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1. Introduction

1.1. Definition

Sudden cardiac death (SCD) is defined as a sudden natural death presumed to be of cardiac
cause that occurs within 1 h of onset of symptoms in witnessed cases, and within 24 h of last
being seen alive when it is unwitnessed.!

Typically, the leading electrical events are ventricular arrhythmias (VA):?

e Ventricular tachycardia (VT): > 3 consecutive beats with a rate > 100 bpm originating

from the ventricles, independent from atrioventricular (AV) nodal conduction;

e Ventricular fibrillation (VF): a chaotic rhythm with undulations that are irregular in

timing and morphology, without discrete QRS complexes on the surface ECG.

1.2. Epidemiology

It is estimated that approximately 10-20% of all deaths in Western countries are SCDs,
accounting for 50% of all cardiovascular deaths.>? Every year about 300000 people in Europe
have an out-of-hospital cardiac arrest (OHCA).3 A major nationwide study in Denmark found that
SCD accounted for up to 13% of all deaths, and almost half of all cases occurred without a history
of cardiovascular disease (CVD).*

The incidence and epidemiology of SCD changes widely with age.

In the young (1-35 years old), the incidence of SCD is low (1-3 per 100000 person-year)>~’
and the leading causes are mainly primary electric diseases, cardiomyopathies, myocarditis and
coronary anomalies.

In older patients, the incidence of SCD arises from 50 per 100000 person-year in middle-
aged individuals (fifth to sixth decades of life) to 200 per 100000 person-year in the eighth decade
of life.2*78 Although primary electric diseases and cardiomyopathies may account for about 50%
of SCD in patients under the age of 50 years old, chronic structural heart diseases are the leading
causes, especially coronary artery disease (CAD, including acute coronary events and chronic

coronary stenoses), accounting for approximately 80% of all SCD cases.’



1.3. Pathophysiology

The mechanisms responsible for cardiac arrhythmias are generally divided into disorders

of impulse formation (automaticity or triggered activity), disorders of impulse conduction (re-

entry), or a combination of both.1°

Re-entry is the likely mechanism of most clinical ventricular arrhythmias. It occurs when a

propagating action potential wave fails to extinguish after initial tissue activation; instead, it

blocks in circumscribed areas, circulates around the zoned of block, and re-enters and reactivates

the site of original excitation after it recovers excitability.©

Three key factors (the so-called Coumel’s triangle of arrhythmogenesis) are considered

prerequisite for re-entry:!!

Vulnerable heart: the presence of anatomical or electrical substrate is a critical

condition for induction and sustainability of VT/VF.

The initiation and maintenance of re-entrant arrhythmias require the presence of
myocardial tissue with adjacent joinable structures with different conduction and
refractoriness properties.

Depending on the underlying disease, substrate may be different:

o Structural heart disease (SHD, e.g. CAD): in this case, VA substrate is related

to areas of heterogeneous fibrosis that leads to anatomically determined
circuits with a discrete unexcitable obstacle surrounded and/or crossed by
excitable tissue.

o Primary electrical disease (e.g. long QT syndrome (LQTS), Brugada syndrome

(BrS)): inherited channelopathies determine intrinsic heterogeneity of
electrophysiologic (EP) properties of the myocardium, leading to dispersion
of excitability or refractoriness and functional re-entry circuits.

External precipitation factors (triggers): several conditions (e.g. acute myocardial

ischemia, electrolyte imbalance, sepsis, ...) may elicit or bring to a critical state a
susceptible substrate, anatomical or functional.
Although important, triggers may be found only in a minority of SCD/VA cases.!?

Autonomic nervous system (ANS): the effect of the ANS on cardiomyocytes is

related to changes in ion channel functioning and consequent potentially critical EP
properties modification (e.g. heterogeneity of depolarization, dispersion of

repolarization, early/late afterdepolarizations (EAD/LAD), ...).



1.4.SCD in CAD

CAD is the leading cause of the majority of SCD cases (approximately 80%).°

The most common cascade is VT initially degenerating into VF and later into asystole. In
these patients, there is a combination of vulnerable myocardium (i.e. infarcted areas with
heterogeneous fibrosis, corresponding typically to non-transmural scar with viable subepicardial
myocardium and areas of functional conduction delay or block) and ANS disfunction (i.e.
sympathetic denervation of scar areas ad subsequent nerve sprouting in the nearby regions with
super-sensitivity to catecholamines). In this condition, several triggers may precipitate the
equilibrium and lead to VAs.

Clinical presentation of CAD relates to different risk of SCD.

