardiac
assessment should be carried out. A cause should be estab-
lished while the patient should be further stabilised. Table 2
describe the tests that should be done in survivors of SCA
[39].

6.2 Premorbid history
Up to half of SCA patients report no symptoms prior to

collapse. Some patients report palpitations, dizziness, or near
syncope before SCD. Moreover, heart murmurs, heart rate
or blood pressure irregularities, or physical stigmata of Mar-
fan syndrome, might be evident [2, 40]. Table 3 summarizes,
ceratin findings thatmight be evident in patients’ medical and
family history [2, 40].

6.3 Autopsy and postmortem genetic testing
Autopsy in cases of sudden death is essential to determine

whether death is caused by cardiac disease or non-cardiac dis-
eases, such as intracranial hemorrhage and pulmonary em-
bolism. Furthermore, an autopsy can determine the mecha-
nism of the SCD: arrhythmic (mostly ventricular fibrillation),
or mechanical (i.e. cardiac tamponade, pulmonary throm-
boembolism, etc.). Therefore, an autopsy is recommended to
all cases where SCD is suspected or established [6]. Nonethe-
less, clinical information, such as gender, age, circumstances
of death, past medical history, serum enzymes, and ECG trac-
ing during resuscitation, can also facilitate to determine the
cause of death [41].

Standard gross examination of the heart including coro-

nary artery patency assessment andmultiple histological sam-
plings are routinely performed. In cases of clinical history or
ECG tracing suggestive of an unusual conduction abnormal-
ity, it is advised to refer the heart to a specialist center for
histological assessment of the conduction system [41].

Toxicology screen, chemistry, and microbiology workup
are required to establish a definitive diagnosis, whereas il-
licit or prescription drug overdose, anaphylaxis, diabetic ke-
toacidosis, andmyocarditis should be excluded as the cause of
death (Fig. 3). Genetic testing has an emerging role, particu-
larly in cases of sudden death in children and young adults.
Certain genetic diseases causing SCD are associated with
structural heart abnormalities, while others could be harder
to detect. Many of these genetic conditions are inherited in
an autosomal dominant fashion rendering genetic testing an
important role in family member risk and screening [18, 41].
Other, non-cardiac causes of death leading to a sudden death
include stroke and aortic syndromes - all of which must be
considered and ruled out during the post-mortem examina-
tion.

7. SCD risk stratification and genetics
The risk of SCD depends on multiple factors and may

changemarkedly over time. Hence, patients have to bemoni-
tored continuouslywithmore than one assessment tool. Cur-
rent guidelines recommend clinical history and physical exam
in combination with invasive and non-invasive diagnostic
exams to evaluate patients’ risk for SCD. Important factors
that should be considered in assessing patients’ clinical history
are age, previous documented or symptoms of an adverse car-
diac event such as HF, CAD, and sustained or non-sustained
ventricular tachycardia. In particular, syncope is an impor-
tant indicator for further evaluation andmanagement [2, 43].
Risk factors for heart disease, as well as antiarrhythmic medi-
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Table 3. Common evidence suggestive of sudden cardiac death, in patients’ medical history and patients’ family medical
history [2, 40]

Signs and symptoms in medical history Common findings in family medical history

Exertional symptoms such as dyspnea/fatigue or palpitations. Premature death or disability before age 50 attributed to heart disease in a
relative.

Syncope or seizures Cardiac diseases, such as hypertrophic or dilated cardiomyopathy, chan-
nelopathies, Marfan syndrome, or clinically significant arrhythmia.

Chest pain/discomfort/tightness/pressure related to exertion related or
not related to exertion

Epilepsy or syncope.

Intercurrent illnesses and any known cardiac investigations, such as elec-
trocardiogram or cardiac imaging, which must be reviewed where avail-
able.
Elevated blood pressure
History of drug use (prescribed or illicit)

Table 4. Electrocardiogrammarkers for sudden cardiac death risk stratification
Definition References

Microvolt T-wave alternans (MTWA) T-wave duration difference between alternate beats at the microvolt level [21, 46]
T-peak–T-end interval The interval from the peak to the end of the T-wave [21, 47]
QRS fragmentation Presence of an R’ wave or spikes in the QRS complex. [21, 47]
QRS duration Duration of the QRS complex [21, 47]

cations, medications with potential for QT prolongation, and
substance abuse such as cocaine and anabolic steroids should
be evaluated. On physical examination, attention should be
devoted to heart rate and blood pressure, murmurs, and jugu-
lar venous pressure [2, 43].

SCD risk stratification exam can be subdivided into in-
vasive; which mostly consists of electrophysiology (EPS),
and noninvasive; 12-leads ECG, image techniques, Holter
ECG, high-resolution ECG, and stress test. The EPS utilizes
catheters to record the internal cardiac electric activity dur-
ing induced ventricular arrhythmias. It is mainly used as part
of catheter ablation, or if SCA cause is unestablished using
other techniques. In the past studies have shown that com-
bining this exam in the screening process might reduce SCD
rate in patients with CAD [44, 45]. Nonetheless, EPS relia-
bility in predicting SCD due to ventricular fibrillation or flut-
ter is questionable. Moreover, its negative predictive value is
dependent on the ventricular stimulation protocol [45]. In
recent guidelines, EPS is not favored over clinical assessment
and non-invasive studies, for the risk stratification of SCD
[2].

ECG, a widely available exam, can be helpful for the di-
agnosis of channelopathies and cardiopathies [2]. More-
over, electrocardiogram markers such as microvolt T-wave
alternans (MTWA), QRS fragmentation, QRS duration, and
signal-averaged ECG, have been demonstrated to correlate
with risk for SC [21, 46, 47]. Table 4 summarize ECG mark-
ers important for SCD risk stratification. ECG also plays a
crucial role in the management of SCA, and MI, hence in the
acute prevention of SCD [2].

Holter or continuous ambulatory electrocardiography are
analyzed to detect ventricular extrasystoles, ventricular pre-
mature beats, atrial fibrillation, ventricular tachycardia (VT),

as well as T wave alternans, heart rate turbulence, or heart
rate variability indices, whose alterations can promote ven-
tricular arrhythmias. Ambulatory electrocardiography is rec-
ommended for 24 hours for symptomatic patients [2].

Echocardiography enables the assessment of cardiac struc-
tures such as cardiac valves, diagnose cardiomyopathies as
well as evaluate left ventricular ejection fraction (LVEF). A
study aimed to evaluate the echocardiography predictor pa-
rameter of SCD found that not only reduced LVEF, but also
mitral annular calcification, mitral E/A > 1.5 or < 0.7, in-
creased left ventricle mass and diameter are associated with
an increased risk of SCD [48]. Hence, echocardigraphy is rec-
ommended for patients with suspected cardiac structural ab-
normality and HF [2]. Cardiac magnetic resonance (CMR)
late gadolinium enhancement (LGE) allows depiction of my-
ocardial fibrosis, a determinant of arrhythmic propensity,
which has been shown to be a stronger prediction factor for
ventricular arrhytmias than LV failure [49].

