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Abstract: Arrhythmic sudden cardiac death (SCD) has an annual prevalence of 1 per 1000 while 75% of the
victims suffer from ischemic and 10% from non-ischemic or hypertrophic cardiomyopathy. Altogether, these
three entities account for more than 80% of the total SCD victims. Guidelines for implantable cardiac
defibrillators are still dominated by LVEF<30% from the MADIT II study. In terms of arrhythmic risk
stratification, the PRESERVE-EF study restored in clinical practice the two-step arrhythmic risk stratification
approach based on Electrocardiographic non-invasive risk factors (NIRFs) guiding to electrophysiological
study. In our times with the multiple cardiac imaging methods and artificial intelligence applications
availability, this two-step approach based on integrated arrhythmia mechanisms detection, emerges as an
efficient SCD risk stratification paradigm for these three entities but also for the patients with congenital heart
disease.

Keywords: arrhythmic sudden cardiac death; risk stratification; non-invasive risk factors; NIRFs;
electrophysiology study; two-step approach; cardiomyopathy

1. Introduction

Sudden cardiac death (SCD) has an annual prevalence of 1 per 1000 [1], with the underlying
pathology being Ischemic (ICM) in 75% and Non-Ischemic (NICM) or Hypertrophic
Cardiomyopathy (HCM) in 10% of the victims [2,3]. Altogether, these three entities may account for
more than 80% of the total SCD cases.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Valvular heart disease

1-5%
Inherited arrhythmias
(LQTS, BS, CPVT, ERS)

1-2% in Western countries
10% in Japan

Coronary heart disease
70% in Western countries
25-50% in Japan

Cardiomyopathies
(NICM, HCM, ARVC, etc)
15% in Western countries
30-35% in Japan

Figure 1. Causes of SCD. Adapted from Wong, Heart Lunc Circ (2018) [3].

Annual SCD rate ranges from 0.6% to 3% in ICM [4,5], 1% in NICM [6], and 1% in HCM [7].
Primary prevention of SCD according current Guidelines is based on left ventricular ejection fraction
(LVEEF) for the ICM and NICM patients and is based on HCM SCD Risk-score for the HCM patients
[8]. These approaches are not achieving sufficient sensitivity and specificity to identify patients at
high SCD risk. By establishing an effective arrhythmic risk stratification (ARS) strategy for these three
distinct entities, theoretically, 80% of the total future SCD victims seem possible to be protected with
an ICD [9]. Recently published results from the PRESERVE EF study [10] restored the two-step ARS
approach in clinical practice.

2. Myocardial fibrosis: the common arrhythmia initiation substrate in organic heart disease.

The common substrate for ventricular arrhythmia initiation and maintenance is myocardial
fibrosis [11]. Arrhythmogenic fibrotic areas are present in the post-infarcted myocardial segments in
ICM, in the left ventricular septum or left ventricular free wall in NICM, and interstitially in the left
ventricular wall in HCM [12].

3. The two step approach: Non-invasive risk factors (NIRFs) guiding to programmed ventricular
stimulation in electrophysiology study.