1.4.1 Acute coronary syndrome (ACS)

Myocardial infarction (Ml) with (STEMI) or without (NSTEMI) ST-segment elevation is a
major cause of SCD, mostly caused by VF. In the first 48h after the onset of symptoms related to
MI, 4-12% of patients develop a sustained VA.1>16

In the era of primary percutaneous coronary intervention (PPCl), the majority of VAs
related to Ml occur before the end of reperfusion procedure and 90% within 48h.® Recurrence
of sustained VAs typically relates to incomplete reperfusion or new acute ischemia and needs
immediate coronary angiography.

Although early VAs (< 48h) are related to 6-fold increase in in-hospital mortality, long-term
prognosis seems not to be effected.’1? Several studies found that haemodynamic instability,
cardiogenic shock, a poor left ventricle ejection fraction (LVEF), early repolarization (ER) pattern
and the sum of ST-segment deviations in all leads are independent predictors of VAs in M|.1>16:20

The risk of SCD is highest in the weeks after M, particularly in patients with reduced LVEF.?!
In this setting, any non-invasive test has proven to be useful for risk stratification.?? In addition,
two randomized studies (DINAMIT and IRIS)?>?4 failed in demonstrating a benefit in early (< 40
days after MlI) routine prophylactic implantable cardiac defibrillator (ICD) strategy in patients
with reduced LVEF.



1.4.2. Chronic coronary artery disease (cCAD)

After the early post-MI phase (> 40 days), a poorer LVEF correlates to higher risk of VAs,
although reduced with modern early revascularization strategies and heart failure (HF) therapies.
Typical VA in cCAD is monomorphic sustained VT (MSVT).

Approximately 5% of patients will have an LVEF < 35% 40 days after a STEMI.?® In this
population, a prophylactic ICD strategy demonstrated a survival benefit in four RCTs,2672° with a
cumulative relative reduction in mortality of 27%.303!

The vast majority of post-MI have a mildly reduced (= 40-49%) or preserved (= 50%) LVEF.
In this setting, the annual incidence of SCD is relatively small (0.6%)3? but it becomes significant
considering the overall population. In fact, the majority of OHCA occurs in patients with LVEF >

35%,33 in which substrate heterogeneity plays an important role.

1.5. Prevention of SCD in CAD

Considering the risk of VAs in patients with CAD, the only strategy to prevent SCD in this
population is ICD implantation.

In survivors of cardiac arrest, recurrence has a particularly high incidence. Three pivotal
randomized controlled trials (RCT)343¢ and a subsequent metanalysis>’ demonstrated a
significant mortality reduction in patients with documented VF or haemodynamically not-
tolerated VT, almost entirely guided by a reduction of arrhythmic death.

In light of these data, current guidelines recommend ICD implantation in SCD survivors with
a high grade of recommendation (COR I, LOE A). Because of the exclusion of MSVT patients from
ICD trials, there is a lesser grade of recommendation in this setting (COR lla, LOE C), considering
that catheter ablation has become a valid alternative.!

As opposed to secondary prevention strategies, data for prophylactic ICD implant in
patients without previous VAs are limited to specific settings.

It is important to remark that implantation of ICD in primary prevention is not a zero-risk
choice: technological advances have made ICDs easier and safer to implant but early (e.g.
bleeding, pneumothorax, tamponade, infection) and late complications (e.g. lead
fracture/dislodgment necessitating extraction, infections due to ICD generator changes) have to

be considered.



In a cost/effectiveness evaluation it is also important to consider that ICD shocks, both
appropriate and inappropriate, reduce quality of life and can worsen prognosis.3® Furthermore,
an appropriate shock may be delivered on a self-limiting arrhythmia, narrowing his real utility.

Four RCTs demonstrated a benefit in survival in patients with symptomatic HF (NYHA II-111)
and LVEF < 35% (COR I, LOE A) and in asymptomatic patients with LVEF < 30% (COR lla, LOE B)
after 40 days from MI.262° In patients with LVEF = 36-40% and unexplained syncope or non-
sustained VTs (NSVT), programmed electrical stimulation (PES) may be useful in selecting
patients with the highest risk of SCD.3°

In patients with preserved or mildly reduced LVEF there are no data supporting ICD
implantation in a primary prevention setting, although they may have a heterogeneous
arrhythmogenic substrate. In fact, the majority of OHCAs happened in these patients, comprising
70-80% of total SCD.*° On the other hand, absolute SCD rates are declining in conjunction with
comprehensive HF medical and device therapies

It has been shown that LVEF is an insensitive and non-specific marker predicting SCD,** and
risk stratification based only on this parameter is burdened with a great number of false
negatives. This is due to the fact that LVEF alone is an inadequate surrogate for the underlying
substrate and is burdened by inter-individual and inter-operator assessment variability.