Genetic testing have also found their way into the screen-
ing and risk stratification of SCD. It is recommended for pa-
tients and family members of patients with channelopathies
and cardiomyopathies [2, 6]. The genetic contribution to
SCD susceptibility can be divided into genetic variants that
are associated with known inherited cardiac disorders, and
genetic variants contributing to susceptibility to SCD but are
not associatedwith a known cardiac disorder or ECGpattern.
Nonetheless, genetic testing can confirm the diagnosis of the
inherited arrhythmic syndrome, which are usually diagnosed
with clinical and familiar history.

KCNQ1 and KNCH2 genes encode for the slowly activat-
ing delayed rectifier current (IKs) and for rapidly activating
delayed rectifier current (IKr), respectively. SCN5A encodes
a subunit of the voltage-gated sodium channel Nav 1.5. Mu-
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Table 5. ICD indication according to AHA/ACC/HRS guidelines [2]
ICD indication according to LVEF and HF symptoms [2]

LVEF NYHA classification
< 35% NYHA class II or III symptoms
< 30% NYHA class I
Patients with LVEF< 40% and inducible sustained VT or VF on EPS
Patients with IHD, unexplained syncope and inducible sustained VT on EPS

EPS, electrophysiological study; HYHA, New York Heart Association classifi-
cation; LVEF, left ventricle ejaculation fraction; VF, ventricle fibrillation; VT,
ventricle tachycardia.

tations in these genes may lead to LQTS and were associated
with SCD [50]. Furthermore, different KCNQ1 and KNCH2
may lead to short-QT Syndrome and increased risk for SCD
[51]. SCN5A, CACNA1C, and CACNB2B (genes encoding
the CaV1.2 L-type calcium channel subunits) mutation are
associated also with Brugada syndrome [52].

CPVT (catecholaminergic polymorphic ventricular tachy-
cardia) is a heritable arrhythmia syndrome, in which patients
often have normal baseline ECG. But during physical activ-
ity or emotional stress, patients might experience, bidirec-
tional or polymorphic VT. Mutation in the ryanodine recep-
tor (RyR2), which is a calcium channel that regulates calcium
ion release from the sarcoplasmic reticulum, is founded in
60% of patients with CPVT [53, 54].

Mutations in MYBPC3 or MYH7, that encode sarcoplas-
mic proteins are one of the genetic causes of the majority of
HCM cases, carries risk for SCD [55].

Genome-wide association studies (GWAS) provided new
biological insight about the genetic association to SCD. In-
stead of a specific mutation, GWAS illuminates a haplotype
association with SCD. A meta-analysis of GWAS data iden-
tified a locus (BAZ2B) that is likely to be involved in gene
regulation correlated to SCD risk [56].

A survey from 2015 aimed to assess how screening and
risk evaluation of patients with risk of SCD was performed
in European centers. This survey indicated that in patients
with CAD and low LVEF the vast majority of centers con-
sidered the ECG and exercise capacity assessment to be fun-
damental for SCD risk stratification. For patients with HCM
or patients with a family history of HCM-related SCD, his-
tory of unexplained syncope or non-sustained VT, low blood
pressure during exercise, and extreme left ventricular hyper-
trophy were the major clinical risk factors [57].

8. Management
Prevention of SCD is the main goal in management, since

the overall survival rate of out of hospital cardiac arrest, and
consequently SCD, is estimated to be 10% [58]. Therefore
targeting individuals at high risk is the main priority as well
as initiating appropriate preventive measures.
8.1 Medications

Except for quinidine, mexiletine, and flecainide for Bru-
gada syndrome, LQTS, and CPVT sodium channel blockers
are not recommended for SCD prevention [59, 60]. CAST

I and CAST II are two clinical trials aimed to examine the
sodium channel blockers’ anti-arrhythmic ability to prevent
SCD. Both studies were prematurely terminated for excess
mortality due to arrhythmias [61, 62]. Similarly, non dihy-
dropyridines calcium channel blockers have no role in SCD
prevention [6]. On the other hand, beta-blockers, and to a
smaller degree amiodarone, are beneficial in the prevention
of SCD. Beta-blockers have shown to reduce the mortality,
not only of patientswithHF andCAD, but also to reduce SCD
and ventricular arrhythmias (VA) incidents [63–65]. More-
over, beta-blockers are also the first-line therapy for previ-
ously mentioned channelopathies (e.g. long e.g. QT syn-
drome) [6]. Intravenous amiodarone is indicated in reduc-
ingVA recurrence during resuscitation and hence preventing
SCD [2]. However, due to its variety of adverse effects and
interactions, it failed to provide strong benefits over a long
period of prescription. Even if it reduced SCD risk and car-
diovascular death, the overall mortality is not reduced [66].
For this reason, periodical monitoring of thyroid, liver, and
lung function are recommended when prescribed for longer
periods [2]. Sotalol, which offers beta-blocking activity with
amiodarone-like action, has a pro-arrhythmic effect which
prevents it from being used in patients’ post-MI or with HF
[6, 67]. Hence, its role in the prevention of SCD and SCA is
limited.

A combination of antiarrhythmic drugs is recommended
in specific cases when other modalities, such as catheter abla-
tion or ICD, have failed [6]. For example, in patients with
drug-refractory VT, Ranolazine has been combined with
other anti-arrhythmics such as amiodarone or sotalol, with
encouraging results [68]. A more frequent approach is pre-
scribing beta-blockers, or less frequently sotalol, to the pa-
tient with an ICD to meliorate their control [6, 69].

Another aspect in the prevention of SCD is the treat-
ment of underlying cardiac disease and comorbidities. For
instance, in a patient with HF it is important to reduce my-
ocardial oxygen consumption and sympathetic tone to reduce
the risk for SCDs. Therefore, beta-blockers, angiotensin-
converting enzyme inhibitors or angiotensin-receptor block-
ers, mineralocorticoid-receptor antagonists, and angiotensin
receptor-neprilysin inhibitors are recommended for SCD
prevention [70, 71]. Similarly, myocardial infarction patients
should receive optimal medication as well (including beta-
blockers, dual antiplatelet therapy, and statins) for reducing
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Fig. 3. Algorithm for Assessment of SCD [42] includes appropriate Premorbid history of decedent, Autopsy with histological and toxological
assessment, molecular and genetic analysis of first-degree relatives as well as identification of structural causes (if any).

SCD risk [6]. Furthermore, addressing electrolytes distur-
bance, especially potassium andmagnesium, in patients post-
MI and with HF reduces SCD risk [6, 72].

8.2 ICD

ICDs continuouslymonitor heart activity and are effective
in terminating life-threatening VA. To this date, the main-
stay of SCD prevention is ICD. Indication for ICD can be
grouped as primary prevention and secondary prevention.
Primary SCD prevention, targets patients with no clinical
history of ventricular arrhythmias, but are at high risk for
SCD. While secondary prevention targets patients who sur-
vived SCA. Both groups of patients are evaluated with the
tools discussed before, to determine the need for an ICD. A
five year followup comparing ICD in patients with primary
and secondary indications demonstrated comparable mortal-
ity in both groups. Nevertheless, it appears that patients with
secondary indications had more incidents of VA that were
terminated by ICD [73].