The presence of fibrosis may be detected directly by Non-Invasive Risk Factors (NIRFs), i.e. Late
Gadolinium Enhancement in Cardiac MRI [13], or indirectly by Signal Averaged ECG Late Potentials
[14,15]. The possible risk for arrhythmogenic burst of such fibrotic substrate may be assessed and
classified as low, middle, and truly high with the stepwise use of NIRFs and Electrophysiology study
(EPS) [16]. Such a two-step strategy was first proposed by Pedretti R. et al. in 1993 when 303 acute
myocardial infarction patients with an LVEF<40% were evaluated — a positive EPS was found to be
the best predictor of arrhythmic events among patients preselected by NIRFs, demonstrating 81%
sensitivity [17]. Several more studies with impaired LVEF patients and a similar two-step design
announced sensitivity ranging between 33%-78% [18-20] (table 1). ARS based on this two-step
approach was interrupted in 2002 after the results of the MADIT II study [5] were published;
LVEF<30%, which was the study's enrollment criterion, started to dominate ICD implantation
guideline recommendations [8] until today. The reason why LVEF, an anatomic-functional index per
se, also predicts future arrhythmic events and its limitations has been explained in detail [9,16]. From
an ARS point of view, the MADIT II study was not a typical risk stratification study; it did not seek
to determine the individuals running the highest arrhythmic risk and  discriminate them from those
who were free of risk. One could say that it was rather aiming to clinically establish ICDs versus
amiodarone in a broad post myocardial infarction patients sample preselected with a depressed
LVEF<30%, i.e. a specific population for which a high annual SCD rate with frequent end-points was
anticipated. Indeed, the main hypothesis was confirmed within only 20 months of follow-up [5].
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Table 1. Two-step design arrhythmic risk stratification for sudden cardiac death studies. 'g
=
Study n EF Therapy NIRFs NIRFS+ EPS(n) EPS + FOH((::; up End (i())mts Sens/Spec/PPV/NPV g
(=]
Sens = 81% —
303 EF<40%
Pedretti (=2)* Spec=97% =
. Post- <40% Th AE 47/67 47 17 1 S
[17], 1993 A(;\/IStI 0% romb 5 VPSSG 67/303 /e 20/ ? PPV = 65% =
NPV=99% m
9 o
Zoni Berisso 286 giﬁgé Sens =55% m
Post- <40% Thromb (46%) =¥ 103/286 16 /103 12 10 Spec =99% =
[18], 1996 AMI VPCs PPV = 679 g
NSVT ° i
Sens = 44% —
657 EF<40%
Andersen =D Spec =86% e
Post- 47% Th P 14 4 22/14 7 24
[19], 1999 A‘ﬁl & romb 111] S\C;; 304/657 6/30 /146 3 PPV = 18% 2
NPV=96% =
EF Sens =78% 0
. 1436 (23)* &
Schmidt . SAECG Spec =84% =
Post- 2% Th A 1 248/14 24 21 1 7/21 w
[20], 2001 A(;\/IstI 32% rombAngiop VPCs 8/1436 98/248 /98 9 / PPV = 33% 3
HRV NPV=97% ‘i
VPCs R
NSVT X
=100%
Gatzoulis 575 _ SAECG Sens = 100%
o Angiopl (=1)* Spec =93%
PRESERVE-EF Post- >40% QTc 152/204 41/152 32 9
CABG 204/575 PPV =22%
[10], 2019 AMI TWA NPV=100%
DC+HRT °
HRV

AMI = acute myocardial infarction, Angiopl= angioplasty, CABG=coronary artery bypass grafting, DC= deceleration capacity of heart rate, EF=left ventricular ejection fraction, EPS=
Electrophysiology study, HRT= heart rate turbulence, HRV=heart rate variability, NIRF= non-invasive risk factor, NPV=negative predictive value, NSVT=non-sustain ventricular tachycardia, n=
number, post-MI= post myocardial infarction, PPV= positive predictive value, QTc= QT interval corrected for heart rate, SAECG= signal averaged ECG, sens= sensitivity, spec= specificity,
Thromb= thrombolysis, TWA= T wave alternans, VPCs= ventricular premature complexes, * NIRFs cutoff point for PVS referral.
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4. PRESERVE EF study, in 2019, restores the two-step arrhythmic risk stratification approach in
clinical practice.

The abandoned two-step approach was recalled 17 years later, in 2019, by the PRESERVE-EF
study [10]. Arrhythmic SCD victims among post-MI patients with a preserved left ventricular
systolic function and LVEF>40% remained undetected by the guideline-proposed screening tool of
LVEF<35%. These victims would suddenly die, with an estimated frequency of 0.6% per year [4], but
would remain undetected. As a consequence, a different approach for an accurate detection of the
truly high SCD-risk patients within this population was the sine qua non. The PRESERVE- EF study
applied a stepwise algorithm (figure 2).

