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Abstract
Sudden cardiac death is one of the most important causes of death worldwide. Advancements in medical treatment,
percutaneous interventions, and device therapy (ICD and CRTD) showed consistent reduction in mortality, mainly in
survivors of SCD and in patients with ischemic cardiomyopathy and depressed left ventricular function. Patients with
non-ischemic cardiomyopathies, mildly reduced LV function, and channelopathies have increased risk for SCD.
Identifying the subgroup of these patients before they experience life-threatening or fatal events is essential to further
improve outcomes. In this review, we aimed to summarize the current knowledge for risk stratification and primary
prevention, to describe the gaps in evidence, and to discuss future directions for screening and treating patients at risk
for SCD.
Purpose of Review The purpose of this review is to provide a comprehensive description of the etiologies of sudden cardiac
death, risk stratification strategies, and to describe the current medical and interventional therapies. We aimed to discuss the
current gaps in our knowledge of primary prevention of SCD and to review novel approaches and interventions.
Recent Findings The incidence of SCD has decreased in the last two decades due to improved pharmacological treatment and
ICD implantation in SCD survivors and in patients with reduced left ventricular function and ischemic cardiomyopathy. The
efficacy of ICD in patients with non-ischemic cardiomyopathy is challenged by new findings from the DANISH trial. Catheter
ablation is new emerging strategy to prevent SCD in patients with scar relater or PVC-triggered ventricular arrhythmias.
Summary Despite the new treatments, SCD is still a major burden. ICD remains the cornerstone for patients with ischemic
cardiomyopathy, whereas appropriate risk stratification of the patients with non-ischemic cardiomyopathy and channelopathies is
needed to further improve outcomes. The future of ablation as the treatment and prevention of SCD remains to be studied.

Keywords Ablation therapy . Cardiac resynchronization therapy . Implantable cardioverter defibrillator . Sudden cardiac death .

Primary and secondary prevention . Ventricular arrhythmia

This article is part of the Topical Collection on Invasive Electrophysiology
and Pacing

* Yitschak Biton
yitscb@gmail.com; bitony@hadassah.org.il

Ivaylo Tonchev
ivailortonchev@gmail.com

David Luria
dluria@hadassah.org.il

David Orenstein
davido@hadassah.org.il

Chaim Lotan
lotan@hadassah.org.il

1 Hadassah Medical Center, Heart Institute, Hebrew University in
Jerusalem Medical School, Kyriat Hadassah, PO Box 12000,
91120 Jerusalem, Israel

2 Heart Research Follow-up Program, Division of Cardiology,
Department of Medicine at the University of Rochester Medical
Center, Rochester, NY, USA

Current Cardiology Reports (2019) 21: 106
https://doi.org/10.1007/s11886-019-1191-z

http://crossmark.crossref.org/dialog/?doi=10.1007/s11886-019-1191-z&domain=pdf
mailto:yitscb@gmail.com
mailto:bitony@hadassah.org.il


Introduction

Sudden cardiac death (SCD) is defined as sudden and unex-
pected death occurring within an hour of the onset of the
symptoms, or occurring in patients found dead within 24 h
of being asymptomatic, presumably due to cardiac arrhythmia
or hemodynamic catastrophe [1]. Within all cardiovascular
disease (CVD), 25% are secondary to SCD, mainly tachyar-
rhythmia [2, 3]. SCD is associated with high social, health
utilization and economic burden, and thus precise risk strati-
fication is important. Recently, Shubi et al. showed that in a
large Canadian SCD registry, patients who died suddenly uti-
lized healthcare systems more frequently before the fatal
event, but were not diagnosed to be at high risk. This study,
however, did not identify predictors of SCD [4].

This review aims to discuss the current understandings of
SCD in patients with structurally normal and abnormal hearts,
current strategies of risk stratification, treatments, gaps in ev-
idence, and future perspectives.

Pathophysiology, Mechanisms, and Epidemiology
of SCD

The primary mechanism of SCD is thought to be tachyarrhyth-
mia, predominantly ventricular, followed by premature ventric-
ular complexes (PVCs), bradyarrhythmias, and non-arrhythmic
mechanisms (rupture of an aortic aneurysm or pump failure)
[5]. The mechanisms of ventricular arrhythmia (VA) are a com-
plex interaction between arrhythmogenic substrate (myocardial
scar, patchy fibrosis, channelopathies) and triggered activity
induced by early or late afterdepolarizations [6].

