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Abstract: Hypertrophic cardiomyopathy (HCM) is a cardiac muscle disorder characterized by gener-
ally asymmetric abnormal hypertrophy of the left ventricle without abnormal loading conditions
(such as hypertension or valvular heart disease) accounting for the left ventricular wall thickness or
mass. The incidence of sudden cardiac death (SCD) in HCM patients is about 1% yearly in adults,
but it is far higher in adolescence. HCM is the most frequent cause of death in athletes in the Unites
States of America. HCM is an autosomal-dominant genetic cardiomyopathy, and mutations in the
genes encoding sarcomeric proteins are identified in 30-60% of cases. The presence of this genetic
mutation carries more than 2-fold increased risk for all outcomes, including ventricular arrhythmias.
Genetic and myocardial substrate, including fibrosis and intraventricular dispersion of conduction,
ventricular hypertrophy and microvascular ischemia, increased myofilament calcium sensitivity and
abnormal calcium handling, all play a role as arrhythmogenic determinants. Cardiac imaging studies
provide important information for risk stratification. Transthoracic echocardiography can be helpful
to evaluate left ventricular (LV) wall thickness, LV outflow-tract gradient and left atrial size. Addition-
ally, cardiac magnetic resonance can evaluate the prevalence of late gadolinium enhancement, which
when higher than 15% of LV mass is a prognostic maker of SCD. Age, family history of SCD, syncope
and non-sustained ventricular tachycardia at Holter ECG have also been validated as independent
prognostic markers of SCD. Arrhythmic risk stratification in HCM requires careful evaluation of
several clinical aspects. Symptoms combined with electrocardiogram, cardiac imaging tools and
genetic counselling are the modern cornerstone for proper risk stratification.

Keywords: arrhythmias; genetic testing; hypertrophic cardiomyopathy; HCM; risk score; sudden
cardiac death

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a cardiac muscle disorder characterized
by generally asymmetric abnormal hypertrophy of the left ventricle without abnormal
loading conditions (such as hypertension or valvular heart disease) accounting for the
left ventricular wall thickness or mass [1,2]. In most of the cases, mutations in the genes
encoding sarcomeric proteins are an autosomal dominant trait, responsible for the observed
abnormality [1,2]. It is a quite common disease with an estimated prevalence of 1:500 in the
general population, whereas in children the prevalence is much lower [3-5].

Sudden cardiac death (SCD), mainly caused by potentially fatal and unpredictable
malignant ventricular arrhythmias (VAs) is the most adverse complication of HCM [6,7],
with an annual incidence of SCD of approximately 1% in adult HCM patients and far
higher in subgroups, such as pediatric HCM patients [8]. It may occur as the initial disease
presentation, frequently in asymptomatic or mildly symptomatic young people and even
athletes [9].

Several mechanisms predispose HCM patients to re-entrant VA. Genetic and myocar-
dial substrate, including fibrosis and intraventricular dispersion of conduction, disruption
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of intercalated discs and myofibrillar disarray, ventricular hypertrophy and microvascular
ischemia, increased myofilament calcium sensitivity and abnormal calcium handling all
play a role as arrhythmogenic determinants [10-12]. Precipitating factors include intense
physical exertion and participation in competitive sport or intrinsic features of the disease,
such as left ventricular outflow obstruction, which can trigger life-threatening ventricular
tachyarrhythmias [7].

Pharmacologic therapy has not proved to be effective alone in providing protection
from SCD if compared to implantable cardioverter defibrillators (ICDs). If ICD implan-
tation in secondary prevention is a well-established practice, the real challenge stands in
identifying a special subset of HCM patients who are at high risk of SCD prior to a first
event and would benefit from an ICD [13]. Therefore, systematic arrhythmic risk stratifica-
tion at initial evaluation and then periodically is strongly recommended by current clinical
guidelines [14]. The aim of this review is to highlight and discuss the most important factors
associated with SCD in HCM to guide more comprehensive and exhaustive arrhythmic
risk stratification.