The current lack of health efficiency in the ICD allocation process, whereby some patients
are misjudged as low-risk and subsequently experience SCD, and some are misjudged as high-risk
and undergo an unnecessary procedure, calls for improved risk identification.

Several markers have been studied in order to seek subgroups at high risk of events.

1.5.1. ECG

The 12-lead ECG represents a wide-available, low cost and non-invasive tool that can be
used to improve SCD risk stratification.

Several ECG markers were associated to higher risk of VAs (i.e. higher heart rate (HR) at
rest, slow HR increase during exercise, slow HR decrease during recovery, prolonged corrected
QT (QTc) interval, prolonged interval between the peak and the end of the T wave (Tpeak to Tend
[TpTe]), depolarization abnormalities, late potentials (LPs), Q-waves, bundle-branch blocks, ST-T
elevation or depression, atrial fibrillation or flutter),*>’ although individually not enough

discriminative.



Aro et al.*® analysed the ECGs of Oregon Sudden Unexpected Death Study (SUDS),* a
population-based case-control study investigating OHCAs in the North-western USA.
Interestingly, in the Oregon SUDS controls mostly had established CAD. Investigators found that
combining multiple ECG variables (i.e. resting HR > 75 bpm, left ventricle hypertrophy (LVH), QRS
transition > V4, QTc interval > 450 ms, frontal QRS-T angle > 90°, and TpTe interval > 89 ms) into
a cumulative risk score resulted in significant additive improvement in SCD risk estimation, with
ORs of over 20 for SCD in the presence of > 4 abnormal ECG markers. The risk was independent
of LVEF and multiple clinical characteristics.

Risk scores may improve discrimination of individual ECG parameters. Although promising,

these data had to be validated with ongoing trials.

1.5.2. Plasma biomarkers

Several mechanisms play a role in disease progression and HF after MI, including
neurohormonal activation, inflammation, myocardial stretch, matrix remodelling, and myocyte
injury.>®

Although several inflammation (e.g. CRP, IL-6, IL-18) and neuro-hormonal biomarkers (e.g.
renin, aldosterone, NT-proBNP) have been associated with an increased risk of SCD, they have
not been found to be clinically useful because of the lack of verification in extended cohorts and

their inconsistent causality.

1.5.3. Echocardiographic parameters

Beyond LVEF assessment, echocardiography may provide several useful tools and
parameters to better stratify patients’ risk of SCD.

Myocardial strain is a quantitative echocardiographic parameter that measures myocardial
deformation as a percentage change in length, assessed primarily with speckle-tracking imaging.
Longitudinal strain (i.e. shortening along the long axis of the heart) is commonly reported as
global longitudinal strain (GLS) and represent a more reproducible and sensitive method than
LVEF to quantify systolic function and detect subclinical systolic dysfunction.>%>2

In a sub-study of the MADIT-CRT trial,>® authors analysed speckle-tracking images of the
enrolled patients (i.e. ischemic and non-ischemic patients with HF, LVEF < 30% and QRS duration

> 130 ms, randomized to CRT-D or ICD alone) and found that the risk of VAs increased with

decreasing GLS and impaired isolated inferior wall longitudinal deformation.



In addition to longitudinal strain, radial strain (i.e. measure of the timing differences in
radial (thickening) contraction of different heart segments) may be used for assessing LV
dyssynchrony, typically defined as a time difference in peak radial strain between the septum
and the posterior wall 2 130 ms. Persistent or new radial dyssynchrony after CRT implantation is
found associated with an increased rate of VAs, defining the long-term success of this therapy.>*

An additional potentially useful parameter is relative wall thickness (RWT), defined as 2
times posterior wall thickness divided by the LV diastolic diameter. High RWT is related to higher
levels of concentric hypertrophy and is a marker of increased mortality in hypertrophic
cardiomyopathies. A sub-study of the MADIT-CRT trial analysed the relationship between VAs
and eccentric remodelling (i.e. low RWT) and found a significant increased risk of VAs in patients
with RWT < 0.24.%°

Although promising, these parameters can’t be used alone to assess SCD risk but can be

useful in addition to LVEF for a better stratification.

1.5.4. Programmed electrical stimulation (PES)

PES protocols typically involve the coupling of up to 3 premature extrastimuli to a short
train (six to eight paced beats) at 2 different cycle lengths (typically 600 and 400 ms) from right
ventricle (RV) apex and RV outflow tract. The coupling intervals are decreased progressively by
10-ms decrements until an arrhythmia is induced or the first extrastimulus loses capture (i.e. the
effective refractory period (ERP) of the tissue is reached).

