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Hypertrophic cardiomyopathy (HCM) is a myocardial disorder characterized by left
ventricular (LV) hypertrophy, which cannot be entirely attributed to loading conditions
such as valve or congenital heart disease or hypertension [1,2]. This condition is relatively
common, with a prevalence of 1:250-500 individuals, and is linked to increased rates of
mortality and morbidity [2]. In recent years, the body of knowledge concerning the genetic
underpinnings, natural history, risk assessment, and management of HCM has grown.

In this Special Issue, experts in the field delve into these topics through comprehensive
reviews and original articles that explore the molecular basis, the role of genetic testing,
risk stratification for sudden cardiac death (SCD), atrial fibrillation, and management of
HCM. This Special Issue includes 10 articles, and we are delighted to introduce them to the
readers of the Journal of Clinical Medicine.

1. Molecular Basis and Genetic Testing

In 40-60% of HCM cases, the disease is inherited as a Mendelian autosomal dom-
inant condition with variable penetrance, associated with pathogenic variants in genes
encoding proteins of the cardiac sarcomere [1]. An additional 5-10% of cases are caused by
pathogenic variants in genes responsible for conditions mimicking the sarcomeric HCM
phenotype [3], such as malformative syndromes (e.g., RASopathies) [4-6], storage diseases
(e.g., Pompe disease, Fabry disease) [7], infiltrative conditions (e.g., cardiac amyloidosis) [8],
and mitochondrial /neuromuscular conditions (e.g., Friedreich ataxia) [8-10]. Therefore,
genetic testing plays a crucial role in identifying the underlying aetiology and guiding
family screening and treatment [9].

In this Special Issue, the role of genetic testing in HCM is extensively discussed. Melas
et al. describe the main genes implicated in the aetiology of HCM, define the role of
diagnostic genetic panels (e.g., next-generation sequencing, whole-exome sequencing, and
whole-genome sequencing), and introduce the potential of gene therapy in patients with
HCM [10]. In contrast, Lawley et al. emphasize the importance of conducting clinical and
genetic screening among paediatric family members of individuals with HCM [11]. Genetic
testing should always be prescribed after comprehensive genetic counselling, which aims
to educate patients and their families about the benefits and constraints of genetic testing,
the genetic aspects related to the disease, and the potential for passing on the condition to
their relatives [1]. In their comprehensive review, Girolami et al. address and deliberate on
the most commonly posed questions by HCM patients, drawing on their extensive 20-year
experience in genetic counselling [12].

2. Risk Stratification for Sudden Cardiac Death

SCD has historically been considered the most visible and tragic complication in
patients with HCM [13]. Over the past two decades, several risk factors for SCD have
been identified, leading to the development of various models and algorithms for the
placement of implantable cardioverter-defibrillators (ICDs) in primary prevention [14]. The
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risk assessment for patients with HCM involves a comprehensive clinical evaluation, which
includes clinical and family history, ECG, and imaging tests, with a focus on identifying
major risk factors [1,2].

The risk stratification model proposed by the European Society of Cardiology guide-
lines on the management of cardiomyopathies suggests estimating the 5-year risk of SCD
using the HCM-risk score and individualizing ICD implantation based on the estimated
risk [1,15]. In contrast, the American College of Cardiology/American Heart Association
recommends ICD placement in patients with at least one major risk factor associated
with SCD [2,16]. Additionally, specific risk models have been proposed for paediatric
patients [17,18].

In this Special Issue, Santoro et al. provide a comprehensive review that summarizes
the risk factors associated with SCD in patients with HCM and discusses the different
algorithms for ICD implantation [19].

3. Atrial Fibrillation

Atrial fibrillation (AF) is a prevalent cardiac rhythm disorder in HCM and is linked
with increased morbidity and mortality [20]. Risk factors for AF in patients with HCM
include advanced age, increased body mass index, disease severity, and left atrial enlarge-
ment [20].

Sleep apnoea is the most common type of sleep-disordered breathing. Its prevalence
among patients with AF is approximately 50% and is likely related to the association
between sleep apnoea and left atrial remodelling [21]. However, studies exploring the
association between sleep apnoea and AF in HCM individuals are limited. Xu et al.
aimed to investigate the association between obstructive sleep apnoea and central sleep
apnoea and the prevalence of AF in this condition [22]. The authors observed that 56% of
patients had obstructive sleep apnoea and 4% had central sleep apnoea. Additionally, both
obstructive and central sleep apnoea were independently associated with AF, indicating the
importance of considering sleep apnoea screening as part of AF management in individuals
with HCM [22].

4. Pharmacological Treatment

The primary objectives of pharmacological treatment in HCM encompass the manage-
ment of symptoms, lowering dynamic intraventricular gradients, addressing LV systolic
dysfunction and HF, managing arrhythmias, and preventing cardioembolic events in pa-
tients with AF [23].

Beta-blockers are considered the first-line therapy for managing LV outflow tract
(LVOT) obstruction [1,23,24]. For individuals experiencing persistent symptoms that are
unresponsive or partially responsive to initial treatment, disopyramide may be considered
as a secondary therapeutic option [1,23]. Nevertheless, information regarding the safety
and effectiveness of disopyramide is limited to a small number of investigations. Maurizi
et al. sought to assess the efficacy of disopyramide in addressing LVOT obstruction in
HCM patients [25]. Among 118 patients treated with disopyramide, 28 (24%) showed a
complete response (defined by reaching the New York Heart Association (NYHA) class
I'and an LVOT gradient <30 mmHg), 39 (33%) were incomplete responders (defined by
a NYHA class >I and an LVOT gradient <30 mmHg), and 51 (43%) were non-responders
(defined by no changes in NYHA class and an LVOT gradient >30 mmHg). NYHA class
I/1I was identified as an independent predictor of response to disopyramide treatment.
Eighty patients (69%) showed prolonged QTc interval. However, no major drug-related
adverse events were observed. The authors concluded that disopyramide can effectively
reduce both LVOT gradients and symptoms in patients exhibiting less severe disease
characteristics, all while maintaining a favourable arrhythmia safety profile [25].

Recently, an improved comprehension of the underlying causes of HCM has paved the
way for the creation of treatments specifically designed to target the underlying substrate,
emphasizing the need for an aetiological characterization of patients with HCM [26]. Thus,
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Ottaviani et al. furnish a comprehensive overview of the present clinical approaches and
delve into emerging therapeutic avenues for sarcomeric HCM, with particular attention to
cardiac myosin inhibitors [27].

5. Invasive Strategies

Transaortic septal myectomy is considered as the preferred treatment choice for the
majority of patients experiencing symptomatic LVOT obstruction that does not respond to
medical treatment [2,28]. Myectomy yields instant and enduring elimination of the outflow
obstruction and might contribute to atrial and ventricular reverse remodelling [29]. In
cases where myectomy cannot be pursued, percutaneous alcohol septal ablation emerges
as the most common alternative for addressing LVOT obstruction in HCM patients, with
the advantage of shorter hospital stay with a risk of complications similar to myectomy
when performed in high-volume centres [2,30]. The decision between myectomy and
alcohol septal ablation is based on different variables, including age, comorbidities, centre
experience, coronary artery anatomy, and patient preference, among others [2].

Lebowitz et al. provide a detailed review with the aim of discussing the indications
of surgical myectomy and alcohol septal ablation, summarizing and comparing the novel
techniques for the management of obstructive HCM and offering suggestions for the
management of patients with complex presentations [31].