A. MAE prevalence 1.5%

B. MAE prevalence 4.4%

<>

G1, n=575

G1, pat at Risk = 1.5%
1t screening step: NIRFs

At least one of the following:

* 30 PVCs /hour
+ NSVT episode(s)/24h
— * 2/3 positive criteria for LPs
\L + QTc >440ms (3) >450ms(?)
* Ambulatory TWA 2 65pV
* SDNN< 75ms
* Deceleration Capacity<4.5 ms AND

B. MAE prevalence 4.4%

Heart Rate Turbulence Onset = 0% X
G2, n=204 AND Slope 2.5ms G2, pat at Risk=4.4%

2nd screening step:

l(— invasive assessment
inducibility upon Programmed

ventricular stimulation
G3, n=41 G3, pat at Risk=22%

Figure 2. The PRESERVE-EF study’s two-step arrhythmic risk stratification algorithm. In

the total sample of patients the estimated prevalence of major arrhythmic events (MAE) during the

32-months follow-up was 1.5%. Implementation of the algorithm with the detection of the NIRFs in
the first step determines the intermediate-risk subpopulation, with the MAE prevalence accounting
for 4.4%. In the second step, the Programmed Ventricular Stimulation determines the actual high-risk
subpopulation, with a prevalence reaching 22%. Of the 37 patients with implantable cardioverter
defibrillator, there were 9 true activations during the 32-months follow-up. Neither sudden cardiac
death (SCD) nor inappropriate ICD activations were observed during follow-up. Modified with
permission from references [9,10].

In the first step, extended electrocardiographic NIRFs from ambulatory-ECG were used for the
discrimination of low- and intermediate- arrhythmogenic risk patients. NIRFs may reflect both the
presence and activity of different arrhythmogenic mechanisms that, irrespective of the left ventricular
systolic function, may be present or absent, active or inactive [9,10,16] (table 2).

Table 2. Abnormal values and connection of every non-invasive risk factor with the arrhythmogenic

mechanisms in the PRESERVE-EF study.

Non-invasive risk factors
(NIRFs)
SAECG LPs [14] 2/3 possitive criteria fibrotic areas, slow conduction reentry
QTc [21] 2440ms(d), 2450ms(?) prolonged repolarization, EAD, DAD

Abnormal cut-off values Mechanisms
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5
APD and Ca2+ alternans, steep APDR
>, -
TWA [22] 265V (2-channels) and CVR, steep FSRCR
VPBs [23] >30/24h automaticity (Ca2+oscillations), reentry
NSVT [24] 21 episode/24h automaticity (Ca2+oscillations), reentry
SDNN [25] <T5ms enhanced sy‘mPathetlc tone,
autonomic imbalance
DC<4.5ms
DC /HRT [26,27] HRTonset>0%, HRT vagal and sympathetic ANS dysfunction

slope<2.5ms

ANS=Autonomic nervous system; APD=Action potential duration; APDR=Action potential duration restitution;
CVR= Conduction velocity restitution; DAD=Delayed afterdepolarization; DC=Deceleration capacity from heart
rate dynamics; EAD= Early afterdepolarization; FSRCR=Fractional sarcoplasmic reticulum Ca2+ release; HRT=
Heart rate turbulence; LPs= Late potentials from signal-averaged electrocardiogram; NSVT=Non-sustained
ventricular tachycardia; QTc=Corrected according to Fridericia formula QT interval; SAECG=Signal-averaged
electrocardiogram; SDNN= Standard deviation of normal to normal beats from heart rate variability analysis;
TWA=T wave alternans; VPBs= Ventricular premature beats. Modified after permission from reference [9].