While in most cases ICD is recommended for secondary
prevention, primary prevention indications are more com-
plicated. Nevertheless, patients of both groups require more
than 1 year of life expectancy and non-reversible VA etiol-
ogy (such as electrolytes abnormality) to be eligible for ICD
[2, 6, 57]. For instance, ICD is recommended only after 40
days post-MI or at least 90 days post revascularization, based
upon the belief that left ventricular function can improve fol-
lowing these events, and consequently SCD risk will decrease
[74]. In addition, ICD indications are based on LVEF and HF
symptoms as classified in NYHA classification (Table 5) [2].

Transvenous ICD (T-ICD) is most widely used, and it is
beneficial for patients with a life expectancy of more than
1 year, related complications are inappropriate shock and
device-related infections [75]. Subcutaneous ICD (S-ICD)
is an alternative for T-ICD. It should be considered in pa-
tients unfitted to T-ICD, due to inability to access the vas-
cular system when pacing therapy for bradycardia support,
cardiac resynchronization, or when anti-tachycardia pacing
is not needed [54, 76]. Another alternative is an external
ICD (a wearable pads and electrodes). This devices efficiency
hasn’t been validated yet, hence it is recommended only as a
temporary solution, bridging for cardiac transplant or T-ICD
implantation [6].

However, two clinical studies might change the percep-
tion that S-ICD is only indicated for the patients who are
found to be unfitted for T-ICD. The PRAETORIAN trial that
enrolled 876 patientswho randomly received either an S-ICD
or T-ICD, and were followed up for about 4 years, and UN-
TOUCHED trial a prospective non-randomized study that
followed 1116 patient who received S-ICD, for 18 months.
The PRAETORIAN study found that S-ICD was equivalent
to the T-ICD with respect to device-related complications
and inappropriate shocks rates. Furthermore, the rates of
SCDwere equal in both S-ICD and T-ICD groups. Similarly,
the UNTOUCHED study demonstrated high S-ICD efficacy
and safety [77, 78].

8.3 Catheter ablation

While ICD can terminate VA, it cannot prevent VA from
reoccurring like catheter ablation can accomplish. Catheter
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ablation is particularly valuable for patients with scar tissue
related to VF or VT [79]. In patients with no structural heart
abnormalities, VT ismost commonlymonomorphic and typ-
ically originate from one focal point, commonly at the ven-
triclar (right or left) outflow tract. On the other hand, in pa-
tients with structural heart disease, VT is more commonly
due to scar tissue reentry mechanism, and on ECG their VT
is also monomorphic (Polymorphic VT is more likely due to
acute MI or channelopathies). The procedure is more effec-
tive in patients without structural heart abnormalities than
patients with structural heart abnormalities. However, 22%
of patients without structural heart abnormality and 15% of
the patients with structural heart abnormality will require re-
peated ablation [80]. Common procedural complications are
correlated to access sites, such as groin hematoma and pseu-
doaneuysm [80].

8.4 Acute management of ventricular arrythmias and prevention
of SCD

When dealing with acute cardiac arrest, time is key. Sur-
vival decreases from 25% after 4-5minutes to 0% after 10min
[81]. According to the American Heart Associaiton, in pa-
tientswith ventricular arrhythmiaswith hemodynamic insta-
bility, defibrillation should be performed as quickly as possi-
ble, while cardiopulmonary resuscitation (CPR) is used until
a perfusing rhythm is restored [2]. In out-of-hospital car-
diac arrest, CPR should be performed immediately until the
defibrillator is available, unlike in-hospital cases in which de-
fibrillation should occur first [6]. If the patient remains ar-
rhythmic after 3 shocks, amiodarone should be administered
[2]. On the other hand, an ECG should be obtained for sta-
ble patients, as well as perfusion, and respirations should be
assessed [2, 6]. Post-resuscitation care includes, vital-organ
support, targeted temperature management and exploring
underlying cause.

8.5 Revascularization

According to the American Heart Association guidelines,
patients with sustained VA and survivors of SCA should be
evaluated for ischemic heart disease, and should be revascu-
larized as appropriate [2]. It appears that although revascu-
larization improves survival, there is no difference between
coronary artery bypass graft or percutaneous coronary in-
tervention (PCI) in the prevention of SCD [82, 83]. More-
over, it appears that survival and neurological outcomes are
better for patients who underwent coronary angiogram in
the first 24 hours after regaining spontaneous circulation
(ROSC) [84].

However, the Coronary Angiography after Cardiac Arrest
Trial (COACT), a randomized clinical trial that included 552
patients, showed there was no significant difference in clin-
ical outcomes at 1 year between patients in the immediate
angiography group compared with patients whose angiogra-
phy was delayed until after neurologic recovery. Survival at
1 year was 61.4% in the immediate group versus 64.0% in the
delayed group [85].

8.6 Targeted temperature management
Targeted temperature management (TTM), also known

as induced hypothermia, is shown to be beneficial for im-
proving outcomes in patients post-resuscitation. It can be
delivered by several methods: surface cooling ranges from
ice packs and cooling pads to air mattresses, while inter-
nal cooling includes specialized endovascular heat-exchange
catheters and intravenous fluids [86]. A large randomized
controlled trial from 2013 aimed at determining the most
beneficial temperature demonstrated no difference in out-
comes when using 33 ◦C versus 36 ◦C target temperature
[87]. Moreover, a randomized control study from 2019,
demonstrated that TTM is not only beneficial after shockable
cardiac arrest (VT/VF), as had been previously postulated,
but also for non-shockable cardiac arrest (asystole/pulseless
electrical activity [88]. Regarding the duration of TTM, it
has been demonstrated to have similar outcomes for 24 and
48 hours [89].

8.7 Combined targeted temperature management and coronary
angiography

Asmentioned previously, coronary angiography is part of
the post-cardiac arrest evaluation. A recent retrospective co-
hort study fromTaiwan demonstrated increased survival and
neurological outcome in patients who underwent coronary
angiography in the first 24 hours, as well as TTM [84].

8.8 Prognosticating factors after sudden cardiac arrest
For survivors of SCA, factors associated with poor neu-

rological outcomes for out-of hospital cardiac arrrest include
advanced age, unwitnessed arrest, no bystander CPR, time
to achievement of ROSC > 30 min, arterial pH < 7.2, non
shockable rhythm, serum lactate levels > 7 mmol/L, ESRD
(end stage renal disease), and high cardiac arrest hospital
prognosis (CHAP) score [90].