In addition, two different articles on the role of alcohol septal ablation are provided
in this Special Issue. In their review, Gragnano et al. [32] provide a concise summary of
the current evidence concerning alcohol septal ablation. In addition, they underscore the
critical importance of assembling a multidisciplinary team of HCM experts comprising
clinical and interventional cardiologists, along with cardiac surgeons who have substantial
expertise in managing patients with obstructive HCM [32]. Furthermore, Alyaydin et al.
investigate the differences related to sex among adults with HCM who undergo alcohol
septal ablation. They observed that women tend to present at a more advanced age and
with more severe symptoms and that the procedure is safe and effective for both sexes, with
advanced age at the time of the intervention as an independent predictor of mortality [33].

The Editors hope that readers of this Special Issue will find it of interest.
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Abstract: Background: Hypertrophic obstructive cardiomyopathy (HOCM) is a heterogeneous
disease with different clinical presentations, albeit producing similar dismal long-term outcomes
if left untreated. Several approaches are available for the treatment of HOCM; e.g., alcohol septal
ablation (ASA) and surgical myectomy (SM). The objectives of the current review were to (1) discuss
the place of the standard invasive treatment modalities (ASA and SM) for HOCM; (2) summarize and
compare novel techniques for the management of HOCM; (3) analyze current guidelines addressing
HOCM management; and (4) offer suggestions for the treatment of complex HOCM presentations.
Methods: We searched the literature and attempted to gather the most relevant and impactful
available evidence on ASA, SM, and other invasive means of treatment of HOCM. The literature
search yielded thousands of results, and 103 significant publications were ultimately included.
Results: We critically analyzed available guidelines and provided context in the setting of patient
selection for standard and novel treatment modalities. This review offers the most comprehensive
analysis to-date of available invasive treatments for HOCM. These include the standard treatments,
SM and ASA, as well as novel treatments such as dual-chamber pacing and radiofrequency catheter
ablation. We also account for complex pathoanatomic presentations and current guidelines to offer
suggestions for tailored care of patients with HOCM. Finally, we consider promising future therapies
for HOCM. Conclusions: HOCM is a heterogeneous disease associated with poor outcomes if left
untreated. Several strategies for treatment of HOCM are available but patient selection for the
procedure is crucial.

Keywords: hypertrophic obstructive cardiomyopathy; septal myectomy; alcohol septal ablation; left
ventricle outflow tract obstruction; mitral valve surgery
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common genetic heart disease,
affecting about one in 200-500 people, but only a minority of cases (10-20%) are identified
clinically [1,2]. It results from a genetic disorder with an autosomal dominant inheritance
pattern caused by mutations in sarcomere proteins [3]. These mutations manifest pheno-
typically with myocardial hypertrophy and a small left ventricular cavity [3]. A subset of
people with HCM have an obstructed left ventricular outflow tract (LVOT), which is the
hallmark of hypertrophic obstructive cardiomyopathy (HOCM) [3]. One of the potential
long-term effects of HOCM is heart failure (HF), and patients are at an increased risk
of sudden cardiac death (SCD). Thus, intervention is critical in patients with advanced
HOCM. The gold-standard treatment for HOCM is surgical septal myectomy (SM), in
which a portion of the interventricular septum is removed to decrease LVOT obstruction
(LVOTO) [4]. Alcohol septal ablation (ASA) is an alternative treatment for HOCM. This is a
minimally invasive, intravascular procedure in which absolute alcohol is injected into the
ventricular septal myocardial vasculature to induce necrosis of septal myocytes, thereby
decreasing septal thickness and related LVOTO [5]. Although ASA is favorable in terms of
invasiveness and recovery, SM is still considered the primary intervention for HOCM [5].

Importantly, there is a distinct advantage to invasive management over medical
treatment of HOCM patients [6]. Indeed, more recently, other contributing factors in
LVOTO were disclosed: the mitral valve (MV) and its subvalvular apparatus (SVA). It
is noteworthy that in some patients with HOCM, the mechanism of LVOTO is entirely
independent of septal hypertrophy. However, lengthened anterior mitral leaflet, bifid
papillary muscles, and abnormal chordal attachment may also be causally associated with
LVOTO [7]. Given this knowledge, treatment of the mitral valve and subvalvular apparatus
should be considered along with SM where indicated [8].

Defining the appropriate treatment for HOCM might be challenging due to the extreme
heterogeneity of the disease. SM with or without MV procedures and ASA are well
recognized options for treatment [9]. The best approach, however, is still a matter of debate,
and a patient-tailored approach represents a critical and necessary process.

2. Left Ventricular Outflow Tract Obstruction—QOutcomes If Left Untreated

About two thirds of patients with HCM present with LV cavity obstruction, accounting
for a diagnosis of HOCM [10]. Mechanisms of LVOTO in HOCM are many, including isolated
massive septal hypertrophy; systolic anterior motion (SAM) of the MV, in which the MV
leaflet contacts the septum during systole; papillary muscle (PM) anomalies; and mitral leaflet
anomalies [11]. Furthermore, these mechanisms may intervene in an isolated or associated
fashion. The definition of LVOTO is dynamic outflow pressure >30 mmHg; this phenomenon
is typically considered hemodynamically important when pressure >50 mmHg [11].

Patients with HCM and HOCM are at an increased risk of arrhythmogenic SCD [10].
This risk of SCD in HOCM does not have a correlation with LVOT gradient severity [1]
and, therefore, is not only present in symptomatic individuals but also in those who are
young and asymptomatic, including young athletes [8] in whom HCM is the most common
cause of SCD [1]. Implantable cardioverter defibrillators (ICDs) are an effective treatment
for terminating these potentially lethal ventricular arrhythmias. Complications related
to the ICD implant, however, besides procedural complications [10], include inappropri-
ate discharge and related anxiety and mental anguish. The decision to implant an ICD
requires risk stratification. Risk factors for SCD include: patient history of ventricular
fibrillation, sustained ventricular tachycardia, non-sustained ventricular tachycardia, or
unexplained syncope; maximum left ventricular wall thickness >3 cm; abnormal blood
pressure response during exercise; and family history of SCD in the setting of HCM [12].
Recently, late gadolinium enhancement on cardiac magnetic resonance imaging, a surrogate
of myocardial fibrosis, apical aneurysms, and systolic dysfunction (LVEF < 50%), have been
identified as significant risk factors for SCD [11].
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The 2020 AHA /ACC guidelines offer the latest and, as yet most comprehensive de-
scription of SCD risk in patients with HCM. This document provides an algorithm for risk
assessment, which helps to inform providers on the necessity of ICD implantation [13].
Prior to this, the 2014 ESC guidelines offered a formula which incorporates clinical vari-
ables to generate a risk score (SCD risk score > 6% is considered high and calls for ICD
implantation) [11,12].

The superiority of invasive over medical treatment has been demonstrated. Indeed,
Ball et al. analyzed 649 HOCM patients with resting LVOTO and compared invasively and
conservatively treated groups. This study showed significantly lower mortality at 1-, 5-, and
10 years in the invasive group compared to the conservative cohort [14]. Therefore, patients
with HOCM represent a unique opportunity to decrease the risk of SCD through septal
reduction therapy. Although septal reduction has yet to be indicated for the reduction
of SCD risk, a growing body of evidence supports that SM and ASA do decrease risk for
SCD [10].

