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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
>4 Yitschak Biton Chaim Lotan
yitscb @gmail.com; bitony @hadassah.org.il lotan@hadassah.org.il

Ivaylo Tonchev

ivailortonchev @gmail.com Hadassah Medical Center, Heart Institute, Hebrew University in

Jerusalem Medical School, Kyriat Hadassah, PO Box 12000,

David Luria 91120 Jerusalem, Israel
dluria@hadassah.org.il 5 s .

Heart Research Follow-up Program, Division of Cardiology,
David Orenstein Department of Medicine at the University of Rochester Medical
davido@hadassah.org.il Center, Rochester, NY, USA

@ Springer


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

106 Page 2 of 16

Curr Cardiol Rep (2019) 21: 106

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 THD risk factors [8, 9].
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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 M1, 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 2121 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 LV apical 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%),
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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 LV involvement, 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 [CD
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 IT [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-
diomyopathy, its role 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 0f23% 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 1II 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-1II, 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
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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 RFA VT ablation. After follow-up of 26 months, 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, STAR VT, BERLIN-
VT, and PARTITA, are evaluating the use of early VT ablation
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-



Page 50f 16 106

Curr Cardiol Rep (2019) 21: 106

20°0=d ‘060-S1°0 ID %S6
L€°0 Y Anpenow paonpar

' pey D] ue s syudned
III SSBI0 VHAN ‘8100 = d
06'0-LT0 ID %S6

6t°0 Y Anferowr poonpar

€ pey gD e |pim UsN
{(uaAI3 anfead ON) %8t

"SA %€ e3P AH (9000 = d
1L°0-90°0 1D %S6 *0T°0 dH)

(€s0=d
10€°1-98°0 1D %S°L6 90°1
IH) %6C "SA %8c0qaoe[d
"SA QUOIEPOIUY(L00'0 = d

96'0—29°0
1D %S°L6 *LL'0 dH)