2. Demographic and Clinical Characteristics

SCD can occur independently both in male and female HCM patients. However, the
role of gender is still a matter of debate. While male patients more frequently show fibrosis
on histological examination and consequently usually suffer more often from VA, no study
has succeeded in proving a significant association between sex and SCD [2]. Age is a crucial
point in SCD related to HCM. Given the potential lifetime risk of SCD in HCM patients,
the incidence of SCD is far higher in adolescence and early adulthood, especially in those
under the age of 35, with HCM being the most frequent cause of death in athletes in the
US [15]. It is generally infrequent in patients older than 60 years as proved by Spirito et al.,
who demonstrated a significant reduction in SCD risk with increasing age [16].

Family history of SCD (FHSCD) is one of the major factors associated with arrhythmic
risk in HCM patients. Personal anamnesis positive for FHSCD events, especially if multiple
or occurring at a younger age, carries an increased risk of SCD among individuals of ap-
proximately 20% if compared to family without an obvious family history [17]. Nonetheless,
definitions of FHSCD may vary considerably—with FHSCD generally considered when
one or more first-degree relatives under 40 or 50 years of age dies incidentally within 1 h
(witnessed) or 24 h (asymptomatic observation) after the symptom appears—thus influ-
encing the effective individual’s risk [18]. However, the average hazard ratio of FHSCD
(irrespective of definition) was 1.27 (95% confidence interval (CI) 1.16-1.38) in a systematic
review [19]. Different mechanisms responsible for FHSCD have been pointed out, although
it is often a dilemma to identify the exact cause of death in the relatives. Considering the
genetic nature of the disease, with affected relatives sharing the same genetic defect and
with specific mutations associated with a worse prognosis, the extent of the environmental
exposure cannot be adequately measured, all translating into a significant variability as to
the genotype-phenotype correlation [20,21].

Syncope is defined as a temporary loss of consciousness secondary to transient global
cerebral hypoperfusion. Spirito et al. defined unexplained syncope as syncope “of un-
known origin, when it occurred in circumstances not clearly consistent with a neurally
mediated event, i.e., without apparent explanation at rest or during ordinary daily activities,
or during an intense effort” [16]. Multiple studies have shown that there is a significant
association between unexplained syncope and SCD. In addition, since there are several
causes of syncope in HCM including arrhythmias (sustained ventricular arrhythmias,
supraventricular tachycardias, atrial fibrillation, brady-arrhythmias), exercise-related left
ventricular outflow-tract obstruction (LVOTO), mitral regurgitation, ischemia and microvas-
cular angina, although even neurally mediated syncope (vasovagal and situational) and
orthostatic hypotension are possible, it is very important to deeply analyze the clinical
context in which the syncope takes place [22,23]. Given such a high possibility of causes,
clues from the patient and the witnesses may help. Additional attention should also be



J. Clin. Med. 2023, 12, 3397

3of 14

paid to exertional or recurrent syncope if it occurs in the young and in the recent past
(<6 months) [24].

There is no particular association between NYHA functional class and the risk of
SCD, with SCD being reported in all NYHA classes [25]. However, several factors are
involved in functional limitations in HCM including the degree of diastolic dysfunction,
LVOTO, cardiac ischemia and microvascular angina and atrial arrhythmias, especially atrial
fibrillation (Table 1) [26].

Table 1. Demographic and clinical characteristics associated with the risk of sudden cardiac
death. Legend: CMR = cardiac magnetic resonance, FHSCD = family history of sudden cardiac
death, LVOTO = left ventricular outflow-tract obstruction, NHYA = New York Heart Association,
VA = ventricular arrhythmias.

Sex no significant association male patients show more fibrosis on
CMR and experience VA more often

Age strong association especially in adolescence and early
adulthood
FHSCD strong association particularly if multiple or occurring

at younger ages

Unexplained syncope strong association additional attention required if
exertional or recurrent

O

consider functional limitations,
NYHA class no particular association including degree of diastolic

dysfunction, LVOTO, microvascular
angina and atrial fibrillation

3. Non-Invasive Markers (ECG, Systolic Blood Pressure (SBP) Response to Exercise,
Cardiopulmonary Exercise Test)

3.1. Electrocardiogram and Holter ECG

The twelve-lead electrocardiogram (ECG) has been used to evaluate electrophysiologi-
cal abnormalities in HCM, and some of the ECG parameters including microvolt T-wave
alternans, T-peak/T-end interval, fragmented QRS complexes and QT duration were found
to be well correlated with myocardial fibrosis and arrhythmic events [27,28]. Given its fast
and easy-to-perform evaluation, surface ECG analysis should always be included in each
patient evaluation.