Heart failure is a known long-term outcome of untreated and refractory HOCM [10].
Patients treated with SM have a reduction in LVOTO and excellent long-term outcomes
equivalent to the general population and superior to HOCM patients treated conserva-
tively [4,15]. ASA is also a safe and effective treatment for HOCM, with good long-term
survival compared to the general population and to those treated with SM [16,17].

The LVOT gradient itself may present an alternative method of risk stratification for
patients with HOCM. This concept was observed in Lu et al.’s study, which stratified
patient prognosis (using a composite adverse event rate) according to LVOT gradients.
They found that patients with the best prognosis had a provoked LVOT gradient between
30-89 mm Hg, while a resting LVOT gradient >30 mm Hg was associated with the worst
prognosis. Patients with a provoked LVOT gradient <30 mm Hg or >90 mm Hg fell into an
intermediate risk category [18].

3. Invasive Management: Alcohol Septal Ablation

ASA is a minimally invasive procedure with a shorter recovery time compared to
SM. These factors make it an attractive option for many HOCM patients without a clear
indication for SM, such as requiring a concomitant MV procedure. Several studies have
demonstrated the safety and efficacy of ASA; in one retrospective analysis of 952 patients
who underwent ASA, Batzner et al. reported a 95.8% 5-year survival [19]. A separate,
multinational study of 1275 ASA patients determined 1-, 5-, and 10-year survival to be 95%,
89%, and 77%, respectively [17].

Despite this promising data, ASA also carries significant risks. In a smaller study of
80 ASA patients, permanent pacemaker implantation was required in almost 10% of the
treated patients, 10% required a re-do ASA and 2.5% went on to require SM, despite the
initial procedure providing a significant reduction in septal thickness [20]. Batzner et al.
demonstrated that 10.5% of patients required placement of a permanent pacemaker at
the time of ASA, 1.9% required subsequent SM, and 5.1% required pacemaker placement
after ASA [19]. Another study of 91 HOCM patients who underwent ASA found that
approximately one in three patients had major complications, including cardiac death.
Additionally, most complications were late, indicating the long-term risks associated with
ASA [21].

The above-mentioned data are relevant in evaluating ASA for the treatment of HOCM,
but other factors, including provider experience, must also be considered. A retrospective
analysis by Veselka et al. addressed clinical experience as a determinant of ASA out-
comes [22]. This study, including 1310 ASA patients at multiple clinical centers, analyzed
differences between the first 50 patients (“first-50”) and subsequent patients (“over-50")
treated at each center. Significant findings between the first-50 and over-50 groups included
a reduction in major cardiovascular adverse events from 21% to 12%. Additionally, the
following significant outcomes were determined for the over-50 group: less major adverse
events and cardiovascular mortality; less self-reported dyspnea of New York Heart Associ-
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ation (NYHA) class III and IV; less likelihood of having an LVOT gradient >30 mm Hg; and
less likelihood of having a repeated septal reduction therapy [22]. Another study from the
Mayo Clinic demonstrated the excellent outcomes of ASA at experienced centers, showing
no significant difference in survival at a 5.7-year average follow-up compared to age- and
sex-matched patients who underwent SM [16].

Age is yet another important factor to consider when discussing the safety of ASA for
the treatment of HOCM. An analysis of 1197 patients with HOCM who underwent ASA
aimed to elucidate outcomes between patients </= 50 years old (“young”), 51-64 years
old (“middle-aged”), and >/= 65 years old (“older”); it was found that young patients had
a significantly lower 30-day mortality and pacemaker implantation incidence than older
patients. Additionally, young patients had a significantly reduced annual mortality rate
compared to middle-aged and older patients [23].

Overall, available data suggest that ASA is a safe procedure, especially in younger
patients, with a reduced length of recovery compared to myectomy. Significant drawbacks
to discuss with patients, however, include the relatively high risk of permanent pacemaker
implantation and re-intervention either via re-do ASA or the more invasive SM. Finally,
any patient seeking treatment with ASA should be referred to a highly experienced center
of clinical excellence for optimal outcomes. Evidence on ASA is further gathered in Table 1.

Table 1. Summary of the salient characteristics and results of studies on alcohol septal ablation for
the treatment of hypertrophic obstructive cardiomyopathy discussed in this review.

Authors

Institution

N Average Average
Symptomatic  (Patients Pre-ASA Post-ASA
Status with LVOT LVOT Major Outcomes
Pre-ASA Pre-ASA Gradient Gradient
MR) (mm Hg) (mm Hg)

N
(Total)

Batzner et al.

[19]

KWM
Standort
Juliusspital,
Germany

- Significant reduction in
LVOT gradient

- Estimated 5-year survival

698 patients of 98.5%
952 NYHA Class N/A 639+/—382 33.6+/—29.8 - 10.5% permanent pacemaker
/v at time of ASA

- 1.9% subsequent SM

- 5.1% permanent pacemaker
later on

Veselka et al.

[17]

10 tertiary
invasive
European
centers

- 30-day mortality of 1%

- 1-, 5-, 10-year survival of 98%,
89%, 77% (respectively)

Average - Independent pre?dictors of
1275  NYHAClass  N/A 67 +/—36 16 +/—21 all-cause mortality: pre-ASA
29+/-05 age, septal thickness, and

NYHA class; and LVOT
gradient at last f/u

- Significant improvement in
NYHA class and LVOTG

Aguiar et al.

[20]

Santa Maria
Hospital,
Lisbon,
Portugal

- 6.3% minor complications;
2.5% major complications;
27.1+/—274 8.8% permanent pacemaker
74 patients 26 (successful); - 85.7% of patients achieved
80 NYHA class (moderate 963 +/—346 582+/—16.6 >50% reduction in LVOT
/v MR) (unsuccess- gradient (successful)
ful) - 77% of patients with NYHA
III/1V experienced reduction
to NYHA I/11
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Table 1. Cont.

N Average Average
N Symptomatic  (Patients Pre-ASA Post-ASA
Authors Institution (Total) Status with LVOT LVOT Major Outcomes
Pre-ASA Pre-ASA Gradient Gradient
MR) (mm Hg) (mm Hg)
- 1-,5-, 8-year survival of 96%,
86%, 67% (respectively)
Erasmus for ASA
University . - 1-, 5-, 8-year survival of 100%,
ten Cate et al. Medical 91 g;ﬁjﬁﬁ; MR grade 92 +/— 25 8+/—17 96% 96% (respectively)
[21] Center 1I1/1V 15+/—09 for SM
Rotterdam, - ASA carried ~5-fold
Netherlands increased risk of composite
cardiac death and aborted
SCD compared to SM
- 30-day CV death rate of
2.1% for first-50, 0.4% for
over-50 (p = 0.01)
- 30-day pacemaker
implantation rate of 15% for
739 +/—418  208+/—27.5 first-50, 9% for over-50
Eur'o—ASA 1098 patients (”ﬁrst—5(‘)” ("first—5(?” (P < 0()1)
Veselka etal.  Registry, 11 1310 NYHA class N/A group); group); - Significantly greater rates of
[22] European 1/1vV 66.8+/—345 14.0+/-17.2 major adverse events and CV
Centers (“over-50" (“over-50” death in long-term f/u for
group) group) first-50 group
- Significantly greater rates of
NYHA class II1/1V, LVOT
gradient > 30 mm Hg, and
re-do septal reduction for
first-50 group
177 patients fjd-;éﬁoiléiﬁ - No significant difference in