8.9 Sudden Cardiac Death in young atheletes
Hypertrophic cardiomyopathy (HCM) is the most com-

mon cardiac abnormality implicated in SCD in young athletes
< 35 years old in the United States followed by congenital
anomalies of the coronary artery and arrhythmogenic right
ventricular cardiomyopathy. Soccer has been unfortunately
plagued in recent years by deaths at the professional level dur-
ing internationally televised games. Hence, athletic pre par-
ticipation screening has been made essential for minimizing
the risk for sudden cardiac death (SCD) in them. The car-
diovascular screening for HCM includes personal and family
history, physical examination, a 12-lead resting ECG, as well
as an exercise ECG and an echocardiogram [91].

9. Future directions
As mentioned previously, once a patient is experiencing

SCA, CPR should be done to prevent SCD.Nonetheless, CPR
efficiency decreases with time, and after 20 minutes of CPR
the survival probability decrease by ten times [92]. There-
fore, new methods are being explored to improve this aspect
in patient care.
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9.1 Mechanical chest compressions (MCC)

As discussed previously, chest compressions as part of
CPR are essential in the management of cardiac arrest. Nev-
ertheless, the quality of manual chest compression during
CPR may be impaired by CPR provider fatigue and by am-
bulance movement [93, 94]. To overcome these issues, de-
vices that provide mechanical chest compressions (MCC)
have been recently introduced. These devices can be sub-
divided into three categories: point compression, load dis-
tribution compression, and full chest compression. Recent
meta-analyses found no advantage of these devices overman-
ual CPR compression, in the reduction of SCD rate, as well
as long term mortality and complication of SCA [95, 96].
LUCAS (Lund University Cardiopulmonary Assist) device is
commonly used device for this purpose.

9.2 ECMO and eCPR

In the survival of chain for out-of-hospital cardiac arrest,
the goal of CPR is to establish ROSC so as to provide end-
organ perfusion and prevent secondary brain damage. Re-
cently, insertion of venoarterial extracorporeal membrane
oxygenation (VA-ECMO) during CPR to rapidly provide cir-
culatory support termed extracorporeal cardiopulmonary re-
suscitation (eCPR) has been tried especially in younger pa-
tients who do not achieve ROSC after 10-15minutes of CPR.
It is a very resource-sensitive strategy, performed only by
few experienced centers and cannot be applied to all SCA
patients. Napp et al. [97] analyzed 40 patients with refrac-
tory OHCA and potentially favorable circumstances who un-
derwent eCPR. Overall 30-day survival was 12.5%, with 3 of
5 survivors having a favourable neurological outcome. No
patient selected for eCPR met all pre-defined criteria. Im-
portantly, time-to-ECMO most often exceeded 60 minutes
(mean 102 ± 32 min), and lactate was > 15 mmol/L in 30
out of 40 patients. Moreover, 22 out of 40 patients had a non-
shockable rhythm on the first ECG [97].

9.3 PCI during CPR

PCI in patients undergoing CPR after sudden cardiac ar-
rest can be used as a part of the resuscitation effort to address
the underlying cause. CPR can be done manually, with me-
chanical chest compression or utilising ECMO. A retrospec-
tive analysis from 2017, showned thatMCC provides a better
outcome than manual CPR in the catheterization lab [98]. In
another study, ECMO when combined with PCI for patients
in cardiac arrest was associatedwith favorable outcomes [99].
Hence, new approaches suggest incorporation of mechanical
chest compression, ECMO, TTM, and early reperfusion in
the management of SCA [100, 101].

9.4 Definitive treatment of underlying causes

While definitinve treatment of individual underlying
cause of SCD are beyond the scope of this review, a few
need worth mentioning. Patients with hypertrophied car-
diomyopathy should be treated with septal ablation or alco-
hol injection procedures. Similarly, patients with severe aor-
tic stenosis require relief of outflow tract obstruction with

some form procedure including balloon aortic valvotomy,
transcatheter aortic valve replacement depending upon their
ability to tolerate these procedures. Additonally, survivors
of acute pumonary embolism need definitive treatment us-
ing procedure like transcatheter guided thrombolysis (EKOS)
or pulmonary thromboendarterectomy utilizing cardiopul-
monary bypass support [102].

10. Conclusions
SCD remains a prominent cause of death. Both congeni-

tal heart disease and heart failure appear to be the important
causes, hence, treatment of these underline conditions and
optimizing the cardiac function is essential in the prevention
of SCD. Genetic testing and MRI are promising modalities
in patients’ screening and risk stratification whereas T-ICDs
are widely used in the prevention of SCD. Strategies such as
targeted temperature management, mechanical chest com-
pressions, eCPR and PCI during CPR, show promise and will
need further validation.

Abbreviations
ARVC, arrhythmogenic right ventricular cardiomyopa-

thy; CAD, coronary artery disease; CHD, coronary heart
disease; CMR, cardiac magnetic resonance; CPR, car-
diopulmonary resuscitation; CPVT, catecholaminergic poly-
morphic ventricular tachycardia; ECG, electrocardiogram;
ECMO, extracorporeal membrane oxygenation; EPS, elec-
trophysiology; GWAS, genome-wide association studies;
HCM, hypertrophic cardiomyopathy; HF, heart failure;
ICDs, implantable cardioverter devices; IHD, ischaemic heart
disease -some font’s are different; LGE, late gadolinium en-
hancement; LQTS, long QT syndrome; LVEF, left ventric-
ular ejection fraction; MCC, mechanical chest compressors;
MI, myocardial infarction; MTWA, microvolt T-wave alter-
nans; PCI, percutaneous coronary intervention; PEA, pulse-
less electrical activity; SCA, sudden cardiac arrest; SCD, sud-
den cardiac death; SQTS, short QT syndrome; S-ICD, subcu-
taneous ICD; TTM, targeted temperature management; T-
ICD, transvenous ICD.

Author contributions
AK, NS and SK conceived and designed the paper; RK,

AKi and NS did the literature search; AK, DMA, CRJ, JDS
andNSwrote the paper; AKi, NS and SK supervised thework
and did the critical appraisal.

Acknowledgment
We would like to acknowledge Dr. Punnoose for her ex-

pertise and help in editing the manuscript. Also, we would
like to thank Dr. Malke Asaad and Connecting Researchers
for their input.

Funding
This research received no external funding.

Volume 22, Number 1, 2021 155



Conflict of interest
The Authors have nothing to disclose with respect to this

submission.

References
[1] Virani SS, Alonso A, Benjamin EJ, BittencourtMS, Callaway CW,

Carson AP, et al. Heart disease and stroke statistics-2020 update:
a report from the American Heart Association. Circulation. 2020;
141: 1.

[2] Al-Khatib SM, StevensonWG,AckermanMJ, BryantWJ, Callans
DJ, Curtis AB, et al. 2017 AHA/ACC/HRS guideline for manage-
ment of patients with ventricular arrhythmias and the preven-
tion of sudden cardiac death: executive summary: a report of the
AmericanCollege of Cardiology/AmericanHeart Association task
force on clinical practice guidelines and the Heart Rhythm Society.
Journal of the American College of Cardiology. 2018; 72: 1677-
1749.