In terms of risk stratification, patients can be divided into
two major groups, either structural heart disease (SHD) or
structurally normal heart. SHD can be further divided into
patients with myocardial scar due to ischemic heart disease
(IHD) and non-ischemic cardiomyopathies with patchy fibro-
sis and adverse remodeling. The latter group is represented by
outflow tract VAs, channelopathies, bradyarrhythmias, or
high-risk accessory atrioventricular aberrant pathways
(Wolff Parkinson White (WPW)).

These patients are highly sensitive to altered cardiac me-
tabolism, electrolytes disturbances, autonomic tone changes,
and shifts in ion channels that can interfere with the cardiac
action potential.

Patients with Structurally Abnormal Hearts

The rate of SCD in patients with IHD is consistently decreas-
ing, whereas the proportion of patients with hypertensive heart
disease and myocardial fibrosis has increased [7]. This de-
crease is attributed to better revascularization and better con-
trol of IHD risk factors [8, 9].

Patients admitted with MI are prone to VA prior to the
reperfusion and in the next 48 after revascularization. Late
VA (after 48 h) or ventricular fibrillation (VF) is associated
with increased mortality [10]. In the settings of acute MI and
VA event, urgent and complete revascularization is advised,
even in comatose survivors with signs of STEMI [11, 12]. In
the FAST MI 2005 registry, early VF (within 48 h) during
ACS was associated with five-fold increase in-hospital mor-
tality, but not with long-term mortality [13]. A recent study
including almost 39,000 patients with acute MI, the lowest
risk of VF, cardiac arrest, or death was associated with potas-
sium concentrations of 3.5–4.5 mmol/L [14], and therefore,
aggressive control of electrolytes is warranted.

Several studies showed genetic predisposition for SCD in
the context of MI, and that family history of SCD is an inde-
pendent risk factor for sudden death [15–18]. Two genome-
wide association studies compared patients with STEMI with
and without VF. The AGNES study showed association with
single-nucleotide polymorphism located in the 21q21 locus
[19]. In the second study, 2q24.2 locus signal correlated with
increased risk of SCD; however, they could not replicate the
results of the AGNES study [20].

Dilated cardiomyopathy is one of the most common car-
diomyopathies accounting for a significant part of SCD, oc-
curring unpredicted in 26% of the cases without IHD etiology
and mainly out of the hospital [21].

In younger patients, IHD is less prevalent while other con-
ditions such as myocarditis, mitral valve prolapse (MVP),
hypertrophic cardiomyopathy (HCM), coronary anomalies,
conduction disorders, and cardiomyopathies are more impor-
tant causes of SCD [22–27].

A recent observational study consisting of 2094 adult pa-
tients with HCM showed that the systematic enhanced ACC/
AHA strategy [(risk factors: family history of SCD, LV hyper-
trophy > 30 mm, unexplained syncope, non-sustained VT
(NSVT)] predication capacity improved by adding late gado-
linium enhancement (LGE) identified fibrosis and systolic dys-
function with LVEF < 50% by echocardiography or cardiovas-
cular magnetic resonance (CMR) or LVapical aneurysm). The
new score is highly sensitive (87–95%), but less specific in
terms of identifying the ones without SCD events (78%). In
the same study, European Society of Cardiology (ESC) risk
score was applied retrospectively to the same group of patients
and was shown to be significantly less sensitive [28•].

The correlation between SCD and MVP remains con-
troversial. A recent systematic review and meta-analysis
[29•] demonstrated that the prevalence of MVP among
all SCD was 1.9% and that MVP was demonstrated by
autopsy in 11.7% of unexplained SCD. The investiga-
tors of that study identified several potential predictors
of SCD including VA (79% of the patients—bigeminy,
multifocal ventricular ectopy, and sustained or non-
sustained VT/VF), ST-T wave abnormalities (65.3%),

106 Page 2 of 16 Curr Cardiol Rep (2019) 21: 106



cardiac fibrosis (in 70.7%), and bi-leaflet MVP (80%)
[29•].