The microvolt T-wave alternans (MTWA) consists of microscopic alternans measured
in microvolts on every heartbeat and is evidenced in the amplitude or the morphology of
the T-wave. The alternation of T-waves in patients with HCM may possibly be explained as
a result of inhomogeneous action, potential propagation and heterogeneous repolarization
due to abnormal cell-to-cell conduction [29]. Ozyﬂmaz Setal. tried to assess the relationship
between the presence of MTWA and the predicted 5-year risk of SCD among patients with
hypertrophic cardiomyopathy (HCM). Authors found that patients with MTWA on a Holter
ECG had higher risk of ventricular arrhythmias [30].

Akboga et al. [31] tried to evaluate the electrocardiographic T-wave peak to end
interval (Tp—e) and Tp—e/QT corrected (QTc) ratio among patients with HCM. The patients
were divided into two groups: those with VA (n = 26) and those without VA (n = 40). Tp—e
interval was significantly longer and Tp—e/QTc ratio were significantly higher in HCM
patients with VA.
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The fragmented QRS (fQRS) complex reflects intraventricular conduction delay and
may then be a superficial marker for myocardial fibrosis. Myocardial fibrosis in HCM
patients usually has a patchy distribution, and it may not always be detected by patho-
logical Q-waves on a 12-lead ECG. Konno T. et al. demonstrated that fQRS may have a
substantially higher sensitivity and diagnostic accuracy if compared to pathological QRS
in detecting myocardial fibrosis in HCM patients [32]. Considering its strong association
with myocardial fibrosis, according to Ki-Woon Kang et al., fQRS may be a good candidate
marker for prediction of VA in HCM patients [33].

Non-sustained ventricular tachycardia (NSVT), defined as three or more consecutive
ventricular beats with a frequency of at least 120 beats per minute (bpm) lasting for less
than 30 s, and not causing hemodynamic instability, is a very common finding in HCM
patients and is often documented in Holter monitoring [34].

NSVT is more frequent with increasing hypertrophy, which may automatically reflect
an increased grade of fibrosis and myofibrillar disarray, which themselves are useful
predictors of the intrinsic arrhythmic risk of the disease [35,36].

Maron et al. [37] and McKenna et al. [38] showed that in HCM patients NSVT is more
common in SCD patients. However, several studies examined the relationship between
NSVT and SCD in HCM patients with a prevalence of NSVT ranging between 17% and
32% due to a non-uniform NSVT definition [39,40]. Even though a high incidence rate of
NSVT (approximately 20-30%) in HCM patients over the age of 40 is reported, the risk of
SCD linked to NSVT seems to be lower in older patients. According to Monserrat et al.,
a 4-fold increase in the risk of SCD was observed in patients aged <30 years with NSVT,
(univariable HR, 4.35; 95% CI, 1.54-12.28; p = 0.006), but no effects were observed in older
patients (univariable HR, 2.16; 95% CI, 0.82-5.69; p = 0.1), with frequency, duration and rate
of NSVT not having predictive value [41].

3.2. Systolic Blood Pressure (SBP) Response to Exercise

An abnormal blood pressure response to exercise testing, defined as either a drop of at
least 20 mmHg during effort or a failure to increase from rest to peak exercise by at least
20 mmHg, is a quite common finding in HCM patients, occurring in more than one out of
three HCM patients [42].

Several mechanisms have been studied and are believed to be responsible for this phe-
nomenon, including a hemodynamic hypothesis with an inappropriate drop in systemic vas-
cular resistance, despite an appropriate increase in cardiac output, and/or LVOTO [43,44].
Although the prognostic role of systemic blood pressure response to exercise is still de-
bated [45], it has been introduced as an additional risk factor from the European society of
Cardiology (ESC) SCD 2022 guidelines and should be evaluated among patients with an
intermediate SCD risk.