Every intermediate arrhythmic-risk patient with at least one positive NIRF was further
investigated with EPS. Patients with both positive NIRFs and EPS were considered as truly high
arrhythmic-risk and were protected by an ICD. Patients without positive NIRFs are considered as
low arrhythmic-risk, while patients with positive NIRFs, but negative EPS, are considered as
intermediate arrhythmic-risk and receive follow-up. The prevalence of NIRFs in the PRESERVE EF
study is presented in table 3. The total sample was 575 post-MI patients (age=57 years) with preserved
left ventricular systolic function (LVEF=50.8%). Nine (n=9) Major Arrhythmic Events (MAEs) were
observed during a 32-month follow-up. The MAE prevalence in the total sample of 575 patients was
1.5%. The implementation of the first step of the algorithm determined an intermediate arrhythmic-
risk subpopulation of 204 patients out of 575 patients in total, with at least one NIRF present. In this
subpopulation, the MAE prevalence increased from 1.5% to 4.4%. When this subpopulation
underwent EPS as per the second step, 41 out of 152 patients developed arrhythmia (152 out of the
204 patients who gave their informed consent to participate in EPS). This third group of 41 EPS-
positive patients represented the subpopulation at true high arrhythmic-risk, the MAE prevalence
accounting for 22% (Figure 2).

Table 3. Prevalence of non-invasive risk factors in the PRESERVE-EF study.

Prevalence in the total Prevalenc? 1n' the High Prevalence in 9 MAE/SCD
NIRF arrhythmic risk group .
Preserve-EF (n=577) patients
(n=41)
LPs (%) 13.8 51.2 78 (7/9)
NSVT (%) 8.6 46.3 66 (6/9)
QTc (%) 13.6 36.6 55 (5/9
VPBs (%) 10.8 39 33 (3/9)
TWA (%) 6.8 244 11 (1/9)
SDNN (%) 2.8 9.8 0 (0/9)
HRT&DC (%) 2.8 9.8 0 (0/9)

Prevalence of non-invasive risk factors in the total sample, in the truly high-risk group, detected after the two-
step, electrophysiology inclusive approach, and in patients with major arrhythmic events during a 32-months
follow-up, as investigated in the PRESERVE-EF study. DC: Deceleration capacity from heart rate dynamics;
HRT: Heart rate turbulence from heart rate dynamics; LPs: Late potentials from signal-averaged
electrocardiogram; MAE: Major arrhythmic event; NIRF: Non-invasive risk factor; NSVT: Non-sustained
ventricular tachycardia; QTc: Corrected according to Fridericia formula QT interval; SDNN: Standard deviation
of normal to normal beats from heart rate variability analysis; TWA: T wave alternans; VPBs: Ventricular
premature beats. Modified after permission from reference [9].
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5. Two-step approach, stratifies the SCD risk, in heart failure with mid range ejection fraction, in
non-ischemic and in hypertrophic cardiomyopathy patients.

Current ARS in NICM and HCM is based on LVEF and SCD-HCM Risk score, respectively [8].
Both approaches are imperfect [28,29]. The emerging use of Cardiac MRI is promising [12] but,
considering that fibrosis may be present in 34% of NICM [30] and 41% of HCM patients [31] as well
as that the SCD annual rate for these entities is only 1% [6,7], it is not evident whether all such patients
would be considered good candidates for ICDs . Prospective clinical trials with Cardiac MRI-guided
ICD implantation design are required to establish the number needed to treat [32]. Cardiac MRI
seems to be an ideal NIRF that can assess the presence of arrhythmogenic substrate. It is unknown
whether MRI is also sufficient to answer the question of the potential arrhythmogenic triggering of
this substrate. According to the two-step approach, this question is answered through the second step
by EPS [10,33]. Focusing on SCD prediction it is important that, apart from ICM, published results
supporting the usage of a two-step risk stratification approach for HFmrEF [33], NICM [ 34] and
HCM [35] are also available (table 4).
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Table 4. Two-step and Electrophysiology study design arrhythmic risk stratification studies investigated HFmEF, NICM and HCM populations.