Arrhythmogenic right ventricular cardiomyopathy (ARVC)
is an inherited cardiomyopathy with structural abnormalities
predominantly in the right ventricle (RV), but also with com-
mon LVinvolvement, presenting with VA and an increased risk
of SCD. Calkins et al. [30] identified several risk factors includ-
ing electric instability (frequent PVCs and sustained VA), the
extent of the RV and LV structural involvement, cardiac syn-
cope (CS), male sex, proband status, multiple mutations, or a
mutation in TMEM43. Radiofrequency ablation (RFA), endo-
cardial or epicardial, seems to have the highest success rates in
ARVC-related VT treatment and in eliminating frequent VT
episodes and ICD shocks rather than a curative therapeutic
approach [31]. In bundle branch reentrant tachycardia patients,
antiarrhythmic medical therapy is usually ineffective, whereas
RFA is reported as a successful procedure in terms of
preventing recurrences [32, 33].

Myocarditis is described as a cause of SCD in athletes [34,
35]. Surprisingly, there are only small series and case reports
and most are associated with fulminant myocarditis. Further
dedicated research is needed.

Medical Treatment to Reduce SCD in Patients
with Abnormal Heart

Adverse remodeling is associated with ion-channel alterations
and has the potential to exacerbate the potential for VA. ACEi
[36], ARBs [37], and MRAs [38] were shown to improve
reverse remodeling and reduce the risk of SCD [39, 40] in
patients with depressed LV function. In the AVID trial, statins
were shown to reduce the incidence of SCD in high-risk pa-
tients [41]. Recently, PARADIGM-HF investigators showed
that the angiotensis-receptor-neprilysin inhibitor reduced SCD
and deaths from worsening of heart failure (HF) [42]. Beta
blockers are highly effective in treating VAs as well as in
reducing SCD in patients with or without HF [43]. However,
a registry of 34,661 patients with acute MI STEMI or non-
STEMI demonstrated that in patients with two or more risk
factors for shock, the risk of shock or death was significantly
elevated in those under treatment with beta blockers.
Consequently, in this setting, beta blockers should not be ini-
tiated [44]. In the CAST trial [45], it was shown that the class
Ic antiarrhythmics were associated with excessive mortality or
non-fatal cardiac arrest rate (7.7%) among post-MI patients as
compared with the placebo-treated patients (3.0%), and hence,
the use of Ic antiarrhytmics after MI is contraindicated [46,
47]. The use of the class III agent amiodarone was widely
investigated; in GESICA trial, the use of amiodarone in pa-
tients with severe HF reduced mortality and hospital admis-
sions compared to standard treatment, especially in patients
with higher baseline heart rate [48]. In this trial, patients were
not on beta-blockers, and therefore, the mortality benefit could

be explained by the beta-blockade effect. In Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT) in which patients
were on a beta-blocker, no benefit from amiodarone, when
compared to placebo, was noted [49].

Device Therapy in Patients with Abnormal Heart
Structure

ICD is a well-established therapy for secondary prevention of
SCD [46, 47]. In antiarrhythmics versus implantable defibril-
lators (AVID) [50], cardiac arrest study Hamburg (CASH)
[51], and Canadian Implantable Defibrillator Study (CIDS)
[52] trials, patients who had suffered a cardiac arrest or life-
threatening VA were recruited—secondary prevention. Anti-
arrhythmic vs ICD were compared in these trials, with a sta-
tistically significant reduction in the rate of total mortality in
the ICD arm only in AVID. In CASH and CIDS, only arrhyth-
mic death was significant, but not all-cause mortality.
According to a meta-analysis of these trials, ICD therapy dem-
onstrated a 50% reduction in arrhythmic mortality and a 28%
reduction in total mortality. A sub-group analysis of the AVID
trial results clearly demonstrated that the benefit was primarily
to patients with an LVEF between 20 and 34% [53]. ICD is
indicated for the primary prevention of arrhythmias that could
lead to mortality in patients with HF who does not suffer from
other conditions that limit life expectancy to 1 year, according
to the ESC and AHA/ACC/HRS guidelines [46, 47]. In the
MADIT (Multicenter Automatic Defibrillator Implantation
Trial), 196 patients with prior MI, LVEF < 35%, and positive
EPS were randomized to receive an ICD (95 patients) or con-
ventional medical therapy at the time (101 patients) and
showed improved survival in the ICD arm [54]. In MADIT
II trial [55], 1232 patients with a history of MI and LVEF <
30% were recruited. This trial showed that all-cause mortality
reduced by nearly 60% over the average follow-up of
20 months. The analysis from Multicenter Unsustained
Tachycardia Trial (MUSTT) showed that non-inducible pa-
tients with LVEF < 30% had nearly identical total mortality
and SCD rates as patients who were inducible but had an
LVEF between 30 and 40%, and hence, a negative EP study
in a patient with an LVEF < 30% cannot be reassuring [56].