[3] Wong CX, Brown A, Lau DH, Chugh SS, Albert CM, Kalman JM,
et al. Epidemiology of Sudden Cardiac Death: Global and Regional
Perspectives. Heart, Lung & Circulation. 2019; 28: 6-14.

[4] Hindricks G, Lenarczyk R, Kalarus Z, Döring M, Shamloo AS,
Dagres N. Prevention of sudden cardiac death by the implantable
cardioverter-defibrillator. Polish Archives of Internal Medicine.
2018; 128: 764-770.

[5] Myerburg RJ, Junttila MJ. Sudden cardiac death caused by coro-
nary heart disease. Circulation. 2012; 125: 1043-1052.

[6] Priori SG, Blomström-Lundqvist C, Mazzanti A, Blom N,
Borggrefe M, Camm J, et al. ESC Guidelines for the management
of patients with ventricular arrhythmias and the prevention of
sudden cardiac death: the task force for the management of pa-
tients with ventricular arrhythmias and the prevention of sud-
den cardiac death of the European Society of Cardiology (ESC).
Endorsed by: Association for European Paediatric and Congeni-
tal Cardiology (AEPC). European Heart Journal. 2015; 36: 2793-
2867.

[7] Eckart RE, Shry EA, Burke AP, McNear JA, Appel DA, Castillo-
Rojas LM, et al. Sudden death in young adults: an autopsy-based
series of a population undergoing active surveillance. Journal of
the American College of Cardiology. 2011; 58: 1254-1261.

[8] Savopoulos C, Ziakas A, Hatzitolios A, Delivoria C, Kounanis A,
Mylonas S, et al. Circadian rhythm in sudden cardiac death: a ret-
rospective study of 2,665 cases. Angiology. 2006; 57: 197-204.

[9] HagnäsMJ, Lakka TA, Kurl S, Rauramaa R,Mäkikallio TH, Savo-
nen K, et al. Cardiorespiratory fitness and exercise-induced ST
segment depression in assessing the risk of sudden cardiac death
in men. Heart. 2017; 103: 383-389.

[10] Laukkanen JA, Laukkanen T, Khan H, Babar M, Kunutsor SK.
Combined effect of sauna bathing and cardiorespiratory fitness
on the risk of sudden cardiac deaths in caucasian men: a long-
term prospective cohort study. Progress in Cardiovascular Dis-
eases. 2018; 60: 635-641.

[11] Kurl S, Mäkikallio TH, Rautaharju P, Kiviniemi V, Laukkanen JA.
Duration ofQRS complex in resting electrocardiogram is a predic-
tor of sudden cardiac death in men. Circulation. 2012; 125: 2588-
2594.

[12] Adabag AS, Luepker RV, Roger VL, Gersh BJ. Sudden cardiac
death: epidemiology and risk factors. Nature Reviews Cardiology.
2010; 7: 216-225.

[13] Albert CM, Chae CU, Grodstein F, Rose LM, Rexrode KM,
Ruskin JN, et al. Prospective study of sudden cardiac death among
women in the united states. Circulation. 2003; 107: 2096-2101.

[14] Saul P, Gajewski K. Sudden cardiac death in children and adoles-
cents (excluding Sudden Infant Death Syndrome). Annals of Pedi-
atric Cardiology. 2010; 3: 107-112.

[15] Magi S, Lariccia V, Maiolino M, Amoroso S, Gratteri S. Sudden
cardiac death: focus on the genetics of channelopathies and car-
diomyopathies. Journal of Biomedical Science. 2017; 24: 56.

[16] de Luna AB, Coumel P, Leclercq JF. Ambulatory sudden cardiac
death: mechanisms of production of fatal arrhythmia on the basis
of data from 157 cases. American Heart Journal. 1989; 117: 151-
159.

[17] Nichol G. Regional variation in out-of-hospital cardiac arrest inci-
dence and outcome. Journal of the AmericanMedical Association.
2008; 300: 1423-1431.

[18] Bagnall RD, Weintraub RG, Ingles J, Duflou J, Yeates L, Lam L,
et al. A prospective study of sudden cardiac death among children
and young adults. New England Journal of Medicine. 2016; 374:
2441-2452.

[19] Hayashi M, Shimizu W, Albert CM. The spectrum of epidemiol-
ogy underlying sudden cardiac death. Circulation Research. 2015;
116: 1887-1906.

[20] Sanchis-Gomar F, Perez-Quilis C, Leischik R, Lucia A. Epidemi-
ology of coronary heart disease and acute coronary syndrome. An-
nals of Translational Medicine. 2016; 4: 256.

[21] Goldberger JJ, Subačius H, Patel T, Cunnane R, Kadish AH. Sud-
den cardiac death risk stratification in patients with nonischemic
dilated cardiomyopathy. Journal of the American College of Car-
diology. 2014; 63: 1879-1889.

[22] Rizzo S, Carturan E, DeGaspariM, PilichouK, ThieneG, Basso C.
Update on cardiomyopathies and sudden cardiac death. Forensic
Sciences Research. 2019; 4: 202-210.

[23] Lynge TH, Nielsen TS, Winkel BG, Tfelt-Hansen J, Banner J.
Sudden cardiac death caused by myocarditis in persons aged 1-49
years: a nationwide study of 14 294 deaths in Denmark. Forensic
Sciences Research. 2019; 4: 247-256.

[24] Lubitz SA, Goldbarg SH, Mehta D. Sudden cardiac death in infil-
trative cardiomyopathies: sarcoidosis, scleroderma, amyloidosis,
hemachromatosis. Progress in Cardiovascular Diseases. 2008; 51:
58-73.

[25] Henriques de Gouveia RHAM, Corte Real Gonçalves FMA. Sud-
den cardiac death and valvular pathology. Forensic Sciences Re-
search. 2019; 4: 280-286.

[26] Wever EFD,Robles deMedina EO. Sudden death in patientswith-
out structural heart disease. Journal of the American College of
Cardiology. 2004; 43: 1137-1144.

[27] Priori SG. Genetic testing to predict sudden cardiac death: current
perspectives and future goals. Indian Heart Journal. 2014; 66: S58-
S60.

[28] Sanchez O, Campuzano O, Fernández-Falgueras A, Sarquella-
Brugada G, Cesar S, Mademont I, et al. Natural and undetermined
sudden death: value of post-mortem genetic investigation. PLoS
ONE. 2016; 11: e0167358.

[29] Koplan BA, Stevenson WG. Ventricular tachycardia and sudden
cardiac death. Mayo Clinic Proceedings. 2009; 84: 289-297.

[30] Yang KC, Kyle JW, Makielski JC, Dudley SC Jr. Mechanisms of
sudden cardiac death: oxidants and metabolism. Circulation Re-
search. 2015; 116: 1937-1955.

[31] Bui AH, Waks JW. Risk stratification of sudden cardiac death af-
ter acute myocardial infarction. Innovations in Cardiac Rhythm
Management. 2018; 9: 3035-3049.