NIRFs Follow up EndPoints
Study n EF Therapy searched NIRFS+ EPS(n) EPS + (months) (n) Sens/Spe/PPV/NPV
Sens = 87%
48 SAECG
Arsenos Thromb (=D)* Spec=71%
Post-MI 45% P 2 14, 41
[33], 2020 S;ﬁ o% Angiopl 1\\1/ S\(;; 32/48 3 ;32 ? PPV =50%
NPV=94%
39 with Syncope Sens = 85%
Gatzoulis 158 EF>35%119 Spec=91%
ICD T 1 44/1 4
[34], 2013 NICM with Ds I\\T/IS)X 58 /158 6 39 PPV = 75%
EF<35% ° NPV=95%
Family Hi
Zl;lgzIopeISt Sens =95%
Gatzoulis 203 =1 * Spec = 67%
4% ICD T 2 79/2
[35], 2018 HCM 64% Ds NSV 203 03 5/203 60 20 PPV =24%
Hypot. Resp. NPV= 999
Wall>30 °

AMlI=acute myocardial infarction, Angiopl=angioplasty, EF= left ventricular ejection fraction, EPS=electrophysiology study, HCM:=hypertrophic cardiomyopathy, HFmEF=heart failure with
mid-range ejection fraction, HRV= heart rate variability, NICM= non-ischemic cardiomyopathy, NIRF= non-invasive risk factor, NPV=negative predictive value. NSVT=non-sustain ventricular
tachycardia, n=number, post-MI=post myocardial infarction, PPV=positive predictive value, SAECGs=signal averaged ECG, sens=sensitivity, spec=specificity, Thromb=thrombolysis,

VPCs=ventricular premature complexes, *NIRFs cutoff point for PVS referral.
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An extended two-step algorithm for clinical use that individualize and stratifies the arrhythmic
SCD risk in all these three distinct cardiomyopathy entities, targeting more than 80 % of SCD victims
was already proposed in 2017 [36] (Figure 3). The ongoing RECONSIDER study risk stratifies
NICM patients with depressed but also with preserved left ventricular systolic function, applying
this two-step algorithm [37].

Ischemic or Non-ischemic Cardiomyopathy patients

High ‘/L'W\ / & <€ > / e
< l-year survival > l-year survival None 21 Significant Fibrosis
expectancy expectancy /\
l /\ l\ A )\
Nothing Negative Positive Negative Positive Negative Positive

/\ Pis PVS PVS PVS vIs PVS

Negative Positive
PVS PVS

| N

Figure 3. Emerging new sudden cardiac death risk stratification paradigm. It is based on newer
evidence, incorporating competing mortality assessments, as well as non-invasive and invasive tests.
Non-invasive tests are performed before programmed ventricular stimulation (PVS) to assess the
likelihood of functional circuit formation. PVS is pivotal in determining the potential for arrhythmia
sustainability and guiding treatment, especially in intermediate and low-risk patients. “Observe and
Follow-up” involves repeating tests for NIRF annually and PVS every 3-5 years. NIRFs (noninvasive
ECG risk factors) including the presence of late potentials (> 2/3 criteria), frequent premature
ventricular contractions (> 30/h), non-sustained VT (= 1/24 h), abnormal heart rate turbulence (onset
> 0% and slope < 2.5ms) and reduced deceleration capacity (< 4.5 ms), positive T wave alternans (> 65
uV), decreased heart rate variability (SDNN < 70ms), prolonged QTc interval (> 440 ms in males and
> 450 ms in females). Modified with permission from reference [36]. .