The indication for ICD in the first 40 days post-MI is ques-
tionable. The Defibrillator in Acute Myocardial Infarction
Trial (DINAMIT) did not show any benefit with ICD therapy
for patients in the first 40 days post-MI and LVEF < 35%. The
ICD arm was associated with a statistically significant de-
crease in death by arrhythmic causes, but a statistically signif-
icant increase in death by non-arrhythmic causes, and hence
no difference in overall survival rates [57]. The IRIS trial did
not show reduction in overall mortality in patients after ICD
implantation between 5 and 31 days after MI with LVEF <
40% and heart rate higher than 90 beats per minute. There
were less SCD in the ICD group, but the number of non-
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SCD was significantly higher [58]. Similarly, in the Beta-
blocker Strategy plus, ICD study (EPS guided ICD 5–
30 days after acute MI vs conventional medical treatment)
did not show mortality difference [59]. In this group of pa-
tients, wearable defibrillators (WD) can be a temporary mea-
sure. The safety and efficacy of this device were shown in
Wearable Defibrillator Investigative Trial II [60]. The random-
ized VEST trial showed no significant arrhythmic mortality
reduction with WD; however, the all-cause mortality was sig-
nificantly reduced [61].

While ICD is a well-established therapy for ischemic car-
d iomyopathy, i t s ro le in NICMP (non- ischemic
cardiomyopathy) is less established. The Defibrillators in
Non-Ischemic Cardiomyopathy Treatment Evaluation
(DEFINITE) trial was set to assess if ICD therapy can abort
SCD in 458 patients with NICM with LVEF < 36% and doc-
umented PVCs or non-sustained VT. Patients with ICD had
significant reduction in SCD but not all-cause mortality. In a
subanalysis, male patients with NYHA III and LVEF between
20 and 35% benefited the most from ICD [62]. Importantly, in
the recent DANISH trial [63••], there was no benefit with ICD
in terms of all-cause mortality and only SCD was reduced
significantly. The current guidelines are still based on the old
SCD-HeFT trial in which ICD therapy vs amiodarone was
compared among 2521 patients with LVEF < 35% (either
ischemic or non-ischemic) and NYHA II-III on conventional
therapy and divided into 3 groups—placebo, amiodarone, and
shock-only single-lead ICD. The use of ICD was associated
with decreased risk of death of 23% compared to placebo [49].
The results did not vary according to either ischemic or non-
ischemic causes of CHF, but a greater reduction of mortality in
patients with NYHA II was noted. The trials of ICD for pri-
mary and secondary prevention are summarized in Table 1.

Biventricular pacing is known to reduce mortality in
selected groups of patients with depressed LV function
and prolonged QRS. Table 2 summarizes the trials. In the
MIRACLE trial, CRT-P therapy has been shown to reduce
HF, and mortality in patients with NYHA III-IV, LVEF <
35%, and wide QRS [64]. The beneficial effect of
biventricular pacing with ICD in a similar group of patients
was proved also in MIRACLE-ICD [65]. Similar effects
were shown in the RAFT trial [66] in patients with
NYHA II-III, in addition to, a decrease of all-cause mor-
tality and cardiovascular mortality. In the COMPANION
trial, the combined primary endpoint of risk of death or
first hospitalization in both CRT-P and CRT-D arms was
met; however, the mortality reduction was limited to the
CRT-D arm [67]. The initial outcomes and the long-term
mortality follow-up of CARE-HF trial showed significant
reduction of death in patients with CRT [68, 69]. In
MADIT-CRT, patients with ICMP and NICMP with
NYHA I-II showed a reduction of HF events, without a
difference in risk of death [70] in the short term. In the

long-term trial, only patients with LBBB had significant
mortality reduction [71].