oqooefd /8

%6 "SA %7goqeoeld 'SA (D] pue QUOIEPOIWE G

(80°0=d *90'1-0¥"0
1D %56 :S9°0 AH) %S'L1

‘ou-§dq
‘INDIN Pue ADI Joq

6T8 SPuowW ¢'Gy  9%SE > JIAT TII-II VHAN

SeruAYLIE JUSIquie
f0U-SdH ‘SPA-INDIN

pojjonuod-0qaoerd
‘paziwaopues ‘dnoi3-jorered

‘POPUIQ-9[qNOP IAUdBNN 12ST S00T LA°H-ADS

Pa[[onu0d
‘paziwopuel ‘dnoi3-jojered

%9 'SA %1 S dueourpAyLy "SA %16 ANepIou asned-[y (LdO) 62T 6CC s1eok 7 195$€ > AAAT TII-II VHAN  ‘POPUIQ-IOMITARI “IS)USdNIA 8SY 00T HLINIIHA
AyredoAwoIpIed PouIqUIOd IO OIUAYISI-UOU-UONUdAdId ATetuli]
(s00=d
$66'CT66'0 1D %S6 “TL'1
AH) %¥'T "SA %11 [resp
oruyAyLre-uoN «(600°0 = d (99°0=d SST-9L0
$€8°0-CC°0 1D %S$6 “Tv'0 YH) 1D %56 *80°1 ¥H) %69 OU-GJH “SOA-[JA JUOORY P[[0NU0S “pazZIOpuLL
%S"€ "SA %S T [Heap dIuAYLY 'SA 95" L AV[epIou asned-[y (LdO) Tre TE€E  spuow O  9%SESAAAT -1 VHAN ‘[oqe-uado aspuonny L9 007 LINVNIA
(9100=d €6'0-15°0
(60°0=d) B6¥1 SA %661 1D %S6 °69°0 YH) %861 ou-§dd ‘SIA-TIA 180d pa[jonuod
QIM[IeJ JEY PIUISIOM JO MAIN  "SA 9T [ AN[eHOW 3SNed-[[V (LdO) 06% TrL  spuow 07 :9%0¢ > JIAT TI-T VHAN ‘pazZItuOpuLI TOJUNINI C¢eCl CooT I LIAVIN
[1000> d *65°0-LT0
10 %S$6 ‘010 A1 %SS
"SA %H7(ADI MoyNm AVY
'sa Q] ‘syuened popms-S4q
Suowre ‘s1eak ¢) Ajeriowt
1e10A0[100°0 > d1 %LE
'SA 9%6(AD] oYM AVV
'SA @O ‘syuened popms-gdg
Suowe ‘s1edk G) yreop
orpAyLe 10 V) [50°0 = d]
%0t 'SA %YE AD [900=d  [¥0'0=d 66'0-€5°0 ID %S6
O TH9°0 1D %S6 “08°0 WA]  *€L°0 W] %TE "SA %ST Weap ou-gdd ‘sok -qQvD [ELD) PI[[0NUOD ‘PIZIWIOpUEL
%8% SA % T AN[EPOW [[BIOAQ onuyATYILIe IO JSLIE dIpIE)) avv) 8s1 [91 spuow 6¢  :%0%>JAAT ‘II-T VHAN ‘[Pqe-uedo Iojuson A IS¢ 6661  LLSNN
S0'0>d L'9T SA %911 6000=d %9'8€ SOA-SH “SPA-TIN 1504 [B11) Pa[[ONU0d
SOSNEd OBIPILD WOY YIedd  SA %8°GT ANepot asned-[[y (LdO) 101 S6 squow /T :9%GE> JAAT TI-T VHAN ‘PIZIWIOPURI ISUINNIN 961 9661 LIAVIN
AyyedoAworpres oruoyosi-uonuadld Arewrg
ajni
sisATeue dnoi3qgns s syuaned  dn-morjoy
pue jurodpud Arepuodeg jutodpuo Arewrnig dnoi3 jonuo) JO ToquInN UBIIA] BLIOJLID UOISN[OU] ugrsop Apmy§ uonendog Ieox oweu [eL]

jeap deIpieds uappns Jo uonuaAdld Arepuoods pue Arewrid 1oy Adeiayy @D Jo s[ewn Jo Arewung

L 9|qel

pringer

Qs



Curr Cardiol Rep (2019) 21: 106

106 Page 6 of 16

(%8°LS OV %TLT IO
%56 WA %8TE) v60'0=d

%St SA 9%0°€ [reap oruAYLY

([1zL 0 punoq soddn [
%S°L6) €TH'0 IH) $00°0=d
PAPIS-T %EE SA %ET

Emo.@ :obﬁ.:m .«o oot _mzaﬁm

$0'0=d %96 sA
9,09 uonezijeydsoy 3sij 03 dw ],

(960=d 9’ 1-€L0

1D %S6 *66°0 AH) 067/88
"SA T6T/LS TTw/Bd LLTT <
(T00=d ‘16080

1D %56 65°0 ¥H) 89T/¥L
'SA 997/¢ TTw/3d LL11 >
dINFOId-IN «(8€0=d
TLT-18°0 1D %56 *61°1 ¥H)
LLT/LY "SA 9TT/L9 STeK 89 <
61°0=d 91'1-8%0

1D %S6 SL°0 ¥IH) T0T/0S
SA €L —\om :SIRIA {9 > 01 ¢ <
(2T0'0=d “T6'0-62°0 1D %S6
SIS0 MH) 181/F€ 'SA LOT/LT
180k 66> 1(500°0=d
T8°0-1€0 ID %56 050
AH) (%T'8) 9 'sA (%EY) vT
ans «01'0=d :$0°'1-LS0
1D %86 *LL°0 ¥H) (%0°L1)