3.3. Cardiopulmonary Exercise Test

Cardiopulmonary exercise testing (CPET) data have been shown to improve the risk
stratification of patients with heart failure. In the context of hypertrophic cardiomyopathy,
a reduced oxygen consumption peak, an increased ventilation/carbon dioxide production
slope and chronotropic incompetence correlate with a worse prognosis [46].

Two research groups of Magri et al. [47] and Masri et al. [48] showed that a reduced
VO2 peak (i.e., <50%) and high VE/VCO?2 slope are associated with overall mortality and
SCD in HCM. Recently, the 2020 Guidelines on sports cardiology from ESC included in
the indications for the execution of CPET the evaluation of exercise-induced symptoms or
arrhythmias and the assessment of systolic blood pressure changes during exercise [49]
(Table 2).
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Table 2. Non-invasive test and prognostic role in patients with hypertrophic cardiomyopathy.

Type of Test Evaluation Prognostic Role
Holter ECG Non—susta.med ventricular .
tachycardia Can stratify arrhythmic risk

Exercise Testing Systolic blood pressure during O

exercise test Prognostic role is still debated
Cardiopulmonary Exercise Vo2 peak$Ve /Veo2 Reduced Vo2 peak (<50%);
Test High Ve/Vco2 slope is associated

with overall mortality

4. Role of Genetics

HCM is an autosomal-dominant genetic cardiomyopathy, and mutations in the genes
encoding sarcomeric proteins are identified in 30-60% of index cases. Eight sarcomeric
gene mutations are the most common described in literature for HCM: MYBPC3, MYH7b,
MYL2, MYL3, TNNT2, TNNI3, TPM1 and ACTC1 (Table 3) [14]. The rate of major adverse
cardiovascular events (MACEs) and premature death is significantly higher in patients
carrying mutations in the genes encoding sarcomeric proteins than in negative ones [50].
Several analyses have shown that the presence of a mutation in the gene encoding sar-
comeric proteins carries a more than 2-fold increased risk for all outcomes, including
ventricular arrhythmias, which are more frequent in this group of patients [51]. Mutation of
the MYHY gene is associated with a more aggressive phenotype, characterized by younger
onset age, higher degree of left ventricular hypertrophy and higher risk of SCD, resulting
in a poor prognosis [52]. This group of patients also suffers from a higher incidence of
atrial fibrillation (AF), which is associated with other risk factors such as left atrium (LA)
enlargement, left ventricle (LV) wall thickness and LV outflow-tract obstruction. Compared
with MYH7 gene mutation, patients with MYBPC3 mutation usually develop the disease at
a later age and have a favorable progression of the disease although they are associated
with a non-negligible risk of SCD compared to the healthy population. Because of the
high risk, intense exercise should be routinely discouraged, especially in patients with the
MYH7 gene mutation. Mutations in the TNNT2 gene may manifest with mild LV wall
thickening but have more severe myocyte disarray, younger patients and a high incidence
of SCD [53]. Given the clinical profile, patients carrying mutations in the genes encoding
sarcomeric proteins should benefit from more intensive clinical surveillance. The ESC
2022 guidelines recommend genetic counselling and testing in all HCM patients (Class I,
Level B), emphasizing the value of the genotype in guiding clinical management and
determining prognosis [14]. They also represent an additional risk factor for HCM patients
at intermediate SCD risk [14].

Table 3. Sarcomeric gene mutation described in hypertrophic cardiomyopathy.

Gene Population Frequency Protein
Thick Myofilament Protein
MYBPC3 25% Myosin binding protein-
MYH7B 20% Myosin heavy chain
MYL2 <1% Regulatory myosin light chain

MYL3 <1% Essential myosin light chain




J. Clin. Med. 2023, 12, 3397

6 of 14

Table 3. Cont.