There is a notion that ICD shocks might be associated
with increased mortality [72]; this was recently debated by
Biton et al. showing that the underlying rate of the VA and
not the shock is associated with mortality [73]. MADIT-
RIT and PROVIDE trial demonstrated that more conserva-
tive ICD programming schema for primary prevention can
reduce the rate of inappropriate shocks without increasing
mortality [74, 75].

Catheter Ablation for the Prevention of SCD

In patients with ICM and NICM, scar-related reentry is known
to be the mechanism of monomorphic VT. Prior studies
showed that patients treated with VT ablation after an ICD
shock had a significantly lower risk of death and HF as com-
pared with patients managed with antiarrhythmics (Table 3).
The adverse event rates after VT ablation were similar to pa-
tients with ICDs but without VT [76–78]. In SMASH-VT
trial, VT substrate-based ablation was performed on patients
with IHD during ICD implantation, and the patients were
compared to patients with ICD implantation and no VA [79].
The patients receiving ablation and ICD showed reduced ICD
shocks at 2-year follow-up and a trend toward reduced mor-
tality compared to those receiving ICD without ablation. In
VTACH trial, prophylactic VT ablation before defibrillator
implantation seemed to prolong time to recurrence of VT in
patients with stable VT, previous MI, and reduced LVEF [78].
Della Bella et al. enrolled 528 patients with SHD who expe-
rienced electrical storm, incessant VTs, or recurrent paroxys-
mal VTs for RFAVTablation. After follow-up of 26months, it
was shown that the group of patients with successful VT ab-
lation had significantly lower recurrences of VTs and lower
cardiac death and SCD [80]. In the VANISH trial, RFA of VT
was associated with greater quality-adjusted life-years
(QALYs) and less SCD, episodes of VT within 24 h, and
appropriate ICD shocks than escalated drug therapy [81].
Sauer et al. demonstrated similar results in terms of survival
rate in patients with ischemic and NICM after successful ab-
lation of VT [82]. To date, three studies, STARVT, BERLIN-
VT, and PARTITA, are evaluating the use of early VTablation
in preventing sudden death.

SCD in Patients with Structurally Normal Hearts

Long QT syndrome (LQTS) is the most studied channelopa-
thy. The risk of SCD in patients with LQTS is increased due to
polymorphic VT [83–85]. Barsheshet et al. showed that the
risk of SCD and Torsades de Points (TdP) can be predicted by
previous events of TdP or another form of VA, CS without
documented arrhythmia, QTc > 500 ms, and low potassium
levels [86]. Additional risk factors are female sex, age, pre-
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existing cardiovascular diseases, resting heart rate, and muta-
tion location. Genetic information can inform the risk of SCD.
Moss et al. have shown that in LQTS1, the location, type, and
biophysical function of the KCNQ1mutation are an important
independent risk factor for CS or SCD [87]. In patients with
LQTS2, the type and location of the KCNH2 mutations are in
correlation with an elevated risk of life-threatening cardiac
events [88]. Gender is playing a major role in LQTS1 and
LQTS2, female patients have a longer baseline QTc, associat-
ed withmore TdP episodes [89].Buber et al. demonstrated that
the perimenopausal period is associated with an elevated risk
of CS in LQTS2 [90]. Currently, there is no data about the
correlation of type and location of the mutation in LQTS3.
According to Wilde, Moss et al., females had a higher proba-
bility of a first cardiac event than did males, especially in the
30 to 40 years of age [91].

Beta blocker, specifically nadolol [92], is considered to be
the mainstay of treatment in LQTS mainly LQT1 and LQT2
with very low risk of SCD [91, 93]. Despite that some LQTS
patients will still have life-threatening events while treated
with BB and these patients require ICD for secondary preven-
tion. Primary prevention is more challenging, in a registry of
patients who received an ICD for primary prevention QTC >
550 ms, prior syncope on BB, and genetic data were found to
be predictive of appropriate shocks [94].