6 'SA (%8'ET) LL Wedp AD (%9'17) 0TT Anferow osned-[[y

(%0°0% 0 %L'LT
‘[10] reatayur 2ouspyU0d %66
] uononpax ysuI 9AnR[RI

BL61) TWI'0=d %TOl

SA 94¢"g AN[BLIOW 9SNED-[[Y

180°0=4d %ttt

200> d %L6'€T

SA 94,8°GT AJ[e)IOUT ASNED-[[Y

(8T0=d ‘TI'1-89°0 ID %S$6
1£8°0 dH) (%¥'€0) 1€1 'sA

(L6-10101d0j0II JO
SA %P9 AN[EHOU 3SNEd-|[Y 76-oUOIBPOIIE) 68 66

(s 0€ <) paureisns

10S 0] < LA snoauejuods

IOUIIQ JO UOHBIUAWNIOP

juanbasqns

m odoouds parojruowrun

ceur3ue Jo adoouAs-axd

‘adoouAs Sursneds YA

TN Toye 4 g/ uey) aiowt

(1dO) 1€€ 8¢

TN Joye [ 7/ Uey) d1our

S1RK 67 VA O anp ) Poreosnsay

JojudnNUL PIZIUOPUEY 659 000T N
poziwopues

“IojuRon[NU “9AN0ads01g 88T 000C HSVD
Pa[[0nU0d

‘POZIOPULI “IAUONNIA 9101 L661 dIAV

AyredoAwOIPIEd OIUUAYOSI-UOU PUB JIWAYISI Y)oq 10} uonuarald A1epuodsg

Pa[[0nU0d ‘pazIwiopues

‘[oqe[-uado “10)udon[nA 9111 910C HSINVd

sisA[eue dnoi3qns
pue jutodpuo A1epuoodg

jutodpuo Arewrrig

SYJUOW /G VA 0} 9np YD) PAJeIIosnsax
%0Y > JHAT
10 9doouAs yum JA

(1dO) 608 LOS SWpuow 7'8[  PIUIEISS A Pajeiosnsar
0u-§dd ‘SAA-NDIN

(1dO) 095 9SS Spuow 89 :955¢ > JAAT M-Il VHAN

asl
pim sjuoned  dn-mofjoy
dnoi3 jonuo) Jo oqunN. UBOIA BLIOJLID UOISN[oU]

u3isop Apmg uonendoq JIedx Oweu [eLI],

pringer

(ponumuoo) 1 J[qeL,

Qs



Page 7 of 16 106

Curr Cardiol Rep (2019) 21: 106

DI (66°0=d “t¥'1-69°0
1D %$6 “00'T IH) %89

SA 9%¢TL \ﬁ_ﬁwtoe osned-[[e
(100=d :L8'0-1H0 1D %S6
165°0 AH) %T' 11 SA %881
11 VHAN ‘ADIN (100°0> d
8L0HH0 1D %S6 850
AH) %191 'SA %T9T 11

10 [TVHAN ‘DI (100°0> d
PLO-LY0 1D %S6 650

(100=d 6800

1D %56 29°0 ¥H)

%TET "SA %9°0T ‘I SSe[d
VHAN ‘DIN(£000 = d
88°0—CS"0 IO %56 :L9°0
AH) %¥°0T 'SA %T'6T

‘[T 10 T sse[d VHAN ‘DI
100°0=d “+$8°0-7S0 1D
%86 :99°0 ¥H) %T'LI 'SA
Y ¢ ST YU HH ﬁﬁﬁ.QOE