Sorajja et al. Mayo Clinic,

177 NYHA class N/A 70 +/— 40 LVOT survival in ASA compared to

16 USA
(16] 1/1v gradient general population and SM
- Significantly lower mortality
and ICD implantation in
NYHA class Age Age young vs. older patients )
1IL/V by age </=50 years: </=50 years: - Similar adverse arrhythmic
) group: 110 +/— 39; 26 +/— 31; event rates among groups
. 7 tertlfiry 298 patients Age Age - Annual mortality rates of 1%,
Liebregts nvasive 1197 </=50 years; N/A 51-64 years: 51-64 years: ZO/f” and 5% for young,
etal. [23] European 352 patients 111 +/— 44; 27 +/— 35; middle-aged, and older
centers 51-64 years; Age Age ! patients, respectively
363 patients >/= 65 years: >/= 65 years: (p <0.01) )
>/= 65 years 121 +/= 47 26+/- 33 - For young patients, age,

residual LVOT gradient, and
female sex were independent
predictors of mortality

ASA, alcohol septal ablation; LVOT, left ventricle outflow tract; SM, surgical myectomy; MR, mitral regurgitation;
SCD, sudden cardiac death; CV, cardiovascular; ICD, implantable cardioverter-defibrillator; N/A, not available.

4. Invasive Management: Surgical Myectomy

Surgical septal myectomy is considered the gold-standard treatment for HOCM [4].
Figure 1.

This technique is more invasive than ASA, as it most often involves median sternotomy.
Once the heart is exposed, the operative technique involves removal of the hypertrophied
portion of the muscular ventricular septum through an aortotomy in order to reduce the
LVOTO. Figure 2.

Myectomy alone is associated with low operative mortality (<1%) and good long-term
survival [24]. Septal approach without opening the aorta and approaching the IV septum
through the mitral valve is a potential option (Figure 1).

11
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v /
I A %
Transaortic Septal myectomy

In combination with anterior mitral leaflet plication or extension and/or secondary
mitral chordal cuttng and/or papillary muscles procedures

Standard or MI mitral valve procedure
Including
1) anterior mitral leaflet detachement and aumentation;
2) posterior leaflet height reduction and mitral valve
replacement

Transventricular approach
Including transapical myectomy and papillary
muscle reorientation

Figure 1. Summary of the proposed techniques for LVOT obstruction surgery. LA, left atrium.
*—Conventional and minimally invasive mitral valve surgery approaches.

o, )

Figure 2. Surgical view of left ventricle outflow tract (LVOT) obstruction and the bulging of the
interventricular septum (*) after left and right aortic valve leaflet retraction (LAL and RAL). RCAO:
right coronary artery ostium. Jet lesions (**) produced by turbulence in the LVOT.

The safety and efficacy of SM have been extensively validated. In a retrospective
study of 93 patients with HOCM who underwent myectomy in China, NYHA functional
class was significantly decreased from an average of 3.09 to 1.12. Additionally, SAM of
the anterior mitral leaflet (AML) was completely resolved in 98.9% of patients. Of note,
SAM was present in all patients preoperatively. The LVOT gradient was also significantly
reduced. In this cohort, 37 patients underwent concomitant operations with myectomy with
no operative mortality [25]. These results indicate that SM, with or without concomitant
operations, is safe and efficacious when performed at a dedicated and experienced referral
center. In another study, Ommen et al. reported long-term results of HCM patients.

12
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Patients were divided into three groups: those who underwent myectomy; those with
LVOT obstruction who received conservative treatment; and those with non-obstructive
HCM. Patients in the operative group did not have significantly different 1-, 5-, and 10-year
survival compared to the non-obstructive group, nor compared to age- and sex-matched
members of the general population. Additionally, operative patients had significantly
better 1-, 5-, and 10-year survival compared to the conservatively treated HOCM group [4].
These findings demonstrate that SM is safe and that long-term outcomes are improved in
HOCM patients who undergo myectomy compared to those treated conservatively.

A feared complication of HOCM is SCD and ventricular septal disruption. A retro-
spective study of 125 patients from the Mayo Clinic sought to determine the efficacy of SM
in reducing fatal cardiac arrhythmia events. All patients in this study received ICD implan-
tation and were divided into myectomy and non-myectomy groups. Among the myectomy
group, only one patient experienced defibrillator discharge as opposed to 12 patients in
the non-myectomy group (p = 0.004) over a follow-up period of about 4.5 years [26]. These
results suggest that SM may reduce the likelihood of SCD in HOCM patients by reducing
the rate of fatal cardiac arrhythmias after surgery.

Atrial fibrillation (AF) is a significant comorbidity in HCM, occurring in as many as
18% of patients [27]. In a recent study, Lapenna et al. sought to determine the feasibility
of surgical ablation for refractory AF in HOCM patients undergoing concomitant cardiac
procedures. Most patients underwent concomitant SM, while a smaller proportion of the
31-patient cohort underwent mitral valve repair or replacement. This study reported an
operative mortality of 6% but a promising 7-year survival (87 +/— 6.1%). Moreover, they
found that surgical ablation relieved AF at medium-term timepoints for a majority of
patients, albeit also requiring medical therapy for satisfactory results [28].

It is also important to understand which patients may be poor candidates for SM.
In a cohort of 503 SM patients, 19 (3.8%) were refractory to surgical intervention with a
post-operative NYHA class of III-IV. While massive septal thickness (>30 mm) and younger
age (<30 y.o.) were identified as predictors of suboptimal response to surgery [29] due
to persistent or recurrent heart failure postoperatively, most young patients and those
with massive hypertrophy experienced significant symptom relief and sustained clinical
improvement from SM [29].

A wealth of data vouches for the efficacy and safety of SM. Patients who undergo
this procedure have excellent short- and long-term outcomes. These include low operative
mortality, decreased NYHA class, excellent long-term survival, and decreased event rates
for arrhythmia. Thus, SM should be considered as the primary intervention for HOCM
when performed by experienced operators. Table 2 summarizes the evidence on SM in the
treatment of HOCM.
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5. Surgical Myectomy vs. Alcohol Septal Ablation: Meta-Analyses

To date, no randomized controlled trials have compared SM and ASA. However,
several meta-analyses have made efforts to compare these procedures in a head-to-head
fashion. The studies report, for the most part, roughly similar findings. They agree that
SM and ASA provide similar: improvement in NYHA class [30-32]; in-hospital [31], short-
term [32], and long-term [9,32-34] mortality; and rates of SCD [9,33,34]. Many of the meta-
analyses also conclude that ASA is associated with significantly greater rates of permanent
pacemaker implantation [9,31-34] and re-intervention [9,33,34]. Interestingly, the latest
meta-analysis (Osman et al., 2019) reported significantly increased rates of peri-procedural
mortality and stroke in patients who underwent SM [9]. The seven meta-analyses discussed
in this review are described in Table 3.

Table 3. Meta-Analyses comparing septal reduction therapies (ASA and SM).

Authors

Year

N (ASA N (SM N (Studies

Patients) Patients) Included) Outcome

N (Total)

Zeng et al. [30]

2006

Both ASA and SM provide LVOT
gradient- and clinical
improvement, more PPM
following ASA.

177 86 91 3

Alam et al. [31]

2009

Both procedures safe, slightly
351 183 168 5 higher LVOT gradients
following ASA.