As stated before, PES may be useful in selecting patients at highest risk of SCD with
borderline LVEF (i.e. 36-40%) and unexplained syncope or NSVT, because of the potential
identification of those who have a vulnerable substrate for monomorphic VAs (i.e. scar).
However, inducibility of polymorphic VT or VF is suggested to be non-specific, being more
probably related to myocardial irritability or global electrical instability, especially for more
aggressive PES protocols.

This is particularly important to consider for patients with preserved or mildly reduced LVEF
(= 40%), considering their heterogeneity with regard to their potential arrhythmic substrate.

In the PRESERVE EF study,”® authors analysed a two-step risk stratification algorithm for
post-MI patients with LVEF > 40%. The first step was the identification of a group of non-invasive
risk factors (NIRFs, i.e. > 30 premature ventricular complexes (PVC)/hour on 24h Holter ECG,

presence of NSVT on 24h Holter ECG, presence of late potentials (LPs), QTc derived > 440 ms
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(men) or > 450 ms (women) on 24h Holter ECG, presence of T wave alternans on Holter ECG,
presence of autonomic dysregulation as defined by the ISAR-risk study,”” SD of normal RR
intervals < 75ms on Holter ECG). In the presence of at least one NIRF, patients underwent PES
and were classified inducible if sustained monomorphic or polymorphic VTs were induced. If
inducible, patients underwent ICD implantation.

In this observational study, 41 of 575 patients were inducible during PES and received an
ICD. During the 32-month follow-up period, no SCD occurred and 9 of 37 ICD patients received
an appropriate ICD therapy. However, the role of appropriate ICD treatment as surrogate for SCD
in patients with preserved LVEF is unknown. In fact, the major utility of PES in this setting was
the identification of patients at low risk (i.e. non-inducible).

Randomized trials are needed to confirm the utility of PES in identifying patients with

higher risk of SCD.

1.5.5. Cardiac magnetic resonance imaging (CMRI)

Myocardial scars create regions of slowed electrical conduction that favour macro re-
entrant VT, although their role in VF is less clear.®® CMR with LGE may be used to identify and
qguantify areas of replacement fibrosis, that is a marker strongly related to infarct size and
subsequent risk of remodelling and arrhythmogenic substrate.>?

It is now well established that both the presence and extent of myocardial scar visualized
by LGE on CMR are independent prognostic markers of SCD or ventricular arrhythmias (VA) in
ICM, regardless of LVEF.®°®> However, beyond LVEF assessment, in ICM setting CMR is
recommended only for diagnostic and follow-up purpose in currently available guidelines.®® The
main limitation in clinical applicability of fibrosis quantification is the lack of consensus over
which scar metrics and thresholds are the best predictors of VA.

Electrical instability leading to VA is not the consequence of a single abnormality and can’t
be predicted by a single variable. New methods incorporating different parameters are needed
to better characterize arrhythmogenic substrate and develop a more efficient risk profiling. In
this context, grey zone fibrosis (GZF) is emerging as an additional tool.

GZF is defined as tissue with intermediate signal intensity enhancement between normal
and fibrotic myocardium.>® GZF identifies an area of tissue heterogeneity within the infarct

periphery that may contain slow conductivity channels connecting healthy tissue areas,



corresponding with the arrhythmogenic substrate of the scar. Quantification of GZF on CMR has
been shown to be superior to the LGE burden alone in predicting VA.6>67-69

Although their ability to better evaluate arrhythmic substrate, non-LGE CMR parameters
can’t be used alone for risk stratification. Further studies are needed to evaluate their role in the

context of a multiparametric CMR risk stratification.

1.5.6. Genetic biomarkers

Genetic studies have been made possible a great number of discoveries concerning genetic
causes of rare inherited cardiac disorders associated to SCD, but very little progress has been
made in identifying the genetic risk factors associated with more complex arrhythmogenic
substrates (e.g. after Ml) because of the complexity of the substrate involved.

In the 90s, studies revealed that a family history of SCD was an independent risk factor for
SCD, distinct from a family history of CAD.”® This was further supported by studies on patients
with VF during first MI.7%72

In the context of CAD, genetic influences can act through multiple mechanisms (e.g.
absolute risk of atherosclerosis, type and characteristics of plague burden, myocardial response
to ischemia) and represent an important field of research.

The conventional approaches used to study genetic risk of SCD in CAD are two: candidate
genes studies and genome-wide association studies (GWAS).

The candidate gene approach hypothesizes an association between SCD and genes linked
to inherited arrhythmia syndromes starting from common pathophysiological characteristics
(e.g. long QT in LQTS and as a risk factor in CAD).

Several studies suggested common and rare variants of ionic cardiac channels as potentially
useful markers for genetic risk profiling.”>~’®¢ Other promising variants include those involved in
lipid metabolism (APOE), inflammation (IL6R), and myocardial remodelling (MMP9).”7.78
However, for complex pathologies as CAD, it is unlikely that a single or small group of genetic
variants significantly impact SCD risk, reducing their power in this context.