WAyl snurs
su O] < SYO ‘ou-Sdq

‘NDIN PUe DI 4loq  Pa[[onuoo ‘[aqe] uado

UH) %6°€1 "SA %8°TT WA JH o Ayrepowr ssted-[[y (DD T€L 6801 SIBdA ' 19%0€> JAAT -1 VHAN ~ ‘POZItIOpURT ‘Io)Uadn[nIA 0T8T 600T TAO-LIAVIN
100°0> d SOTO (100°0>d <LL'O O
((100°0 > J JH SuludsIoM 10} [6°0 ‘[eAI)UI 2OUSPIUOD s 6% 1-0C1
uonezifeydsoy Jo asned Aue 9%G6 €9°( ‘Oner prezey SYUO J1 0yod £q
wolj Yreap <700°0> J $8°0 £95GG "SA 9%6¢€) TUIAD POULIIJUOD AUOIYIUASSAP
0] 8§°() ‘[RAIIUI QOUSPIJUOD TR[NOSBAOIPIRD Jofew © 10J sw 071 < SYO ou-Sdq Ppajjonuod
%86 *$9°0 ‘Onel pIezey :9,0¢ uonezifeydsoy pauedun JDIN Pue DI yoq ‘purg-a[qnop
"SA 950 ANTepow dsned-[[y  Ue 1o dsned Aue woy ead  (LdO) vOb 601 SQHUOW 67 9%SE> JAAT ‘ATl VHAN ~ ‘PoZILIOpURI “Io)UadnNIA €18 $00T AH-TAVD
1000 > 4 ALID
ul pue 200’0 = ddLdD
SISNED TR[NOSBAOIPILD 1100=d
1oy uoneziendsoy pasnfpe 010°0= d
10 woxy yieap (#00°0 = d dno13 QLD ur pue (o)
pasnfpe ¢00°0 = d yuer-30] oY) A9 $10°0= d SW QG| <[eAdjul
ALgd ur pue (90°0=d pasalpe ‘$100= d Ad pue sw O] < SYO
pasnipe {650°0 = JdLID dnoi3 gD ur asned SWAYI snuls ‘ou-SJq PI[[OTUOD “IoyULdT N
ul osned Aue woiy Kue 10J uonezieydsoy SADIN Pue NI poq puIjq-o[qnop
Jeap JO SSLL oY) Ul uonInpay Io Ayepowr osned-Iy - (LdO) 0¥t 0801 SUOW 79T (9S¢ > JHAT ‘AT-III VHAN ~ ‘PoZItiopuer “A10adsold 0ZST +00T NOINVAINOD
(88" = ¢) dnoi3
14D o 103 (%1 #S-0°0% ‘IO
%S6) %Y’ Lt SA dnoi3 jonuod
oY) 10J (%9°SS-9°0% ‘IO
%S6) %E 8 uonezifendsoy sw ¢l <
osned-[[e IO [3eap JO NSLI 2L000>d SYUO ym ggg'] -ou-Sda pafjonuod-fofrered
‘L1°0 = d %9T SA BTTIA/LA VHAN ‘200=d JADIN Pue NDI yioq ‘pur[Q-o[qnop
196°0 = d Spuow 9 Je [EAIAING STO0 9€0=d LMIN9  (adD ¢8I L8T S[HUOW 9 %G > JIAT ‘AL VHAN  ToIUSdD[NUT “PIZIIOPUEY] 69¢ €00C dDIdTOVIIN
€00=d
JH Jo Suruosiom Io yyeap
{0%'0 = d Anjepsow asned-[je
(€00 = d ‘%£9 01 § ‘TeAtopur
90UBPYU0D %S6) AH JO 1000> d Sw O] < SYO ‘ou-Sdq pa[onuod-fof[ered
Suruosiom 1oy uonezieydsoy VHAN ‘1000=d TADIN Pue DI yioq ‘purQ-o[qnop
10 Uyedp 0} Swl paulquIoy) ST00 $000=d LMIN9  (1LdO) 7T 8¢TC S[uoW 9 < 1956¢ > ATAT ‘Al VHAN  “Ijuaonnu ‘paziuopuey] €Sy 000T HTOVIIN
LID
sisATeue dnoi3qns dnoi3  yum syuoned
pue juodpud Arepuoosg yurodpuo Arewrrid [onuo) Jo rquny  dn-moj[oy uesj BLIOILID uoIsnouy Jofepy uonemdod Teox QIR [BLI],

jeap oeIpIEd USPpPNS Jo uonuaAdld 10j Aderoy) D) Jo S[e jo Areuruung

zZ3IqeL

pringer

Qs



Curr Cardiol Rep (2019) 21: 106

106 Page 8 of 16

159} M[eM UTW-9 JA1JF9 Oeds of1] Jo Anpenb s700 ‘BIpILdATOR) JE[NOIIUIA JA ‘UONR[[LIQL J[NOLIUSA A “BIUIAYLIE JB[NOLIUOA Y4 ‘UJedp OBIPIEd USPPNS (7)S ‘JUUIEAT)

Tedrpaw jewndo 74O ‘AyredoAworpres STayosI-uou Y 7N ed1) 03 pOpasu JoquInu JA/A ‘UONIIRJUI [BIPIEOOAU 7747 [90[q Youelq 9[punq Jo] gg g7 ‘Uonoelj uonodfd re[nomuaa ¥y J7A7 ‘AyredoAwiorpieo
JIWAYDSI Jy ] ‘10Ie[[LIqOp deIpIed s[qejuedur (77 ‘Apms [ed13ojorsAydonas)d §77 ‘AdeIdy) uonezIuoIyouAksal ovIpIed (7)) ‘OSeasIp A1d)Ie ATeU0I0d (7Y ISOLE JRIPIED V) ‘SnIp SIuyAyLe-nue vy