Agarwal et al. [32]

2010

Higher LVOT gradients reduction
708 410 298 12 following SM, similar safety and
resolution of clinical symptoms.

Leonardi et al. [35]

2010

Low rates of mortality and SCD
4094 2207 1887 27 after both ASA and SM; adjusted
odds ratios for SCD lower in ASA;

Liebregts et al. [34]

2015

Higher rates of PPM and
4804 2013 2791 24 reinterventions following ASA; no
differences in long-term

Singh et al. [33]

2016

Higher rates of PPM and
1824 805 1019 10 reinterventions following ASA; no
differences in short and long-term

Osman et al. [9]

2019

ASA associated with lower
periprocedural mortality and
8453 4213 4240 40 stroke but higher rates of PPM
and reintervention, no differences
in long-term

ASA, alcohol septal ablation; SM, surgical myectomy; LVOT, left ventricle outflow tract; PPM, permanent
pacemaker; SCD, sudden cardiac death.

The analyses conducted by Zeng et al. [30] and Alam et al. [31] included only three
and five studies, respectively. Taking this into account, along with their relatively older
publication dates, these meta-analyses may be considered less robust than their counter-
parts. Conversely, the meta-analysis by Osman et al. [9] is not only the latest, but also the
largest (40 studies included with a total of 4240 patients) analysis to-date. This study asserts
that ASA is associated with more ICD implantation and greater rates of re-intervention,
whereas SM is associated with greater rates of peri-procedural mortality and stroke [9]. The
former claim is supported by older literature [9,31,34], but the latter is novel and warrants
further investigation.

Baseline patient characteristics must also be considered when comparing ASA and
SM. Three of the meta-analyses found that patients who underwent SM were significantly
younger than those who were treated with ASA [31,33,35]. After adjusting for baseline
patient characteristics (LVOT gradient, age, sex, NYHA class, septal wall thickness, and
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risk factors for SCD), Leonardi et al. reported a lower odds ratio for the effect of ASA
on all-cause mortality and SCD compared with SM [35]. These findings underscore the
importance of considering factors that may affect which patients are selected for which
procedure. For example, patients who undergo SM may have greater disease morbidity
than those who opt for ASA, contributing to increased mortality in SM patients. Table 3
summarizes the data on previous meta-analyses comparing ASA vs SM for HOCM.

6. Alternative Invasive Treatment Options for HOCM

Dual-chamber (DDD) pacing has been considered as an alternative approach for the
treatment of HOCM. Several studies have found that DDD pacing significantly reduces the
LVOT gradient at immediate, short-term, and long-term time points [36-42]. Almost all of
these studies, however, found that DDD pacing does not reduce the LVOT gradient below
30 mm Hg [37-41]. Additionally, Yue-Cheng et al. found that DDD pacing significantly
reduces SAM at 1-4 years post-implantation [37].

Other important measures to consider are ventricular septal reduction; NYHA class and
quality of life; and mitral regurgitation (MR). Several studies have found that DDD pacing
offers no significant reduction in septal thickness [36,37,43]. Extensive evidence does suggest,
however, that DDD pacing offers a significant reduction in NYHA class [36,38,39,41,42,44]
and improvement in other quality of life scores [39—41,44]. Finally, Pavin et al. found that
DDD pacing can significantly improve the degree of MR in select patients. The patients in
this study whose MR was refractory to pacing also experienced minimal reduction in the
LVOT gradient or had non-AML elongation abnormalities (including MV prolapse or annulus
calcification) [45].

Despite promising evidence for the use of DDD pacing in HOCM, it remains inferior to
SM and ASA. In a comparative study of 39 patients (20 SM; 19 DDD pacing), Ommen et al.
found that SM is superior to DDD pacing in reducing LVOT gradient; providing symp-
tomatic improvement; increasing exercise duration; and increasing maximal oxygen con-
sumption [46]. Two studies comparing DDD pacing with ASA demonstrated that these
therapies provide a similar reduction in LVOT gradient [43,44]. It was found, however, that
ASA is superior in reducing NYHA class [42] and reducing septal thickness [43].

The data presented above suggest that DDD pacing is capable of reducing the LVOT
gradient and SAM, as well as improving MR and NYHA class. Importantly, DDD pacing
provides no significant reduction in septal thickness and is inferior to SM in improving
hemodynamic and functional measures and to ASA in improving NYHA class and reducing
septal thickness. Pending stronger evidence, there may be a role for DDD pacing in
patients with HOCM for whom SM and ASA are contraindicated and who have mild LVOT
gradients and limited septal hypertrophy.

Another novel approach to the treatment of HOCM is radiofrequency catheter ablation
(RFCA). This is a percutaneous procedure in which radio waves (as opposed to alcohol,
as in ASA) are used to create an area of necrosis in the ventricular septum. This may
provide a more targeted approach than ASA, since limitations of the latter include anatomic
variability of septal perforator arteries in 5-15% of patients [47], complete heart block, and
induction of arrhythmia [48].

Studies have shown that RFCA is capable of significantly reducing the LVOT gradient
and NYHA class at acute [49,50], medium-term [47,48,50], and long-term [48,50,51] time
points. Liu et al. found that RFCA resulted in an initial increase in septal thickness followed
by a significant decrease at 1, 3, and 6 months [50]. They also reported a significant reduction
in MR [50]. Another study demonstrated a significant reduction in septal thickness at
6 months [47]. Important complications of RECA have been reported in several studies,
including transient pulmonary edema in one of seven patients [48] and complete AV block
requiring permanent pacemaker implantation in four of nineteen patients [49].

Currently, there are not enough data to support the use of RFCA in the treatment of
HOCM. The few small studies published on this subject, however, provide preliminary
support for the safety and efficacy of RFCA. If future, larger studies support these early
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results, there may be a role for RFCA in the treatment of HOCM patients who are poor
surgical candidates and have poor vascular anatomy that is incompatible with ASA. There
are no comparative studies of RFCA and ASA, and inferences regarding safety in terms of
arrhythmias or postoperative PPM implantation are vague.

7. The Mitral Valve

The mitral valve is classically implicated in the pathophysiology of HOCM via SAM
of the AML. SAM can also occur, however, due to involvement of an elongated posterior
mitral leaflet [52]. The mitral valve and subvalvular apparatus may contribute to HOCM
through SAM-independent mechanisms. Figure 3.

Figure 3. Specimen of interventricular septum showing endocardial fibrosis secondary to trauma
caused by systolic anterior motion of the anterior leaflet of the mitral valve.

These anatomic abnormalities include abnormally long MV leaflets (anterior or poste-
rior), bifid PM, and papillary muscle attachment directly to the mitral leaflet base. These
anomalies can cause LVOTO even in the absence of septal hypertrophy [6]. Figure 4.

Surgical approaches to the treatment of the above-stated abnormalities include myec-
tomy with concomitant MV replacement (MVR) or repair (MVr) with or without papillary
muscle repositioning (Figure 5).