[32] DhallaNS, AdameovaA,KaurM.Role of catecholamine oxidation
in sudden cardiac death. Fundamental & Clinical Pharmacology.
2010; 24: 539-546.

[33] Tomaselli GF, Zipes DP. What causes sudden death in heart fail-
ure? Circulation Research. 2004; 95: 754-763.

[34] Kääb S, Nuss HB, Chiamvimonvat N, O’Rourke B, Pak PH, Kass
DA, et al. Ionic mechanism of action potential prolongation in
ventricularmyocytes from dogswith pacing-induced heart failure.
Circulation Research. 1996; 78: 262-273.

[35] Marx SO, Reiken S, Hisamatsu Y, Jayaraman T, Burkhoff D,
Rosemblit N, et al. PKA phosphorylation dissociates FKBP12.6
from the calcium release channel (Ryanodine Receptor). Cell.
2000; 101: 365-376.

[36] Cao J, Fishbein MC, Han JB, Lai WW, Lai AC,Wu T, et al. Rela-
tionship between regional cardiac hyperinnervation and ventric-
ular arrhythmia. Circulation. 2000; 101: 1960-1969.

156 Volume 22, Number 1, 2021



[37] Parish DC, Goyal H, Dane FC. Mechanism of death: there’s more
to it than sudden cardiac arrest. Journal of Thoracic Disease. 2018;
10: 3081-3087.

[38] Modi S, Krahn AD. Sudden cardiac arrest without overt heart dis-
ease. Circulation. 2011; 123: 2994-3008.

[39] KatritsisDG,GershBJ, CammAJ.A clinical perspective on sudden
cardiac death. Arrhythmia & Electrophysiology Review. 2016; 5:
177-182.

[40] Schmehil C, Malhotra D, Patel DR. Cardiac screening to prevent
sudden death in young athletes. Translational Pediatrics. 2017; 6:
199-206.

[41] Basso C, Aguilera B, Banner J, Cohle S, d’Amati G, de Gouveia
RH, et al. Guidelines for autopsy investigation of sudden cardiac
death: 2017 update from the Association for European Cardio-
vascular Pathology. Virchows Archiv. 2017; 471: 691-705.

[42] Isbister J, Semsarian C. Sudden cardiac death: an update. Internal
Medicine Journal. 2019; 49: 826-833.

[43] MironA, Lafreniere-RoulaM, Steve FanC,ArmstrongKR,Drag-
ulescu A, Papaz T, et al. A validatedmodel for sudden cardiac death
risk prediction in pediatric hypertrophic cardiomyopathy. Circu-
lation. 2020; 142: 217-229.

[44] Buxton AE, Lee KL, Fisher JD, Josephson ME, Prystowsky EN,
Hafley G. A randomized study of the prevention of sudden
death in patients with coronary artery disease. Multicenter unsus-
tained tachycardia trial investigators. The New England Journal of
Medicine. 1999; 341: 1882-1890.

[45] Zaman S, Kumar S, Narayan A, Sivagangabalan G, Thiagalingam
A, Ross DL, et al. Induction of ventricular tachycardia with the
fourth extrastimulus and its relationship to risk of arrhythmic
events in patients with post-myocardial infarct left ventricular
dysfunction. EP Europace. 2012; 14: 1771-1777.

[46] Aro AL, Kenttä TV, Huikuri HV. Microvolt T-wave Alternans:
where are we now? Arrhythmia & Electrophysiology Review.
2016; 5: 37-40.

[47] Tse G, Yan BP. Traditional and novel electrocardiographic con-
duction and repolarization markers of sudden cardiac death. EP
Europace. 2017; 19: 712-721.

[48] Konety SH, Koene RJ, Norby FL, Wilsdon T, Alonso A, Siscov-
ick D, et al. Echocardiographic predictors of sudden cardiac death:
the atherosclerosis risk in communities study and cardiovascular
health study. Circulation Cardiovascular Imaging. 2016; 9.

[49] Alba AC, Gaztañaga J, Foroutan F, Thavendiranathan P, Merlo
M, Alonso-Rodriguez D, et al. Prognostic value of late gadolinium
enhancement for the prediction of cardiovascular outcomes in di-
lated cardiomyopathy. Circulation: Cardiovascular Imaging. 2020;
13: e010105.

[50] Winkel BG, Larsen MK, Berge KE, Leren TP, Nissen PH, Olesen
MS, et al. The prevalence of mutations in KCNQ1, KCNH2, and
SCN5A in an unselected national cohort of young sudden unex-
plained death cases. Journal of Cardiovascular Electrophysiology.
2012; 23: 1092-1098.

[51] Bellocq C, van Ginneken ACG, Bezzina CR, Alders M, Escande
D, Mannens MMAM, et al. Mutation in the KCNQ1 gene leading
to the short QT-interval syndrome. Circulation. 2004; 109: 2394-
2397.

[52] Deo M, Ruan Y, Pandit SV, Shah K, Berenfeld O, Blaufox A, et al.
KCNJ2mutation in short QT syndrome 3 results in atrial fibrilla-
tion and ventricular proarrhythmia. Proceedings of the National
Academy of Sciences. 2013; 110: 4291-4296.

[53] Leenhardt A, Lucet V, Denjoy I, Grau F, NgocDD, Coumel P. Cat-
echolaminergic polymorphic ventricular tachycardia in children.
A 7-year follow-up of 21 patients. Circulation. 1995; 91: 1512-
1519.

[54] Priori SG, Napolitano C, Memmi M, Colombi B, Drago F, Gas-
parini M, et al. Clinical and molecular characterization of patients
with catecholaminergic polymorphic ventricular tachycardia. Cir-
culation. 2002; 106: 69-74.

[55] Viswanathan SK, Sanders HK, McNamara JW, Jagadeesan A, Ja-

hangir A, Tajik AJ, et al. Hypertrophic cardiomyopathy clinical
phenotype is independent of gene mutation and mutation dosage.
PLoS ONE. 2017; 12: e0187948.

[56] Arking DE, Junttila MJ, Goyette P, Huertas-Vazquez A, Ei-
jgelsheim M, Blom MT, et al. Identification of a sudden cardiac
death susceptibility locus at 2q24.2 through genome-wide associ-
ation in European ancestry individuals. PLoS Genetics. 2011; 7:
e1002158.

[57] Proclemer A, Bongiorni MG, Dagres N, Sciaraffia E, Todd D,
Blomstrom-Lundqvist C, et al. How are European patients at risk
of malignant arrhythmias or sudden cardiac death identified and
informed about their risk profile: results of the European Heart
Rhythm Association survey. Europace. 2015; 17: 994-998.

[58] Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang
AR, Cheng S, et al. Heart disease and stroke statistics-2018 update:
a report from the American Heart Association. Circulation. 2018;
137: e67-e492.

[59] Mazzanti A, Maragna R, Faragli A, Monteforte N, Bloise R,
MemmiM, et al. Gene-specific therapywithmexiletine reduces ar-
rhythmic events in patients with long QT syndrome type 3. Jour-
nal of the American College of Cardiology. 2016; 67: 1053-1058.