Brugada syndrome (BrS) is an inherited channelopathy as-
sociated with an elevated risk of SCD. To date, there is no
validated universal risk stratification strategy [95].
Procainamide challenge is used for diagnosis, but it is not clear
how to interpret the results. In asymptomatic patients, pro-
voked type 1 ECG pattern was not associated with increased
risk of death [96]. However, in symptomatic patients, positive
test was associated with increased mortality [97]. Several
studies have been proposing different risk factors. In the
FINGER registry, only CS and spontaneous type 1 ECG pat-
tern were statistically significant predictors [96]. Other risk
factors were proposed but not validated in larger studies, in-
cluding QRS fragmentation, ventricular repolarization period
< 200 ms, QRS duration > 120 ms, positive programmed elec-
trical stimulation test, sinus node dysfunction, and male gen-
der [98, 99]. In the SABRUS registry, a quarter of the patients
presented with life-threatening arrhythmic event did not meet
the current criteria for ICD implantation [100]. Genetic factors
might have a greater role in the risk stratification in the near
future, as well as the assessment of the arrhythmogenic sub-
strate in the RV [101]. Belhassen et al. showed that treatment
with quinidine decreased the inducibility of VF in patients
who had inducible VF at baseline EP study [102]. To date,
quinidine is reserved for patients who refuse ICD implantation
[46, 47]. ICD therapy or RFA should be considered in symp-
tomatic patients or patients with VF storm. In asymptomatic
patients with BrS, quinidine therapy or no therapy is both
acceptable. There is a subgroup of patients with BrS who

manifest with polymorphic VT/VF, triggered by RVOT
ectopy PVCs; in this selected subgroup, ablation is a reason-
able option [103].

Catecholaminergic polymorphic VT (CPVT) is caused by a
mutation in the Ryanodine receptor and causes polymorphic
VT with normal QT interval. Flecainide in combination with
beta-blockers has demonstrated partial or complete suppres-
sion of VA in 76% in a recent review of 15 clinical studies
[104]. Short QT syndrome (SQTS) is a rare malignant chan-
nelopathy causing VA and SCD. The diagnosis is based on
ECG findings (QTc < 330 ms or < 360 ms in combination
with CS, arrest, family history of SCD at young age (< 40),
or family history of SQTS) and genetic findings. Currently,
hydroquinidine is the first-line therapy for SQTS [105]. Early
repolarization syndromes have recently been reported to be
more malignant than previously thought, especially with ele-
vation in inferior or lateral leads [106, 107]. Idiopathic VF
(IVF) is a rare cause of SCD that can overlap with VA syn-
dromes, and hence, full electrophysiological assessment
should be performed before calling this diagnosis.

In patients with high-risk accessory pathways (AP), RFA is
recommended. It should be noted that post-ablation the mor-
tality is patients with WPW syndrome is similar to the general
population [108]. Prophylactic AP ablation is not recommend-
ed to all asymptomatic patients with low-risk pathways
[109–113].

The Role of PVCs and Non-sustained VT as a Cause
of SCD

Frequent PVCs are defined if occurring ≥ 1 time during a
standard electrocardiographic recording or ≥ 30 times over a
1-h recording. In a meta-analysis of 11 studies with a total of
106,195 participants, frequent PVCs were associated with in-
creased risk for sudden cardiac death and total cardiac death
[114]. It should be noted that the participants in those studies
were screened for underlying SHD. In addition, the presence
of multifocal PVCs and NSVT association with a higher inci-
dence of mortality is well described in various series
[115–117]. In a single study, PVCs that occur during recovery
are a powerful predictor of death compared with PVCs occur-
ring during exercise [118]. High PVC burden (> 10,000–
20,000 a day) can be associated with a deterioration of the
LVEF [119]. Early recognition of LV deterioration and early
intervention are critical.

Evaluation, Risk Stratification, and Current Guidelines

Systemic evaluation and risk stratification in patients at risk
for SCD or SCD survivors are important [46, 47]. Accurate
personal and family history taking, baseline 12-lead electro-
cardiogram (ECG), 24-h (or more) ECG monitor (Holters,
loop/event recorders), exercise stress test, provocative tests,
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cardiac imaging (TTE, CMR), and genetic testing are recom-
mended. CAD should be excluded in patients without acute
coronary syndrome by non-invasive test when possible in pa-
tients above the age of 40 and risk factors for CVD. For pa-
tients with a documented VA, cardiac biomarkers, invasive
cardiac imaging by cardiac catheterization or CT angiography
is recommended to rule out CAD.