Many studies have validated the safety and efficacy of concomitant surgical reduction
of MR with SM [52-61]. Given the inherent long-term effects of MVR (anticoagulation
with a prosthetic valve, short life of a tissue valve), MVr may be favorable when possible.
A prospective randomized study found that patients who underwent MVr with SM, as
opposed to MVR with SM, had significantly greater overall survival at 2 years and less
thromboembolic events; all other outcomes were similar [62]. Additionally, a quantitative
meta-analysis of 23 studies found that MVr is superior to MVR in terms of reoperation
and thromboembolic events. This meta-analysis concluded that MVr should be the first
line treatment over MVR in HOCM patients with MR undergoing concomitant SM [63].
These studies fail, however, to address patients on an individual basis. In a retrospective
study of 115 patients who underwent SM with either MVR (N = 48) or MVr (N = 67), Kaple
et al. underscored the importance of anatomic variability in operative technique. They
found that MVr is a durable method but note its limited use in patients with appropriate
anatomical anomalies, such as long leaflets and degenerative MV pathology; such patients
may comprise as much as half of the population of interest [64].

Some HOCM patients exhibit minimal septal hypertrophy (<18 mm); the primary
mechanism of LVOTO in these patients is related to MV pathology. In these patients,
myectomy is sometimes forgone in favor of MVR due to fear of iatrogenic ventricular septal
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defect (VSD) [65]. Two studies have demonstrated, however, that SM with or without
concomitant MV intervention is safe in this population [65,66].

Mitral valve leaflets

- Increased mitral leaflet length
and area

- AML percussion injury
Mitral annulus
- Mitral annular calcification

- Reduced systolic annular
excursion

Chordae tendineae
- Chordal rupture
- Excess chordal laxity

PMs

- PM hypertrophy

- Anterior PM fusion

- Medial PM displacement

- Accessory PMs
hypertrophy - Apical PM displacement
=S N - Doubly bifurcated PMs

\ e H& - PM fibrosis (remodelling)

G M. Cresp®

Asymmetric septal

Figure 4. Pathophysiology of left ventricle outflow tract (LVOT) obstruction (dotted arrow) in
hypertrophic obstructive cardiomyopathy. SAM: systolic anterior motion; MR: mitral regurgitation,
MYV, mitral valve; AML, anterior mitral leaflet; PM, papillary muscle; APM, anterior papillary muscle;
MPM, medial papillary muscle. (from Silbiger ]J.J. et al. ] Am Soc Echocardiogr 2016).

Figure 5. Minimally invasive HOCM surgery. Transmitral SM. Incision at the base of mitral leaflet (A);
pull back suture placement to facilitate SM (B); mitral valve repair with loop-technique (C); completed
mitral valve annuloplasty (D) concomitant to LVOTO repair.
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Itis important to consider MV anomalies when selecting between SM and ASA. Studies
have found that SM with concomitant MV intervention is superior to ASA in reducing
SAM and MR in appropriately selected patients [67,68]. Additionally, SM with concomitant
MYV intervention can be performed safely and efficaciously through a minimally invasive
trans-mitral approach. Studies have demonstrated reduced SAM and LVOT gradients via
these techniques [69,70]. Figure 5.

Myectomy with concomitant MVR or MVr is safe and efficacious and should be per-
formed in patients with MR and/or MV anatomical anomalies contributing to HOCM. The
choice of MVR versus MVr should be made on a patient-by-patient basis and consider the
individual’s anatomy. Anatomy favoring MVr includes lengthened MV leaflet(s), degen-
erative valve disease, and subvalvular morphologies including anomalous PM insertion
and chordal attachment at the valve base [64]. This, again, underscores the importance of
careful evaluation of preoperative imaging. MVr should be considered over MVR when
possible due to the inherent implications associated with exogenous valves. In addition,
mild septal hypertrophy does not necessarily preclude SM with or without concomitant
MYV intervention. These patients should be considered for the correct procedure on an
individual basis without strict exclusion of SM due to fear of creating a VSD. In addition,
in patients with intrinsic MV pathology, SM, with or without concomitant MV procedure,
is favorable over ASA. It has also been demonstrated that minimally invasive options are
safe when combining SM with MV intervention.

8. The Subvalvular Apparatus

Papillary muscle (PM) morphology can contribute as a mechanism of LVOTO in
HOCM [71] and particularly in patients with a minor degree of septal hypertrophy
(<15 mm) [72]. This may be readily identified via echocardiography and must be con-
sidered in preoperative evaluation [73]. Numerous studies have validated the safety and
efficacy of SM with concomitant PM realignment, excision of anomalous PM, and cutting
of abnormally thickened chordae tendinae [74-79]. Figure 6.

Ferrazi et al. have demonstrated that surgical treatment addressing septal hypertrophy
and valvular defects is effective in decreasing LVOTO, thus relieving HF symptoms while
also avoiding later MV replacement [74].

A prospective randomized study found that SM with concomitant subvalvular inter-
vention was superior in terms of abolishing LVOTO and improving MR as compared to
SM alone in patients with subvalvular pathology [80].

MV cordae

(A)

Figure 6. Cont.
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(B)

Figure 6. Surgical myectomy (*) was performed starting at the nadir of the right coronary sinus, and
extended apically to achieve the exposure of the papillary muscles. MV: mitral valve (A). Surgical
view of the diseased mitral valve secondary cordae (*) and papillary muscles (**) after myectomy. It
is noteworthy that the bases of the papillary muscles are now visible (B).

Performing SM with a concomitant subvalvular procedure is a safe and efficacious
operative strategy. Preoperative echocardiograms must be carefully evaluated to determine
if subvalvular morphology requires intervention.

9. Mid-Ventricular and Apical Hypertrophy

Left ventricular hypertrophy (LVH) in HOCM is typically localized to the subaortic
portion of the septum. Rarely, hypertrophy may be present in the mid-ventricular or apical
septum [81]. Although rare, mid-ventricular obstruction is a very serious phenotype of
HOCM as it has been identified as a predictor of adverse outcomes, including sudden
death and potentially lethal arrhythmias [82].

Patients with mid-ventricular or apical hypertrophy often require unique operative
approaches. The transapical approach is a relatively new operative technique that can be
applied in cases of mid-ventricular and apical hypertrophy. A study of 113 patients with
apical hypertrophy who underwent transapical myectomy reported acceptable mortality
and survival and a 76% clinical improvement [83]. Several studies have found that patients
with mid-ventricular obstruction can be safely and efficaciously treated with transapical
myectomy, transaortic myectomy, or a combination of the two procedures. Findings
included adequate survival and short- and long-term outcomes; improvement in NYHA
class; and improvement in the LVOT gradients [84-86].

Patients with mid-ventricular and apical hypertrophy should be given special con-
sideration. Use of transapical myectomy has provided a successful alternative to heart
transplant in patients with apical hypertrophy. The transaortic approach can be extended
for use in patients with mid-ventricular obstruction where applicable or can be combined
with the transapical approach when obstruction extends distally.
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10. ECMO and Other MCS

There is scant literature on the use of ECMO in the setting of HOCM. Case
reports [87-89] demonstrate that in patients in hemodynamic crisis pre- and/or post-
operatively, ECMO may be considered and used as bridging therapy until support can be
withdrawn (Table 4).

Table 4. Salient characteristics and results of ECMO case reports discussed in this review.

Indication for

ECMO Outcomes

Authors Institution

Cardiogenic shock

V-A ECMO until
secondary to

Washington

Husaini et al. [87] University School of patient stable enough
Medicine, USA Takotsubo for SM
cardiomyopathy
Kerckhoff Heart and ECMO until patient
Basic et al. [88] Thorax Center, Cardiogenic shock stable enough for SM

Germany with MVR
ECMO pre- and

Chronic t-operativel
- Prince Charles thromboembolic post-operatively
Williams et al. [89] Hospital, Australia pulmonary (pulmonary
4 hvpertension endarterectomy, SM,
M and MVR)

V-A ECMO, veno-arterial extracorporeal membrane oxygenation; SM, surgical myectomy; MVR, mitral
valve replacement.