(L00'0=d ‘€6'0-€9°0
[BAIS)UI SOUSPIJUOD
9%66) LL'0 sem dnoid
[onuod ay) 0} paugisse

sw 6¥1-071 SYO
J1 ‘000 AQAUOIYOUASSAP

uwoa\u ﬁ—ﬂ% —u@HﬁQEOo S 0c1 N mMO Mocummm @u:ObCOo AmOEOOHSO
YD 03 paugisse JNDIN pue JNDI Woq ‘purjq-o[qnop wid)-5uoy)
syuoned ur Ayepiow 10§ YH SIBA 69 (9$ES JHAT ‘ALl VHAN ~ ‘PozZItuopuer Isjusonnjy 60€ T10T AH-TIVO
(9000=d
88°0—S+°0 1D %S6 €90 YH)
%EYh "SA %LTE T VHAN
(€00°0=d 68°0-S5°0
1D %S6 “0L°0 qH) %8'1T 'SA
%T91 ‘1l VHAN(I000> d
1€8°0-95°0 ID %56 ‘890
AH) %1°9T 'SA %S°61 AH
.Ho,w GOﬁmNﬁﬁQOom Rmﬁ.o =d
01 TS0 1D %S6 “LLO
AH) %9°S€ 'SA %1°0€ I
VHAN (#0'0= d 66050
1D %S6 *€L°0 AH) %L €1 "SA (EI=INN$00=d
%S0T ‘I VHAN (20'0=d 166'0-8S°0 1D %56 9L°0
96'0-09'0 1D %56 *9L°0 dH)  UH) %8'€9 "SA %6°SS Il
%6°LT "SA %S 1 Anepowr sse[d VHAN(YT = LNN 189} J[eA U9 € SuLmp
AD {(F1°0=d '80'1-850 1000=d onur 1od (06> pue
1D %S6 “6L°0 AH) % 1Lt 'SA 88°0-19°0 ID %S6 *€L°0 3891 Je dynur 12d 09 )
%60t ‘Il VHAN (9000 = d MH) BLYE SA %ELT T QeI JB[NOLIUAA SW (0T <
1607950 1D %S6 1L°0 dH) sse[d VHAN (71 = LNN uonemp SO paded e
%1°1T "SA %S'ST 1l VHAN 000> d *L8°0+9°0 Jo sw (0z] < SYO dIsuLnup
(€00°0=d 160-29°0 1D %S6 ‘SL'0 IH) %E 0 ‘0u-Sdd ANDIN PUe  PI[JONU0O ‘pazIiopuel
1D %S6 *SL'0dH) %1°9T  'SA 9% €€ dIm|Iej Jeay] 10§ INDI Woq:%0€ > AdAT ‘purjq-o[qnop
"SA 958°0C AN[enow dsned-[[y  uonezifepdsoy Jo AreHolN (DD 668 888 sypuowr IIFIT VHAN “I0)UONNIA 86L1 010T AR
(89°0=d ‘0L’ T-++'0 ID %S6
1£8°0 UH) %EY SA %S'S
‘I VHAN ‘NDIN (08°0= d
$9'1-89°0 1D %S6 :90°1 JYH)
%68 'SA %L'8 1110 | VHAN
I¥dD
sisATeue dnoi3qns dnoi3 i syuaned
—uﬁ.m ﬁbo&@ﬁo \Qm_uﬁooom ﬁhoaﬁﬁm %HNEﬁm ~OHEOU wo .Mon_EBZ QB-BOZO@ E.moz mﬂmuﬂo QoﬂmﬁﬁoﬁH HO_.NE QOEEBQG@ Jed > weu ECH

(ponunuod) g 3[qeL,

pringer

Qs



Page 9 of 16 106

Curr Cardiol Rep (2019) 21: 106

BIPIROATOR) JR[NOLNUIA A ‘UONB[LIQY JE[NOLIUSA
AA ‘BTUAYLIE IR[NOLHUIA YA YIeop OBIPILD UIPPNS (7S ‘Uone[qe Aouanbaijorper 7y ‘uonenuns Jenomuoa pawwedord §A 4 ‘AypedoAworpred Sruayos-uou py )y ‘UONOIRIUI [RIPIEIOAW J7{ ‘UOT)ORI)
uonodafo IBMOIMUdA P JFAT ‘AypedoAworpIed JIuaydst )7 ‘103e[[LqEp dseipred s[qejueidun (77 ‘Apms [esr3ojorsAydonss)e §47 ‘Aderay) UONeZIUOIYIUASII JRIPIRD (7)) ‘SnIp JMUPAYLE-IUR (VY