Among several non-invasive markers of risk of SCD, only
the LV dysfunction (in both ICMP and NICM), in combina-
tion with New York Heart Association (NYHA) class, is con-
sistently predictive of SCD and therefore used to identify can-
didates ICD for primary prevention of SCD [49, 55]. Several
biomarkers have been tested. Pro-B-type natriuretic peptide
(both NT and B-type) are showing correlation with the risk
of VA [120]. Galectin-3 and ST2 showed association with
markedly increased risk of cardiac death, all-cause mortality,

and heart transplantation [121–123]. ECG markers including
heart rate variability, late potentials, microvolt T-wave
alternans, and QT interval dispersion were shown to predict
SCD in several studies. Relative wall thickness is an echocar-
diogram marker that was shown to correlate with VA in pa-
tients with HF and HCM [124]. To date, none of these markers
is used in clinical practice.

CMR can identify arrhythmogenic substrate and guide
ablation therapy or inform ICD indication. In an HCM
cohort of 177 patients with no or only mild symptoms,
myocardial fibrosis detected by CMR was associated with
greater likelihood and increased the frequency of VA (in-
cluding NSVT) on ambulatory Holter ECG [125]. In addi-
tion, patients with a VA event and HCM had a wider ex-
tension of LGE [126]. Moreover, CMR-detected mid-wall
myocardial fibrosis was demonstrated as an independent
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tachycardia, SA–sinus arrest,
SCD–sudden cardiac death,
SHD–structural heart disease,
SQTS–short QT syndrome, SSS–
sick sinus syndrome, VF–
ventricular fibrillation, VT–
ventricular tachycardia, SVT–
supraventricular tachycardia,
TICMP–tachycardia-induced
cardiomyopathy, TTE–
transthoracic echocardiography,
VA–ventricular arrhythmia
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predictor of mortality in patients with moderate or severe
aortic stenosis providing an 8-fold increase in all-cause
mortality compared to similar patients without LGE
[127]. Additionally, gadolinium kinetics reflecting cardiac
amyloid burden can be used as predictor of the mortality
risk [128]. The introduction of T2 CMR to identify myo-
cardial siderosis and appropriate intensification of iron
chelation treatment was named as a game changer in the
treatment protocols [129]. Interestingly, post-mortem MR
imaging of the heart, which identified correctly the diag-
nosis in 12 patients who subsequently had positive find-
ings at conventional autopsy for ARVC, and hence was
found useful in determining the cause of sudden death
[130]. Moreover, ARVC patients with syncope have great-
er LGE than those of patients without syncope [131].

Electrophysiology study (EPS) is recommended in pa-
tients with symptoms suggestive of VA, with known
CAD and myocardial scar and SHD. It may help to dif-
ferentiate ARVC from RV outflow tachycardia and sar-
coidosis and to serve as a risk-stratification tool [30,
132]. EPS is not recommended for risk stratification for
VA in the setting of long QT syndrome (LQTS), CPVT,
short QT syndrome, or early repolarization syndromes.
The utility of EPS is a matter of a debate in BrS [133].

Wide population screening tools are still not available.
ECG is not recommended due to cost-benefit consider-
ations and the potential for false positive/negative results.
Genetic screening is very expensive and may confer ethical
problems. Currently, screening is recommended for select-
ed groups such as athletes. Unfortunately, in a registry
from Israel, the incidence rates of SCD in competitive ath-
letes following the implementation of screening programs
did not improve [134]. American Heart Association/
American College of Cardiology/Heart Rhythm Society
(AHA/ACC/HRS) and ESC [46, 47] guidelines are
recommending for screening first-degree family members
of sudden death victims to identify individuals at risk and
adequately prevent sudden death in conditions like CPVT,
or ARVC, HCM, and some channelopathies like LQTS
[135–139]. Yet, according to a report from 2008, only
40% of family members are screened [140].Figure 1 sum-
marizes the workup for SCD.

Gaps in Evidence and Future Perspectives

Currently, there is no data regarding patients with HF
with mildly reduced LVEF; this question will be
assessed in the PRESERVE-EF and REFINE-ICD trials.
EPS-guided ICD placement in the first 40 days post-MI
will be assessed in the PROTECT-ICD trial. New stud-
ies are needed to refine the indications for ICD in
NICMP.

Conclusion

SCD is a major cause of death despite that advancement is our
knowledge and treatment. Future studies will need to be done
to accurately identify patients at risk. The implantation of big
data, artificial intelligence, and genetic data will open a new
era in the understanding and treatment of SCD.
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