[60] Watanabe H, Chopra N, Laver D, Hwang HS, Davies SS, Roach
DE, et al. Flecainide prevents catecholaminergic polymorphic ven-
tricular tachycardia in mice and humans. Nature Medicine. 2009;
15: 380-383.

[61] Echt DS, Liebson PR, Mitchell LB, Peters RW, Obias-Manno D,
Barker AH, et al. Mortality andmorbidity in patients receiving en-
cainide, flecainide, or placebo. The Cardiac Arrhythmia Suppres-
sion Trial. New England Journal ofMedicine. 1991; 324: 781-788.

[62] Greene HL, Roden DM, Katz RJ,Woosley RL, Salerno DM, Hen-
thorn RW. The cardiac arrhythmia suppression trial: first CAST
... then CAST-II. Journal of the American College of Cardiology.
1992; 19: 894-898.

[63] Al-Gobari M, El Khatib C, Pillon F, Gueyffier F. β-Blockers for
the prevention of sudden cardiac death in heart failure patients: a
meta-analysis of randomized controlled trials. BMC Cardiovascu-
lar Disorders. 2013; 13: 52.

[64] MERIT-HF Study Group. Effect of metoprolol CR/XL in chronic
heart failure: metoprolol CR/XL Randomised Intervention Trial
in Congestive Heart Failure (MERIT-HF). Lancet. 1999; 353:
2001-2007

[65] Kontos MC, Diercks DB, Ho PM,Wang TY, Chen AY, Roe MT.
Treatment and outcomes in patients with myocardial infarction
treated with acute β-blocker therapy: results from the American
College of Cardiology’s NCDR(®). American Heart Journal. 2011;
161: 864-870.

[66] Piccini JP, Berger JS, O’Connor CM. Amiodarone for the preven-
tion of sudden cardiac death: a meta-analysis of randomized con-
trolled trials. European Heart Journal. 2009; 30: 1245-1253.

[67] Waldo AL, Camm AJ, deRuyter H, Friedman PL, MacNeil DJ,
Pauls JF, et al. Effect of d-sotalol on mortality in patients with left
ventricular dysfunction after recent and remotemyocardial infarc-
tion The cardiac arrhythmia suppression trial. Lancet. 1996; 348:
7-12.

[68] Bunch TJ,Mahapatra S,MurdockD,Molden J,Weiss JP, mayHT,
et al. Ranolazine reduces ventricular tachycardia burden and ICD
shocks in patients with drug-refractory ICD shocks. Pacing and
Clinical Electrophysiology. 2011; 34: 1600-1606.

[69] BrodineWN,TungRT, Lee JK, Hockstad ES,Moss AJ, ZarebaW,
et al. Effects of beta-blockers on implantable cardioverter defibril-
lator therapy and survival in the patients with ischemic cardiomy-
opathy (from themulticenter automatic defibrillator implantation
Trial-II). American Journal of Cardiology. 2005; 96: 691-695.

[70] Domanski MJ, Exner DV, Borkowf CB, Geller NL, Rosenberg Y,
Pfeffer MA. Effect of angiotensin converting enzyme inhibition
on sudden cardiac death in patients following acutemyocardial in-
farction. A meta-analysis of randomized clinical trials. Journal of
the American College of Cardiology. 1999; 33: 598-604.

Volume 22, Number 1, 2021 157



[71] Pitt B, Zannad F, Remme WJ, Cody R, Castaigne A, Perez A, et
al. The effect of spironolactone on morbidity and mortality in pa-
tientswith severe heart failure. RandomizedAldactone Evaluation
Study Investigators. New England Journal ofMedicine. 1999; 341:
709-717

[72] Aldahl M, Jensen AC, Davidsen L, Eriksen MA, Møller Hansen
S, Nielsen BJ, et al. Associations of serum potassium levels with
mortality in chronic heart failure patients. European Heart Jour-
nal. 2017; 38: 2890-2896.

[73] van Welsenes GH, van Rees JB, Borleffs CJW, Cannegieter SC,
Bax JJ, van Erven L, et al. Long-term follow-up of primary and sec-
ondary prevention implantable cardioverter defibrillator patients.
EP Europace. 2011; 13: 389-394.

[74] Proclemer A, Muser D, Campana A, Zoni-Berisso M, Zecchin M,
Locatelli A, et al. Indication to cardioverter-defibrillator therapy
and outcome in real world primary prevention. Data from the
IRIDE Italian registry of prophylactic implantation of defibrilla-
tors study. International Journal of Cardiology. 2013; 168: 1416-
1421.

[75] van der Heijden AC, Borleffs CJW, Buiten MS, Thijssen J, van
Rees JB, Cannegieter SC, et al. The clinical course of patients with
implantable cardioverter-defibrillators: extended experience on
clinical outcome, device replacements, and device-related compli-
cations. Heart Rhythm. 2015; 12: 1169-1176.

[76] Jarman JWE, Lascelles K, Wong T, Markides V, Clague JR,
Till J. Clinical experience of entirely subcutaneous implantable
cardioverter-defibrillators in children and adults: cause for cau-
tion. European Heart Journal. 2012; 33: 1351-1359.

[77] Knops RE, Olde Nordkamp LRA, Delnoy PHM, Boersma LVA,
Kuschyk J, El-Chami MF, et al. Subcutaneous or transvenous de-
fibrillator therapy. New England Journal of Medicine. 2020; 383:
526-536.

[78] Boersma LV, El-Chami MF, Bongiorni MG, Burke MC, Knops
RE, Aasbo JD, et al. Understanding outcomes with the EM-
BLEM S-ICD in primary prevention patients with low EF study
(UNTOUCHED): clinical characteristics and perioperative results.
Heart Rhythm. 2019; 16: 1636-1644.

[79] KuckK, SchaumannA, Eckardt L,Willems S, Ventura R, Delacré-
taz E, et al. Catheter ablation of stable ventricular tachycardia be-
fore defibrillator implantation in patients with coronary heart dis-
ease (VTACH): a multicentre randomised controlled trial. Lancet.
2010; 375: 31-40.

[80] Schleberger R, Jularic M, Salzbrunn T, Hacke C, Schwarzl JM,
Hoffmann BA, et al. Outcome of catheter ablation of non-
reentrant ventricular arrhythmias in patients with and without
structural heart disease. European Journal of Medical Research.
2020; 25: 4.

[81] Wik L, Hansen TB, Fylling F, Steen T, Vaagenes P, Auestad BH, et
al. Delaying defibrillation to give basic cardiopulmonary resuscita-
tion to patients with out-of-hospital ventricular fibrillation. Jour-
nal of the American Medical Association. 2003; 289: 1389-1395.

[82] Ngaage DL, Cale ARJ, Cowen ME, Griffin S, Guvendik L. Early
and late survival after surgical revascularization for ischemic
ventricular fibrillation/tachycardia. Annals of Thoracic Surgery.
2008; 85: 1278-1281.