Several reports describe the use of mechanical circulatory support (MCS) systems in
the setting of HOCM [90,91], mostly as a bridge-to-transplantation. These treatment strate-
gies include percutaneous interventions with interatrial shunts, left atrial assist devices
(LAADs), and ventricular assist devices (VADs) in various configurations [90], but the data
is limited to single-heart transplantation excellence centres [92].

11. Guidelines

Several guidelines exist for the treatment of HOCM and fall into two categories:
guidelines for cardiac pacing, and guidelines specifically addressing HCM. The 2008
ACC/AHA/ARS guidelines and 2013 ESC guidelines are the most recent to address
pacing [93,94]. In regard to HOCM, both provide very similar recommendations. They
agree that DDD pacing is not typically a stand-alone interventional treatment for HOCM,
but is indicated in symptomatic patients who cannot be considered for or do not wish to
undergo SM or ASA [93,94].

The most recent guidelines specifically addressing the treatment of HCM are the
2011 ACCF/AHA guidelines; the 2014 ESC guidelines; and the 2020 AHA /ACC guide-
lines [11] [13,95]. Each represents fairly comprehensive recommendations for the invasive
treatment of HOCM. They each include recommendations for SM, ASA, and DDD pac-
ing and advise considering anatomical variants such as MV and subvalvular apparatus
involvement [11,95]. The 2014 and 2020 guidelines also include recommendations for the
treatment of patients with mid-cavity or apical hypertrophy [11,13].

The 2020 AHA/ACC guidelines [13] represent the most comprehensive recommen-
dations for the invasive management of HOCM. These guidelines are more current and
slightly more comprehensive than the 2011 and 2014 guidelines [11,95]. When considering
DDD pacing in HOCM, the 2021 ESC pacing guidelines [96] are the most current and
specific to HOCM. In addition to pacing for the management of LVOTO, they provide
guidance on pacemaker implantation following ASA and SM, as well as on cardiac resyn-
chronization therapy in end-stage HCM. Figure 7 delineates a possible algorithm on poor
surgical candidate management. Given the amount of literature that has only recently been
published on the subject of HOCM, current guidelines may be insufficient to account for
every scenario, warranting an update.
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No Contraindications for ASA

ASA

Poor Surgical Candidate

Poor Vascular Anatomy
OR
High Risk of Arrhythmia with ASA
OR
High Risk of AV Block with ASA

Alternative Intervention

NYHA lIl/IV
NYHA 111/IV AND
AND Moderate-Severe Septal Hypertrophy
Mild Septal Hypertrophy
AND

Other Indication for ICD

Figure 7. Proposed algorithm for alternative treatments when surgery is contraindicated. At this
time, DDD pacing and RFCA are not indicated for the treatment of HOCM by any guidelines.

12. Genetics

HCM is a genetic disease associated with autosomal dominant inheritance of mutant
sarcomere proteins [3]. As a genetic disease, there is much interest in the use of genetic
testing to aid in risk stratification and disease management and in the use of gene therapy
as a treatment modality.

Genetic testing is often performed on patients with HCM/HOCM and, in some
cases, their asymptomatic relatives. Subsequent genetic counseling aids patients in family
planning and can also aid providers in risk stratification. For example, certain mutations
and complex genotypes are associated with greater risk and more severe phenotypes [97].
A retrospective analysis of 626 patients with HCM aimed to determine differences in
genotype positive versus genotype negative patients. Positive status was associated with
more non-sustained ventricular tachycardia, history of syncope, and greater LVH, and was
a risk factor for all-cause mortality, cardiovascular mortality, heart failure mortality, and
SCD and aborted SCD. Negative status was associated with a higher NYHA class and
greater LVOT gradient [98].

Studies have yielded novel and important information on the genetics of HCM, such
as the impact of environmental factors on phenotype [99]. Gene therapy is an attractive,
potentially curative option for the treatment of HCM. Promising data have come from a study
investigating the mutant MYCB3 gene associated with infant HF and death. This study has
shown promise in murine models and in human pluripotent stem cell-derived cardiomyocytes
using an AAV-9 vector which transfers functional MYCBS3 to restore function [100].

The global COVID-19 pandemic has raised concerns regarding the effect of infection
on the heart. Bos et al. demonstrated that cardiac tissue from HCM patients exhibits a
five-fold greater expression of ACE-2 than control cardiac tissue. Since the SARS-CoV-2
virus uses the ACE-2 receptor for entry into host cells, up-regulation of this protein in HCM
(and possibly in other heart diseases) may provide an explanation for cardiac patients
demonstrating an increased risk of infection and poor outcomes in COVID-19 illness [101].

13. Medical Therapy

While critical appraisal of pharmacological treatments is far beyond the scope of this
review [102], HOCM-associated hypercontractility is targeted by old and novel drugs alone
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or in combination with invasive approaches. Among them, beta-blockers and calcium chan-
nel blockers have for years been a mainstay of therapy to reduce dynamic LVOTO, improve
symptoms, and prevent atrial and ventricular arrhythmias [11,103-106]. Disopyramide (an
antiarrhythmic class IA agent) is often used on top of beta-blockers to improve symptoms
and reduce intraventricular gradients in patients with LVOTO due to its negative inotropic
effect [107].

Several emerging treatments are currently being tested in clinical trials; perhexiline, a
potent carnitine palmitoyl transferase-1 (CPT-1) inhibitor, improves myocardial energetics
in HCM [108], and has the potential to reduce LVH in HCM [NCT04426578]; ranolazine, a
late sodium current inhibitor was tested in RESTYLE-HCM and associated with a reduction
in 24-h burden of premature ventricular complexes in HOCM [109].

A recently published randomized, double-blind, placebo-controlled, phase 3 clinical
trial assessed the use of mavacamten, a cardiac myosin inhibitor, for the treatment of HOCM.
Olivotto et al. reported a significant improvement in NYHA class, exercise tolerance,
LVOTO, and symptom scores in patients assigned to receive mavacamten over those in
the placebo group [110]. Additionally, the VALOR-HCM trial showed that mavacamten
improved symptoms and significantly reduced eligibility for SM among symptomatic
patients with obstructive HCM who were candidates for SM on maximally tolerated
medical therapy [111,112]. These landmark clinical trials pave the way for a novel medical
treatment in patients with HOCM.

14. Minimally Invasive Surgery

Minimally invasive SM with or without concomitant MV intervention is an attractive
option for patients as it provides the outcomes of SM with less surgical injury. Case reports
have demonstrated success using minimally invasive approaches such as SM with aortic
valve replacement through right mini-thoracotomy [113] and robotic SM with MVr in a
patient with idiopathic hypertrophic subaortic stenosis [114]. Although the latter patient
did not have per definition HOCM, this case demonstrated a successful operative technique
that may be employed for SM.

A retrospective analysis compared 24 patients who underwent SM via right mini-
thoracotomy with 26 patients who underwent traditional SM via sternotomy. The groups
had similar aortic cross clamp times, post-operative pacemaker implantation rates, LVOT
gradient reduction, and residual SAM [115]. Another retrospective analysis of 34 full
sternotomy and 86 mini-sternotomy SM cases reported excellent results. Both groups had
significant reductions in NYHA class, similar resting LVOT gradients at follow-up, similar
median times on bypass, and similar major complication rates. The mini-sternotomy group
had a slightly longer (39 min versus 35 min; p = 0.017) time while on cross clamp [116].