In order to identify other associations that suggest pathways for further investigations,
GWAS approach has been developed.

A GWAS is an observational study that scans the genomes of many individuals, typically
using hundreds of thousands to millions of single nucleotide polymorphisms (SNPs), to determine

whether any genetic variants are statistically associated with a particular phenotype. Large

9



sample sizes are needed because most variants have small effect sizes, considering that most
significant SNPs lie in non-coding regions and point to regulatory elements.

Several GWAS found interesting associations,”®®! although these results require further
replication. Clinical applications are limited by the fact that these studies found only associations
but, in the absence of large effects sizes and considering relevant confounding factors (e.g. mode
of expression, interactions with other genes and environment), they are usually insufficient to
define causation.®?

Nonetheless, individual risk may be related to a cumulative effect of multiple genetic
variants.838% In this context, GWAS approach may be used in order to find new unexpected
associations in order to develop polygenic risk scores (PRSs).

In recent years, PRSs have been shown to improve prediction of incident cardiovascular
events above and beyond traditional risk factors.8° This underscores the potential of genetic
profiling in refining risk assessment strategies for this patient population.

In a similar fashion, the PREDETERMINE study found that a validated genome-wide
polygenic score (GPScap) outperformed traditional clinical risk factors in predicting SCD in CAD
patients with preserved LVEF.?° However, it is important to consider that GPScap was previously
validated for predicting incident CAD,°! and the discovery of specific variants associated with SCD
was beyond the scope of the study.

It is otherwise essential to differentiate between arrhythmic and non-arrhythmic origins of
SCD in ischemic heart disease. This explains the genetic complexity of SCD in ischemic heart

disease and the need for further replication.

1.6. Mendelian randomization studies

None of the markers described above has demonstrated its usefulness in clinical practise
because of the lack of consistency in subsequent validation studies. It is of pivotal importance to
understand the causal role of biomarkers in SCD in order to be able to find effective predictive
approaches.

Randomized controlled trials (RTCs) are considered the gold standard design to infer
causality because of the randomization process: participants are randomly assigned to treatment
or control and, because assignment is random, the two groups are similar in all observed (e.g.

age, sex, disease severity) and unobserved variables (genetics, behaviour); therefore, any
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difference in outcomes cannot be explained by confounders, but it must be due to the treatment.
However, RCTs are often unfeasible due to the need for great sample size, high costs and long
follow-up.

Considering feasibility limitations of RCTs, observational studies have been used to find
relationships between risk factors and/or markers (or treatment) and outcomes. In this setting,
researchers must reconstruct the causal effect using statistical and conceptual tools in order to
reduce the risk of confounding (e.g. regression adjustment, propensity score matching,
stratification) and make treated/exposed and untreated/unexposed subjects as similar as
possible with respect to variables that influence both treatment and outcome.

As compared to RCTs, the major limitation of observational studies is the risk of exaggerate
or mask underlying truly causal relationships because of the risk of confounding and reverse
causation bias (i.e. marker may be consequence and not cause of studied outcome).

Confounding of can be minimised by using mendelian randomization (MR), a causal
inference method that uses genetic variants as instrumental variables to estimate the causal
effect of an exposure (risk factor or biomarker) on an outcome.*?

MR relies on the principle of Mendel’s laws of independent assortment and segregation,
which ensure that genetic variants are randomly distributed with respect to most confounding
factors. In this context, people with a genetic variant associated to a specific exposure can be
compared to those without the variant, as if they were randomized at conception.

The three core assumptions that must hold for valid results in an MR study are:

e Relevance: the genetic variant must be associated with the biomarker;
e Independence: the genetic variant must not be associated with any known or
unknown confounders;

e Exclusion restriction: the genetic variant influences the outcome only through the

biomarker and not through alternative pathways (i.e. no horizontal pleiotropy).
This type of analysis offers a strategy to eliminate, or anyway reduce, the typical residual
confounding of observational studies, thus making it possible to obtain generalizable results. An
MR study also diminishes the risk of reverse causation bias, as genetic variants are unchangeable
and cannot be influenced by disease status.
Furthermore, MR studies are often faster and cheaper to conduct than RCTs, as they can

be conducted using existing large-scale GWAS data.
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If correctly conducted and carefully interpreted, MR studies can provide useful scientific
evidence to support or reject causal hypotheses that verify the association between
environmental exposures and diseases.

Depending on the population analysed, MR studies are classified in one-sample or two-
sample.