6. Current status.

While ARS, based on a sole NIRF prediction model or on multiple NIRFs prediction models,
without being followed by a second EPS step, seems insufficient to support a decision for ICD
implantation [38-41], the application of a combined two-step strategy improves ARS [10,17-20,33].
Similarly, a simple EPS, which ignores the NIRFs first-step, may expose all patients to EPS. The
optimal ARS, according to the PRESERVE-EF study, should incorporate both steps. The first one
involves searching for NIRFs, investigating each patient for potential detection of the existence of
arrhythmogenic substrate and the activation of arrhythmia mechanisms, classifying each distinct
patient as low or intermediate risk, according to their arrhythmic status as it is reflected by NIRFs.
The second step, involving inducibility in the EPS, detects the truly high arrhythmic risk subgroup.
This sequential approach represents a personalized ARS strategy. In the PRESERVE-EF study, all
patients (n=575) were initially investigated by NIRFs, but only 35.5% were found eligible for further
risk stratification in the second step through an EPS. After the procedure, 41 out of 152 patients were
inducible, and finally, 37 out of 41 consented and received an ICD. Nine appropriate ICD activations
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occurred during the 32 months of follow-up. This ARS strategy achieved a Number-Needed-to-Treat
(NNT) of 4.5 (9/41). In fact, this low NNT originated from a pyramid of 575 included patients. The
application of such a sequential two-step ARS approach for the remaining patients, i.e., those who
did not have an ICD implanted, was also proven safe, as no SCDs occurred in the intermediate and
low arrhythmic-risk subgroups during follow-up. To address the question of how NIRFs evolve over
time, a sub-analysis of the PRESERVE-EF study was conducted using NIRFs extracted from two
distinct time periods: baseline and 1 year later. Regarding the prevalence of NIRFs, it was found to
be consistent on a population basis but were few patients without NIRFs at baseline who developed
NIRFs at the 1-year mark and vice versa. This finding highlighted the need for NIRFs reassessment
during long-term follow-up with a referral for EPS as the arrhythmogenic substrate evolves [42].
Examining the interrelations between NIRFs and left ventricular systolic function, another sub-
analysis concluded that SAECG LPs and NSVT were independently associated with reduced LVEF
and served as predictors of mildly reduced LVEF as opposed to preserved LVEF [43]. Regarding
these two NIRFs, SAECG LPs and NSVT, it's important to emphasize that their prevalence within the
high arrhythmic risk group (n=41) in the PRESERVE-EF study was 51% and 46% respectively.
Additionally, among the 9 patients with an implanted ICD who experienced major arrhythmic event
end-points, 7 out of 9 (78%) had LPs and 6 out of 9 (66%) had NSVT (Table 3) [9,10] The importance
of SAECG LPs and NSVT as the dominant NIRFs, was also underlined by another two-step ARS
study involving heart failure patients with mid-range ejection fraction [33]. For this combination of
NIRFs, it can be inferred that the arrhythmogenic substrate may be detected by SAECG LPs while
the arrhythmogenic potential and triggering predisposition of this substrate could be identified
through NSVT. In cases where both NIRFs are present, the possibility of fatal arrhythmias occurring
increases. There is accumulated recent evidence that some NIRFs may be extracted from short resting
Holter (SRH) ECG recordings of 30-45min duration also, thus facilitating the clinical cardiologist’
office workup [44-47]. Furthermore the ability of which NIRFs are able to predict EPS results among
the post-myocardial infarction patients with LVEF>40% was the subject of another sub study of
PRESERVE-EF. Indeed this sub study revealed NSVT >lepisode/24 h and SAECG-LPs >2/3 cutoff
points, in conjunction with a LVEF <50%, to be significant predictors of inducibility [48]. An Artificial
Intelligence (AI) analysis of NIRFs using the Nearest Neighbour (NN) algorithm to predict a positive
EPS achieved an accuracy of 72.2% with N set to 7 [49]. Nevertheless, it is concluded from these
studies that the ultimate decision regarding ICD implantation should be founded upon a positive
EPS, which remains irreplaceable in risk stratification [48,49]. In congenital heart disease, SCD is a
leading cause of death The combination of surgical incisions, myocardial scar and residual or new
anatomical abnormalities form the substrate for ventricular arrhythmias Although these patients
represent a heterogeneous population, a two-step ARS strategy may be applied also[50,51].
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