98°0=d %9'LT SA %€ LT-ANEHON

2000=d
Juer-50] ‘% T (D) SA %S'81 () SA %8 (V)
[JBap ORIPILD USPPNS PUB JRIPIRD JO SOUALINII()

$0°0= d %S89 SA %1 "65-pouad
Juounean Aep-(¢ e 1aye ooys qOI
Jeudoxdde Jouwols 1 A ‘yreap jo apsoduwio)

(000> d ues-50[ ‘%L'99

(D) sA %9°6¢€ (&) $A %9'8T (V)-e0uaLmodr T A
(100> d)
ampadoid oy Surmorjoy uonenwms
pawrerSoxd YA dqronpur noyim
pue (00 = @) LA 9lqes AJjesrureudpoway

(Ade1oy paje[eoss) /71
o
dnoid 9,901 ur LA Xoput jo Ajjiqrnpuipue
‘g dnoid 9,471 Ul LA PIUSWNIOPUOU

Jo Ayiqronpur ypim ampasord 1oye SAJ

SOOUDLINIAI ] A $SIOUALINDAI (SH) WLIOIS
[BALIO2]2 Syjeap deIpIed ypim siudned Jo N
UONR|qE 101YIed (IM PAJRId0sse ‘dn-mojjoj
Kep-()¢ Oy} UIPIM SIUIAD SIOAPE SNOLIOS
Yooys (D] ISIiy 0) dwiny
jurodpud A1epuoddg

(43

v dnoid (%LL) TLELA
Aue jo Ayjiqronpuruou yym ampaooid 1aye SAJ

VLILIVd

LAYVLS
LA-NITIHE
s[ewn SurofuQ

HSINVA

1e 32 B[[od e[led

im sjuared Ul pojou sem 9FJUBAPE [RAIAINS juaned 1od ¢'1 ueow sampeooxd £z Te 19 1enes
sy00=d SGUOW 6°G SA
%6T SA %Ly AA 10 LA WOL} 33 [EAIAINS Sypuow 9°8 - A 10 LA JO 20ULNIAL JSI 0} Sl (@on ss 49 HOVIA
(8L°0-51°0)
(6S'1-2T°0) SE0 MH ‘L00'0= d %EE s BTI
650 ¥H ‘620=d LI SA %6 - 4reap Adeioyy O] 2reudordde Aue woy o2y [eAIAING 9 9 LA-HSVIAS
jutodpuo Arepuooag jurodpus Arewng (N) dnoi3 jonuo) (N) uone|qy QuIeU [BLI,
“syuardioax
o1 jo sisougoid ayp $10958 LA JO VI JO
Surum oy J1 gen[ead o) pue sarderdy) yooys
asned Aue woljy syjeap api areudordde yim sajeranoo ‘Suroed 1eap orIpIed
1o suonezifeydsoy amjrey yreay BIPIEOAYOR)-IUER Y)IM PAjean) soposido uoppns jo uonuoAdld Arepuooas
Suruoesiom yooys DI Aeudorddy 10 JASN JO UapIng 9y JOYIdYM SSISSE O, [BL) PI[JONUOD ‘PIZITUOPULI DNUIN UL 10 Arewtd 103D Wim pojuerdur 06S VLIV
suonezifeydsoy
PAIBJI-IB[NOSBAOIPIED PUB SYOOUS (ID] aArdD/an1
oeudorddeur pue ajerrdordde ypoq woj wopady uo Aderoyy Snip sunnor sa ParonU0d ‘LA omydiowouow sjqronpur
($90UDLINDAI [ A) UONINPAI YO0yS (DI uone[qe | A Paseq-1eds Jo joedui oy ojenyeas oJ, ‘[oqe]-uado ‘pozIuopuel ‘IUIdN[NIA! 10 payudWwndop SADIN pPue JNDI €Sl LA YVIS
yooys @D eudoidde piy oy 10)e uone|qe
LA 03 paredwos uoym A /LA onewoyduiks
sosnes 10 JH suonezijendsoy pauuejdun
JBIpIEO 0) AIBPUOOAS UOISSIUIPE pue A)[eHow dSNed-[[8 U0 UoNL[qe pajjonuod LA Pajuswnoop pue uonedput
[endsoy pue Ajjepowr asnes-[je LA dnoe[Aydoud jo joedwr oy enjeas o, ‘paziwopuel dandadsoid ‘ruaonmin Al %0S—0€ ATAT ‘TN Joud €91 LIA-NITIA9
yurodpud Arewnrg wry u3isop Apmg BLIOJLIO UOISN[oU] PA[OIUD 9q 0} SjuLLE] sfemn Swo3uQ
QJBI UONIIIP MO[dq
LA 10 A juarmoar ssxpoys (D] Merdordde [eL pa[jonuod
sypuowt 6°Lg SYUOW 9 UM VYV U0 LA JO opostd [N ‘pazIopueI ‘[aqej-tado 1aunNN 65T 9102 HSINVA
(sdno13qns) 950¢ ar0qe pue
stpuour 97 M0[2q JTAT ‘AI-T VHAN DI Pue WDINLA pajjonuooun ‘10judo dSuIg 8TS €10T [& 32 e[jog Blled
{LA 10} Sdd pajjonuodun
sypuowr [ aanisod 10 LA DI ‘[#9] INDIN PUe (1) INDI Apms 110409 9A199ds0121 “1)ud0 J[SuIg 80T 0102 ‘Te 19 1oneg
%08 > ‘JIAT
uonoLl) UO1OA[D IB[NOLNUSA-Y3] PAonpal
syjuowr 677 Ppue ‘uonorejur [erprecoAwr snoiadxd ‘1 A 9[qels PA[[ONUOD ‘PIZIOPULT “QNUINNIA 011 0102 HOVIA
{Sdd uo 1A 9[qrnpur :adooudks 19)UROn AW ‘PI[[ONUOD
s1eak 7 10 o[qejsun AJjeonueuipoway [ AdDI TN ‘paziwiopuer ‘papurjqun ‘0Andadsorq 871 1002 LA-HSVIAS
dn-mopjoy ueopy BLIOJLID UOISN[ou] ugisap Apms uonendod Tea ) QuIeU [eLI],