In one-sample MR studies, genetic variant associations with biomarker/risk factor and
outcome are obtained from the same individuals. Instead, in two-samples MR studies these
associations come from two independent populations with similar characteristics: this design can
provide a greater statistical power because of the possibility of using large scale GWAS
populations.

Although promising, MR analysis is still subject to active research and is vulnerable to
several risks.

First of all, statistical power may be low due to the fact that for complex phenotypes genetic
variants typically have a small effect (i.e. violated relevance assumption). This limit can be
theoretically overcome using multiple variants associated with the same biomarker, although
detection of weak effects requires large sample sizes.

Secondly, confounders may be associated to identified genetic variants due to suboptimal
population stratification or unidentified correlations (i.e. violated independence assumption).

Lastly, identified genetic variants may influence the outcome not only via studied
biomarkers but also via other pathways (i.e. violated exclusion restriction assumption). This may
be due for example to horizontal pleiotropy (i.e. genetic variant can influence other biomarkers
that in turn influence the outcome) or linkage disequilibrium (i.e. identified genetic variant is

correlated with nearby variants that affect the outcome through other pathways).
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2. Objectives

The aim of this project is to explore the potential predictive value of multiple phenotypic
and genetic variables in an attempt to advance our understanding of the etiological factors
underlying SCD and improve our ability to estimate SCD risk in Ml patients.

The results of this project could be broadly used to improve the individualised targeting of
ICD therapy, identifying specific high-risk phenotypes in order to improve the dichotomous and
non-specific classification based on LVEF, and may eventually lead to the identification of new

and potentially important therapeutic targets.

3. Methods

3.1. Population

The base study data (Dataset 1) comes from the Italian Genetic Study on Early-onset
Myocardial Infarction (IGSEMI), originally designed to investigate the genetics of susceptibility to
Ml in Italy by means of a case-control study.®® The IGSEMI enrolled patients under the age of 45
admitted to 125 Italian Coronary Care Units between 1998 and 2002 after a first Ml with a median
follow-up of 19.9 years. The primary composite endpoint was the occurrence of cardiovascular
death, non-fatal myocardial re-infarction, or non-fatal ischemic stroke.

The early age of the index Ml in this cohort suggests greater genetic involvement, which
may increase the probability of finding specific genetic variants associated with high-risk pre-Ml
phenotypes.

A second dataset (Dataset 2) will be collected from a cohort of 1000 post-MI patients
prospectively recruited by 25 Italian centres. Blood samples and pre-MI data will be collected and
patients will undergo a series of exams: whole-genome sequencing (WGS), baseline post-MI ECG,

autonomic examination, PES, and CMRI within 3 months from discharge.
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3.2. Study protocol

The study protocol of IGSEMI study was approved by the Ethics Committee of the
coordinating centre (Ospedale Niguarda, Ca' Granda), and all of the study patients gave their
written informed consent to enrolment.

After identifying patients suitable for enrolment, investigators completed a standardized
case report form collecting detailed cardiovascular history of the individual patients and all first-
and second-degree relatives, cardiovascular risk factors, lifestyle, and medications. This was
carried out at the time of admission for the index event.

The patients were followed up from the date of recruitment for any subsequent
cardiovascular events for a median of 19.9 years from study enrolment. Follow-up was done by
means of scheduled outpatient examinations and standardized telephone calls. Follow-up by
means of visits was attempted in all patients but, when this was not possible, their primary care
physicians were contacted. If this was unsuccessful or not possible, a member of the family was
contacted.

The reported deaths were verified on the basis of death certificates specifying the cause(s)

of death, and each reported event was investigated by means of source data verification.

3.3. Outcomes

The primary endpoint of the study was the occurrence of either SCD, clinical ventricular
tachycardia/fibrillation and/or appropriate ICD activation.

SCD was defined in accordance with the ESC definition as any sudden natural death
presumed to be of cardiac cause that occurs within one hour of symptom onset in witnessed
cases or within 24 hours of the patient last being seen alive in unwitnessed cases.!

ICD activation was defined as the moment in which the device detects an arrhythmia that

meets its programmed criteria and delivers therapy (i.e. anti-tachycardia pacing (ATP) or shock).

3.4. Statistical analysis

Causal assumptions underlying subsequent analysis are represented in Figure 1.
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Figure 1 Causal assumptions of the analysis. MI: binary indicator of a MI, always = 1 because of the main focus on Ml patients.
XpreMl: pre-Ml phenotype (e.g. sex, age, hypertension). XpostMI: variables observed after Ml. Z: set of genetic variants. Y: binary
indicator of a favourable (Y=0) or unfavourable (Y=1) SCD/VAs outcome. U: unobserved confounders.

The analysis plan involves a series of sequences.