[83] Every NR, Fahrenbruch CE, Hallstrom AP, Weaver WD, Cobb
LA. Influence of coronary bypass surgery on subsequent outcome
of patients resuscitated from out of hospital cardiac arrest. Journal
of the American College of Cardiology. 1992; 19: 1435-1439.

[84] Lin J-J, Huang C-H, Chen W-J, Chuang P-Y, Chang W-T, Chen
W-T, et al. Targeted temperature management and emergent
coronary angiography are associated with improved outcomes in
patients with prehospital return of spontaneous circulation. Jour-
nal of the Formosan Medical Association. 2020; 119: 1259-1266.

[85] Lemkes JS, Janssens GN, van der Hoeven NW, Jewbali LSD,
Dubois EA, Meuwissen M, et al. Coronary angiography after car-
diac arrest without ST-segment elevation. New England Journal
of Medicine. 2019; 380: 1397-1407.

[86] Holzer M. Targeted temperature management for comatose sur-
vivors of cardiac arrest. New England Journal of Medicine. 2010;
363: 1256-1264.

[87] Nielsen N, Wetterslev J, Cronberg T, Erlinge D, Gasche Y, Has-
sager C, et al. Targeted temperature management at 33 ◦C versus
36 ◦Cafter cardiac arrest. NewEngland Journal ofMedicine. 2013;
369: 2197-2206.

[88] Lascarrou J, Merdji H, Le Gouge A, Colin G, Grillet G, Girardie
P, et al. Targeted temperature management for cardiac arrest with
nonshockable rhythm. New England Journal of Medicine. 2019;
381: 2327-2337.

[89] Kirkegaard H, Søreide E, Haas I de, Pettilä V, Taccone FS, Arus
U, et al. Targeted temperature management for 48 vs 24 hours
and neurologic outcome after out-of-hospital cardiac arrest: a ran-
domized clinical trial. The Journal of the AmericanMedical Asso-
ciation. 2017; 318: 341-350.

[90] Lotfi A, Klein LW, Hira RS,Mallidi J, Mehran R,Messenger JC, et
al. SCAI expert consensus statement on out of hospital cardiac ar-
rest. Catheterization and Cardiovascular Interventions. 2020; 96:
844-861.

[91] Higgins JP, Andino A. Soccer and sudden cardiac death in young
competitive athletes: a review. Journal of Sports Medicine. 2013;
2013: 1-7.

[92] Goto Y, Funada A, Goto Y. Relationship between the duration
of cardiopulmonary resuscitation and favorable neurological out-
comes after out-of-hospital cardiac arrest: a prospective, nation-
wide, population-based cohort study. Journal of the American
Heart Association. 2016; 5: e002819.

[93] Havel C, SchreiberW, Riedmuller E, HaugkM, Richling N, Trim-
mel H, et al. Quality of closed chest compression in ambulance ve-
hicles, flying helicopters and at the scene. Resuscitation. 2007; 73:
264-270.

[94] HightowerD,Thomas SH, StoneCK,DunnK,March JA.Decay in
quality of closed-chest compressions over time. Annals of Emer-
gency Medicine. 1995; 26: 300-303.

[95] Liu M, Shuai Z, Ai J, Tang K, Liu H, Zheng J, et al. Mechanical
chest compression with LUCAS device does not improve clinical
outcome in out-of-hospital cardiac arrest patients: a systematic re-
view and meta-analysis. Medicine. 2019; 98: e17550.

[96] Wang PL, Brooks SC. Mechanical versus manual chest compres-
sions for cardiac arrest. The Cochrane Database of Systematic Re-
views. 2018; 2018: CD007260

[97] Napp LC, Sanchez Martinez C, Akin M, Garcheva V, Kühn C,
Bauersachs J, et al. Use of extracorporeal membrane oxygenation
for eCPR in the emergency room in patients with refractory out-
of-hospital cardiac arrest. PLoS ONE. 2020; 15: e0239777.

[98] Madsen Hardig B, Kern KB, Wagner H. Mechanical chest com-
pressions for cardiac arrest in the cath-lab: when is it enough and
who should go to extracorporeal cardio pulmonary resuscitation?
BMC Cardiovascular Disorders. 2019; 19: 134.

[99] Kagawa E, Dote K, KatoM, Sasaki S, Nakano Y, KajikawaM, et al.
Mechanical chest compression with LUCAS device does not im-
prove clinical outcome in out-of-hospital cardiac arrest patients: a
systematic review andmeta-analysis Circulation. 2012; 126: 1605-
1613.

[100] Stub D, Bernard S, Pellegrino V, Smith K, Walker T, Sheldrake
J, et al. Refractory cardiac arrest treated with mechanical CPR, hy-
pothermia, ECMO and early reperfusion (the CHEER trial). Re-
suscitation. 2015; 86: 88-94.

[101] Belohlavek J, Kucera K, Jarkovsky J, Franek O, Pokorna M,
Danda J, et al. Hyperinvasive approach to out-of hospital cardiac
arrest using mechanical chest compression device, prehospital in-
traarrest cooling, extracorporeal life support and early invasive
assessment compared to standard of care. A randomized parallel
groups comparative study proposal. “Prague OHCA study”. Jour-
nal of Translational Medicine. 2012; 10: 163.

[102] Khan K, Yamamura D, Vargas C, Alexander T, Surani SR. The
role of ekosonic endovascular systemor EKOS® in pulmonary em-
bolism. Cureus. 2019; 11: e6380.

158 Volume 22, Number 1, 2021


	Sudden Cardiac Death: Epidemiology, Pathogenesis and Management
	Repository Citation

	Sudden Cardiac Death: Epidemiology, Pathogenesis and Management
	Digital Object Identifier (DOI)
	Notes/Citation Information
	Authors

	1. Introduction 
	2. Epidemiology
	3. Etiology
	3.1 Structural etiology 
	3.2 Non-structural (arrhythmic) causes of SCD

	4. Pathology 
	5. Clinical features
	6. Clinical assessment of a patient with SCA
	6.1 Evaluation of a patient with SCA 
	6.2 Premorbid history
	6.3 Autopsy and postmortem genetic testing 

	7. SCD risk stratification and genetics 
	8. Management 
	8.1 Medications
	8.2 ICD
	8.3 Catheter ablation
	8.4 Acute management of ventricular arrythmias and prevention of SCD
	8.5 Revascularization
	8.6 Targeted temperature management 
	8.7 Combined targeted temperature management and coronary angiography 
	8.8 Prognosticating factors after sudden cardiac arrest
	8.9 Sudden Cardiac Death in young atheletes

	9. Future directions
	9.1 Mechanical chest compressions (MCC)
	9.2 ECMO and eCPR
	9.3 PCI during CPR
	9.4 Definitive treatment of underlying causes

	10. Conclusions 
	Abbreviations
	Author contributions
	Acknowledgment
	Funding
	Conflict of interest
	References