[)Bap JBIPILD USPPNS JO uonuasdid oY) 10§ uone[qe JA)AYIed JO S[eL] € d|qel

pringer

Qs



106 Page 10 of 16

Curr Cardiol Rep (2019) 21: 106

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 KCNQ1 mutation 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 with more 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

@ Springer

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,

Fig. 1 Assessment of patients
presenting with cardiac syncope
or aborted cardiac arrest. BB-beta
blocker, BrS—Brugada syndrome,
CMR—cardiac magnetic
resonance, CPVT—
catecholaminergic polymorphic
ventricular tachycardia, CRTD—
cardiac resynchronization
therapy, EPS—
electrophysiological study,
HCM-hypertrophic
cardiomyopathy, ICD—
implantable cardiac defibrillator,
IHD-ischemic heart disease,
LGE-late gadolinium
enhancement, LVEF-left
ventricular ejection fraction,
LQTS-long QT syndrome,
PMK-pacemaker, PMVT—
polymorphic ventricular
tachycardia, SA—sinus arrest,
SCD-sudden cardiac death,
SHD-structural heart disease,
SQTS-short QT syndrome, SSS—
sick sinus syndrome, VF-
ventricular fibrillation, VT—

ECG - origin

Tachyarrhythmia / Bradyarrhythmia

Wide QRS Tachycardia

EPS +/- Ablation

Consider TICMP or

Monomorphic VT

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

Documented arrhythmic event

Suspected cardiac syncope
YES
ECG findings suggesting
Symptomatic SSS, SA arrhythmic event - BrS, LQTS,
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Family I!! TTE —SHC —

IHD / HCM

block, SA, Pauses
>3sec, Chronotropic

incompetence, AV

block Mobitz Il or history of

higher SCD or VA

If LV reduced

Genetic

QRS>130ms/LVEF35-50% testing

other etiologies

Holter-ECG, Holter-ECG,

event/loop event/loo
CRTP or ¢

recorders — recorders —
His pacing

significant VA significant VA

PMVT or VF
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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.

@ Springer

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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