The first step consists in the identification of genetic variants associated with high-risk
phenotype for post-MIl SCD or sustained VAs. Dataset 1 will be used with this purpose,
considering the early age of the index MI and the high likelihood of genetic involvement in
subsequent outcomes.

The second step consists in the construction of a polygenic risk score (PRS) for post-MI SCD
with the identified and selected genetic variants.

A polygenic risk score (PRS) is a quantitative measure that estimates an individual’s genetic
predisposition to a disease or trait by aggregating the effects of many genetic variants across the
genome. Each variant contributes a small effect, but cumulatively they can explain substantial
variation in risk.

The third step consists in the validation of PRS in an independent sample, specifically UK
Biobank Ml patients.

UK Biobank is a large, prospective, population-based research resource that includes about
500000 participants aged 40-69 recruited across the UK between 2006 and 2010.°* It links
genome-wide genotyping with extensive baseline phenotypic data, biological samples, and long-

term health follow-up to enable large-scale biomedical research.
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The fourth step consists in the development of a predicting model of SCD based on patient’s
pre-MI history and validated PRS.

The final step will be the assessment of predictive and causal effects of post-MI variables
on the occurrence of SCD. Joint analysis of Dataset 1 and 2 using two-sample MR will allow to

assess the causal effects of post-Ml risk factors on the occurrence of SCD.

3.5. Limitations

MR analysis is still subject to active research and is vulnerable to several risks.

First, statistical power is a potential concern, especially because the number and magnitude
of relevant genetic effects on post-MI measurements are currently unknown. IGSEMI population
(Dataset 1) size and characteristics increase the chances of identifying useful genetic variants.

Second, it’s possible that the project fails to find any direct associations between SNPs and
SCD/VAs.

Third, restricting attention to only Ml patients may induce index event bias (IEB): when
multiple risk factors contribute to the risk of an outcome (in this case Ml), conditioning on the
outcome induces dependence between the risk factors, even when they are independently
distributed in the general population. This can negatively affect the generalisability of the
identified predictive exposures (i.e. failing in validating constructed PRS) or bias MR assessment

of causality.
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4. Results

Preliminary data on clinical characteristics of Dataset 1 patients that experienced SCD were
already published.®>

Over the course of follow-up, 195 individuals died suddenly, underscoring that SCD remains
a significant long-term threat even decades after early-onset Ml.

Patients who eventually experienced SCD differed meaningfully from those who did not
(Table 1).

At their initial presentation, they showed a more adverse clinical profile: hypertension,
diabetes, and prior thrombo-embolic events were all more common, and angiographic
evaluation revealed more severe and widespread coronary atherosclerosis (reflected in higher
SYNTAX scores). Left ventricular ejection fraction (LVEF) measured after the index event was also
lower in the SCD group, indicating early impairment of ventricular function.

Multivariable modelling confirmed these factors (diabetes, hypertension, history of
thromboembolism, increased coronary atherosclerotic burden, and reduced LVEF) as
independent predictors of SCD during follow-up (Figure 2).

These findings point toward a unifying mechanism: progressive atherosclerotic disease and
its consequences, rather than isolated arrhythmic substrate, may underpin the long-term risk of
fatal sudden events in this young Ml population.

The sequence of clinical events preceding SCD varied.

In 101 patients, SCD was the first manifestation after the initial MI, occurring without
intermediate cardiovascular events. The remaining 94 patients experienced further non-fatal
ischemic episodes (i.e. recurrent Ml, stroke, coronary revascularization) before SCD.

This pattern reinforces the idea that SCD often arises in the setting of ongoing or
destabilized coronary disease rather than as a purely electrical phenomenon.

Interestingly, the timing of SCD events showed no evidence of clustering, contrasting with
earlier pre-reperfusion era studies that observed a peak risk within the first year post-Ml. In this
contemporary cohort, risk appeared distributed relatively evenly over the two-decade follow-up
(Figure 3). These evidences suggest that improvements in acute care, including rapid reperfusion
strategies, and a survivorship effect may explain the absence of early clustering commonly seen

in older cohorts.
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Al (n = 2000) SCD (n = 195) Non-SCD (n = 1805) P-value

Median age, years (JOR) 41 (37-43) 41 (38—44) 41 (37-43)
Meodian weght, kg (MOR) T8 (TO-8E) 80 (71-93) 78 (TO-8T)
Median BMI kpicm® (WQR) 263 241-291) 17.1{24.9-30.2) 262 (24-19) 03
Females, r 123 (11.9) 12 {6.2) 20 (11.8) 003
Indgs event