Gene Population Frequency Protein

Thin Myofilament protein:

TNNT2 1.3% Cardiac troponin T
TNNI3 1.3% Cardiac troponin I
TPM1 >5% Tropomyosin

ACTC1 <1% Cardiac x-actin

5. Cardiac Imaging (Echocardiogram and Cardiac Magnetic Resonance)

Cardiac imaging plays a crucial role in management of HCM patients. The gold stan-
dard for diagnosis of HCM, assessment of treatment efficacy and prognosis is transthoracic
echocardiography supported by cardiac magnetic resonance (CMR) imaging, which plays
a central role in the diagnostic process. In 2014, the ESC validated an SCD risk prediction
model that provides a 5-year SCD risk score for HCM patients. Echocardiography provides
three of the seven parameters required in the 5-year SCD risk stratification score (LV wall
thickness, LA size, LVOT gradient) [54]. LV hypertrophy is associated with increasing
prevalence of NSVT and exercise-induced VAs. Several studies showed a significant cor-
relation between severe hypertrophy of LV and SCD. Severe left ventricular hypertrophy
(LVH) may contribute to SCD due to its effects on myocardial architecture, intramural small
vessel disease and mass-to-coronary flow mismatch. A cut-off of maximum wall thickness
>30 mm was used to indicate severe hypertrophy and was seen to be independently asso-
ciated with SCD [2]. The LV wall thickness must be measured accurately at end-diastole,
and elements attached to but not incorporated in the septum, such as papillary muscles,
false tendons and right ventricular (RV) trabeculation, should be excluded because wall
thickness could be overestimated. Left atrial diameter, quantified with echocardiography in
the parasternal long axis, has been associated with SCD in HCM. AF and left atrial size may
reflect the risk of SCD, as they may both relate to atrial remodeling secondary to increasing
ventricular fibrosis, which makes the myocardium more susceptible to arrhythmias [7].
Diastolic dysfunction is common in HCM and results in elevated filling pressures and left
atrial dilatation, so it is also a predictor of arrhythmic events. Patients with a restrictive
diastolic filling pattern have adverse outcomes and should be observed closely. LVOTO
is caused by systolic anterior movement of the mitral valve into the outflow tract, which
creates a physical barrier impeding the flow of blood from the ventricle to the aorta during
systole. Significant dynamic obstruction is defined as the presence of an instantaneous
peak basal gradient >30 mmHg or after provocative maneuvers (Valsalva, standing and
exercise) >50 mmHg [55]. Several studies reported a significant association between SCD
and LVOTO. LVOTO can cause SCD either through a severe reduction in cardiac output
or by myocardial ischemia due to the increase in left ventricular filling pressure, thus
creating a substrate for ventricular arrhythmias. Although not included in the ESC risk
calculator, additional factors, including LV systolic dysfunction, apical aneurysm, extensive
LGE on CMR and presence of sarcomeric mutations, should be considered as possible
modifiers of SCD risk [14]. Approximately 2-5% of patients with HCM, typically those
with mid-ventricular hypertrophy, develop a left ventricular apical aneurysm associated
with regional scarring. A higher incidence of clinical events during follow-up have been
reported in this subgroup, including SCD and ventricular arrhythmia [6]. CMR allows
accurate measurement of LV wall thickness, LV mass and LV ejection fraction and is the
gold standard method for tissue characterization and volumetric evaluation of cardiac
chambers. The extent of myocardial scarring on CMR has been shown to predict HCM-
related adverse events. Myocardial fibrosis plays a central role in the genesis of arrhythmias
through mechanisms of dispersion of electrical activity and formation of re-entry circuits
that are responsible for the genesis of ventricular arrhythmias; this, as assessed by CMR,
is independently associated with the occurrence of NSVT [56]. LGE is present in 65% of
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HCM patients, typically in a patchy mid-wall pattern in areas of hypertrophy and at the
anterior and posterior RV insertion points (Figures 1 and 2). A multicenter study found a
linear correlation between the risk of SCD and amount of LGE. Extensive LGE on CMR
defined as >15% of LV mass has been suggested as good predictor of SCD and appropriate
ICD therapies in adults [57].