STEM 1708 (854) 161{81.8) 1547 (85.7) 28

NSTEMI 192 (14.8) 34 (17 4) 158 (14.3)
Family history of CVD 1629 (81.5) 157 (B0.5) 1471 (B1.48)
Hypertensor 36 (2468 75 {385) 461 (25.5)
Dhyslpadacrmia 11941936 (61.2) 108,180 {60y 1076756 (61.3)
Dabetes 154 (8) 25 (118) 12% (0.07) o
Alcohol consumplion 122571994 (61 4) 116 (595) 11091801 (&1.6) 07s
Current srmokers (no ex-smokers ¥22 (481 94 (48 .2) 828 (459 0é
Cocaire use 5T2m 4(21) 5317 163
Previous thromboembolsm N7 LY 46 (21 .8) am (15) 0003
Median LVEF (%) 55 (49-58) 50 (40-55) §5 (50-59) 0001
Beota-blocher 1619 (B1.4) 170 (87.2) 1459 (BO.8) 118
Asparir 1860 (910} 190 (97 4) 1670 (928 022
P2¥11 inhibitor 100% (50.5) 91 (47.2) 7 (50.1) 035
ACE inhibitor or ARB B65/1581 (54.7) SWI7 (60.1) BO6/ 1484 (54.3) 015
Shatin 1594% (97 5) 95 (10 1754 (7.0 4
SYNTAX score (IQR) P (4-15) }(7-205 P (4-14.5)
Dhske's score (IQR) 48 (13-5&) 48 (37-56 48 (23-56)
Mormal 264 (13.2%) S{7.7 4% (118)
Mon-ugreicant ytenous 90 (4.5%) 4 (1.} B& (48)
Sirvphe-veisel dcase B9 (44870 T7 395 B1% (45.4)
Multi-vessel discase TS0{37 5%;) 9 (50.8) &51 (36.1)

Table 1 Baseline demographic, clinical, angiographic, and treatment characteristics of the study population in the sudden cardiac
death and non-sudden cardiac death groups. SCD, sudden cardiac death; BMI, body mass index; STEMI, ST-segment elevation
myocardial infarction; NSTEMI, non-ST-segment elevation myocardial infarction; CVD, cardiovascular disease; LVEF, left
ventricular ejection fraction; ARB, angiotensin 2 receptor blockers; ACE, angiotensin-converting enzyme.

(Reproduced from: Bricoli S et al, Sudden cardiac death after early-onset myocardial infarction: a multicentre longitudinal cohort
study with a 20-year follow-up, European Heart Journal: Acute Cardiovascular Care, 2024;13(10):726-730,
doi:10.1093/ehjacc/zuae089.°°
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Figure 2 A forest plot of the independent factors associated with sudden cardiac death during the follow-up in the most
parsimonious Fine—Gray multivariable model adjusted for reperfusion therapy, ST-segment elevation myocardial infarction at
the time of the index event, beta-blocker therapy, and recurrent ischaemic events. SHR, sub-hazard ratio.

(Reproduced from: Bricoli S et al, Sudden cardiac death after early-onset myocardial infarction: a multicentre longitudinal cohort
study with a 20-year follow-up, European Heart Journal: Acute Cardiovascular Care, 2024;13(10):726-730,
doi:10.1093/ehjacc/zuae089.%°
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(Reproduced from: Bricoli S et al, Sudden cardiac death after early-onset myocardial infarction: a multicentre longitudinal cohort
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doi:10.1093/ehjacc/zuae089.%°
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5. Discussion

Preliminary data on clinical characteristics of Ml survivors from IGSEMI study highlight a
meaningful risk of SCD for decades after the initial event. The predictors identified (i.e. classic
cardiovascular risk factors, reduced LVEF, and a high burden of coronary atherosclerosis) point
toward progressive coronary disease as the central driver of late SCD rather than isolated
electrical instability.

Clinically, this underscores several priorities.

Firstly, aggressive long-term intensive risk-factor management and lifestyle changes
remains essential even in young patients, whose prolonged lifespan amplifies the cumulative
impact of atherosclerotic progression.

Secondly, angiographic markers of coronary disease severity (e.g. SYNTAX score) may help
refine long-term risk stratification and identify individuals who might benefit from closer follow-
up or earlier revascularization strategies.

Thirdly, periodic imaging for LVEF assessment may be warranted, especially in patients with
recurrent ischemia or high-risk profiles.

Overall, the results emphasize the need for sustained, contemporary secondary prevention
and individualized long-term surveillance to reduce the burden of SCD in this distinct and

relatively understudied patient population.

6. Subsequent analysis

Based only on patients considered for preliminary data (i.e. only patients that experienced
SCD), monogenic variants with a significant discrimination ability for SCD/VAs could not be
extracted.

The analysis is currently underway, including patients with clinical VAs and/or appropriate

ICD activation with the purpose of enhancing statistical power.
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