Figure 1. Asymmetric hypertrophic cardiomyopathy; thickening of the interventricular septum which
can be evaluated with the T1-TSE four-chamber sequences (a); no evident edema in the short axis
T2-STIR sequence (b); irregular deposits of mesocardial paramagnetic contrast medium in PSIR-TFE
sequences in four chambers for the study of “late gadolinium enhancement” (c); T1 mapping analysis
showing a diffuse increase in signal of the various segments of the walls of the left ventricle as from
minimal diffuse interstitial fibrotic deposits (d).
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Figure 2. Apical hypertrophic cardiomyopathy with concentric thickening of the left ventricular
wall at four-chamber T1-TSE sequences (a); absence of edema at four-chamber view T2-STIR se-
quence (b); slight increase in meso-subendocardial signal evident in PSIR-TFE sequences in four
and two chambers for the study of “late gadolinium enhancement” (c,d) compatible with minimal
fibrotic deposits.

6. Programmed Electrical Stimulation for Risk Stratification

The role of programmed electrical stimulation (PES) to stratify arrhythmic risk in
HCM patients is still controversial. Moreover, most of the studies on the topic date back to
the 1980s and are difficult to apply nowadays as most of the studied patients undergoing
PES would now be considered high risk by current guidelines and thus already eligible for
ICD implantation [58].

The largest study, performed in the late 1980s, proved that induction of ventricular
arrhythmias with aggressive PES resulted in a 5-year survival decrease [59]. Aggressive
stimulation protocol was able to induce polymorphic ventricular tachycardia (VT) in 76%
of inducible patients, with polymorphic VT being the most commonly induced arrhythmia.
Geibel et al. studied the effect of PES in HCM patients with or without documented VA
through a standardized stimulation protocol [60]. In HCM patients, a stimulation protocol
with up to two extra stimuli was sufficient to identify patients with documented sustained
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monomorphic VT, although there may be some problems with specificity. The sample was
very small, which prevented further conclusions from being drawn.

On the other hand, more recently, according to Gatzoulis et al., inducibility at PES
predicts SCD or appropriate device therapy in HCM and non-inducibility is associated
with prolonged event-free survival [61].

At the moment, no explicit consensus on when to perform PES in HCM patients for
arrhythmic risk stratification has been approved, and PES is not considered for arrhythmic
risk stratification in current guidelines due to its invasiveness and also due to the fact that
VAs induced by PES are still considered non-specific [14].

7. Clinical Score

Despite the fact that SCD in HCM patients is a rare event, it still remains the most
adverse and fearsome complication, especially considering that it often occurs in asymp-
tomatic patients and without premonitory symptoms. As a result, identifying a special
subset of HCM patients at increased risk for SCD in primary prevention is to be considered
a great clinical challenge, and several studies over decades have tried to recognize major
clinical risk markers to stratify HCM patients at high risk for SCD who would benefit from
an implantable cardioverter defibrillator (ICD) [62]. In addition, both the risk stratification
strategy and the spread of ICDs into clinical practice have contributed to cutting disease-
related mortality rates. Therefore, the need for arrhythmic risk stratification became a
prevalent issue and led the scientific community to develop clinical risk scores. Over the
past 20 years, two major risk stratification systems have been incorporated in the clinical
practice according to the American College of Cardiology/American Heart Association
(ACC/AHA) [63] and the ESC [54] (Table 4).

Table 4. Clinical score proposed by European society of cardiology (HCM RISK-SCD) and Amer-
ican heart association (AHA-HCM-SCD) for sudden cardiac death risk stratification. Legend:
CMR = cardiac magnetic resonance, LV = left ventricle, LA = left atrium, LVOT = left ventricular
outflow tract, NSVT = non-sustained ventricular tachycardia, LGE = late gadolinium enhancement,
SCD = sudden cardiac death.

Clinical Score for SCD in HCM HCM RISK-SCD (2014) AHA-HCM-SCD (2020)
Age /
Family History Of SCD /
Syncope /
LV Apical Aneurysm

LV Systolic Dysfunction
Maximal LV Wall Thickness
LA Size
LVOT Gradient

COSS

NSVT at Holter ECG
LGE at CMR

COOCCRCass

ACC/AHA guidelines focus on a comprehensive analysis of non-invasive risk markers
to identify patients most likely to benefit from an ICD in primary prevention, which is
recommended to be performed at initial evaluation and every 1 to 2 years thereafter [63].

The American guidelines identify major risk factors for SCD: sudden death judged
definitively or likely attributable to HCM in >1 first-degree or close relatives who are
<50 years of age; massive LVH > 30 mm in any LV segment; >1 recent episodes of syncope
suspected by clinical history to be arrhythmic (i.e., unlikely to be of neurocardiogenic
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(vasovagal) etiology or related to LVOTO); LV apical aneurysm, independent of size; LV
systolic dysfunction (EF <50%). According to these guidelines, if any of these major risk
factors is present, ICD implantation is reasonable (class 2a indication).

If the decision to proceed to ICD implantation is still uncertain or the HCM patient
does not seem to have increased risk of SCD after assessment of the previous risk factors,
ICD may be considered in patients with extensive LGE determined by contrast-enhanced
CMR imaging or NSVT present on ambulatory monitoring (class 2b indication in HCM
patients aged > 16 years; class 2a indication in HCM patients aged <16 years).

Moreover, additional parameters, including left atrial diameter and maximal LVOT
gradient, may be considered to calculate an estimated 5-year SCD risk through a predictive
risk score calculator available online (https:/ /professional.heart.org/en/guidelines-and-
statements/hcm-risk-calculator accessed on 15 February 2023) to assist shared decision-
making between the physician and the patient for HCM patients >16 years old.

ESC guidelines [54] propose a more quantitative approach to SCD prediction through
a score that predicts the 5-year risk for SCD. Seven factors have been included: age, LV wall
thickness, LA size, LVOT gradient, NSVT, unexplained syncope and family history of SCD.
Using a multivariable regression model, an online calculator has been created, and HCM
patients are therefore stratified into a low (<4%), intermediate (with a risk of 4 to less than
6%) and high (>6%) 5-year risk of SCD.

According to ESC Guidelines, in patients with a low 5-year risk of SCD, an ICD is
generally not indicated, whereas in patients with a high 5-year risk, an ICD should be
considered. In patients at intermediate risk, an ICD may be considered, taking into account
the risks and benefits of ICD implantation as well as the patient preferences in a view of a
more individualized approach.

The ESC risk score was later validated with variable results by several research
groups [64,65].

Neither the AHA-HCM-SCD calculator nor the ESC-HCM Risk-SCD score have been
validated in the following cohorts of patients and therefore should not be used in pediatric
patients (<16 years), elite/competitive athletes, HCM associated with metabolic diseases
(e.g., Anderson-Fabry disease) and syndromes (e.g., Noonan syndrome).

Regarding risk stratification for SCD in pediatric patients, important news came from
the ESC guidelines of 2022 [14]. These guidelines introduce The HCM Risk-Kids score [66]
that has been developed and externally validated [67] for children with HCM (1-16 years
of age). It includes unexplained syncope, maximal LV wall thickness, large left atrial
diameter, low LVOT gradient and NSVT (https:/ /hcmriskkids.org accessed on 15 February
2023). In contrast to adults’ risk score, the age and family history of SCD did not improve
its performance.

The American guidelines, however, do not yet accept a pediatric risk score. For
the AHA/ACC 2020 guidelines on HCM, the decisions of ICD placement in pediatric
patients must be based on individual judgment for each patient, taking into account all
age-appropriate risk markers.

8. Future Perspectives

The increasing knowledge in several fields will provide additional insight for bet-
ter risk stratification. Indeed, several novel approaches for left ventricular outflow tract
may reduce arrhythmic risk. Apart from interventional therapy with surgery or radiofre-
quency [68], novel pharmacological treatment with selective and reversible inhibitors of
the cardiac myosin ATPase have been demonstrated to provide improvement in exercise
capacity, NYHA functional class and reduction in LVOT gradient [69]. Moreover, apart
from cardiac magnetic resonance quantification of LV scars, novel software that evaluate
scar features including border zone and conducting channels mass can better predict ICD
intervention and therefore could be included in arrhythmic risk stratification [70]. All
these data will be combined through artificial intelligence that could stratify different risk
phenotypes [71].
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9. Conclusions

Arrhythmic risk stratification in HCM requires careful evaluation of several clinical
aspects. Symptoms combined with electrocardiogram, cardiac imaging tools and genetic
counselling are the modern cornerstone for proper risk stratification.
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