A recent, larger study reported outcomes for 51 HOCM patients who underwent right
mini-thoracotomy for minimally invasive septal reduction. Jiang et al. report a significant
reduction in LVOT gradient and septal thickness, as well as the abolishment of SAM
and mitral regurgitation (or insignificant MR) for all patients [117]. These results further
underscore the feasibility and safety of minimally-invasive surgery for septal reduction
and MR for patients with HOCM.

15. MitraClip™

Percutaneous MV “edge-to-edge” repair using MitraClipTM is a relatively new,
minimally-invasive option for patients who are poor surgical candidates [118]. Some
small studies have reported outcomes of MitraCip™ use in HOCM patients. One study
consisting of five HOCM patients who received the device reported reductions in SAM,
LVOT gradient, MR, and NYHA class [119].

Despite little data existing on the use of percutaneous MV plication in HOCM patients,
the results of small studies are impressive and indicate a role for the use of MitraClip™ in
the treatment of patients with HOCM who are, again, poor SM and ASA candidates.
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16. Conclusions

Hypertrophic obstructive cardiomyopathy is a heterogeneous disease with different
clinical presentations, albeit producing similar dismal long-term outcomes if left untreated.
Several approaches are available for treatment of HOCM; alcohol septal ablation and
surgical myectomy are safe and effective, but patient selection for the procedure is crucial.
In the case of elevated operative risk, novel treatments are available and are currently being
tested in the setting of HOCM.
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Abstract: Hypertrophic cardiomyopathy (HCM) is an inherited myocardial disease with the presence
of left ventricular hypertrophy (LVH). The disease is characterized by high locus, allelic and pheno-
typic heterogeneity, even among members of the same family. The list of confirmed and potentially
relevant genes implicating the disease is constantly increasing, with novel genes frequently reported.
Heterozygous alterations in the five main sarcomeric genes (MYBPC3, MYH7, TNNT2, TNNI3, and
MYL2) are estimated to account for more than half of confirmed cases. The genetic discoveries of
recent years have shed more light on the molecular pathogenic mechanisms of HCM, contributing
to substantial advances in the diagnosis of the disease. Genetic testing applying next-generation
sequencing (NGS) technologies and early diagnosis prior to the clinical manifestation of the disease
among family members demonstrate an important improvement in the field.

Keywords: hypertrophic cardiomyopathy (HCM); next generation sequencing; genetic testing

1. Background and Medical Diagnosis of HCM

Hypertrophic cardiomyopathy (HCM) is an inherited cardiomyopathy defined as the
presence of left ventricular hypertrophy (LVH) in the absence of any other disease that
might result in secondary LVH. Individuals diagnosed with HCM are at higher risk of
developing atrial fibrillation, which can lead to blood clots, stroke, and other heart-related
complications. HCM may also lead to heart failure and sudden cardiac arrest. The disease
is caused by transcriptomic defects in certain proteins of the sarcomere as a result of specific
genomic alterations on thick and thin filaments and Z-disks (Figure 1). These mutations
initiate a series of events leading to histological or morphological changes to the myocardial
cell, which eventually becomes hypertrophic and/or fibrotic [1].

HCM remains a clinical diagnosis, and despite the molecular identification of the pre-
viously mentioned genetic loci, molecular findings cannot be used solely for the diagnosis
of HCM. Clinical practice guidelines for the evaluation of HCM in children and adults
have been developed [2,3]. Evaluation of an individual includes a detailed pedigree with
attention to heart disease and early death in the family. Signs that can indicate the diagnosis
of HCM are usually detected clinically by a physician cardiologist, depending on the skills
of the examiner. A rapid rise in the carotid pulse rate with a forceful presystolic hump of
the apex beat followed by a prolonged upstroke is indicative of disease. In case of severe
obstruction in the absence of severe mitral regurgitation and significant septal defect, a
bisferiens contour might be observed. The presence of a triple impulse of the apex beat in
case of severe obstruction without significant mitral regurgitation is pathognomonic. Elec-
trocardiography and imaging modalities such as echocardiography, magnetic resonance
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imaging (MRI), and computed tomography are used to confirm a diagnosis, preferably
modalities with non-ionizing radiation. In adults, a maximal end-diastolic wall thickness
>15 mm anywhere in the left ventricle measured through echocardiography or MRI is
sufficient for the diagnosis of HCM in the absence of another cause of hypertrophy [2].
Hypertrophy of 13-14 mm may be diagnostic in the presence of a positive family history of
HCM or a positive genetic test.

Sarcomere

Titin

Thick
filaments

filaments Z-disc

Tl TnC Ca?* Binding site

Figure 1. Hypertrophic cardiomyopathy (HCM) is caused by transcriptomic defects in certain proteins
of the sarcomere as a result of specific genomic alterations on thick and thin filaments and Z-disks.
Abbreviations: cMyBP-C, cardiac myosin binding protein C; Tm, tropomyosin; TnT, troponin T; Tnl,
troponin I; TnC, troponin C; MHC, myosin heavy chain; MLC1-2, myosin light chain 1-2.

2. Epidemiology of HCM

The prevalence of HCM has been previously reported to reach as high as 0.2% [4].
However, more recent studies suggested a prevalence between 0.03% and 0.07% [5,6]. The
prevalence of the condition has presented an increasing trend in recent years, as reported
in a recent study conducted in Germany including five million patients [5]. The same
study suggests that HCM is more frequent in male patients in all studied age groups, and
the prevalence increases successively with age, reported as 298.7/100,000 in individuals
> 80 years of age. It is worth mentioning that the reported prevalence in the literature
may substantially vary based on the investigated population and the diagnostic tools. The
disease is present in all races, and defining differences among them would be controversial,
as the degree of prevalence, the severity of the disease, and consequences are closely
associated with access to genetic testing or possible inequities in care, with potentially
lower use of invasive septal reduction therapy [7]. Therefore, some population groups tend
to have higher rates of functionally limited heart failure. Furthermore, diagnosis of HCM
based on morphological criteria (left ventricular wall thickness > 15 mm present in any left
ventricular segment measured by echocardiography) suggests a 10 times higher prevalence
of the disease compared to studies based on the presence of symptoms and approximately
a 50% lower prevalence compared to studies based on echocardiographic screening [6].

3. Molecular Diagnosis of HCM and Genetic Testing

HCM is inherited with an autosomal dominant pattern and a variable degree of
penetrance and expression between affected individuals [1]. It is an entity characterized
by high locus, allelic and phenotypic heterogeneity. Approximately 50-65% of individuals
with a known or suspected diagnosis of familial HCM harbor a variant in one of several
genes encoding components of the sarcomere and cytoskeleton [8]. Carriers of double
heterozygous, compound heterozygous, and homozygous mutations often exhibit more
severe forms of cardiomyopathies, ultimately leading to premature death. Inconsistencies
within the same family (intrafamiliar) not explained by mutational heterogeneity could be
attributed to environmental factors.

The molecular genetic basis of HCM was initially investigated by the innovative
studies of Christine and Jonathan Seidman. Pare et al. [9] shed more light on the field
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with the discovery of the p.Arg403Glu variant in the MYH? gene, which encodes the
-myosin heavy-chain sarcomere protein. The identification of multiple further variants
in principal genes encoding sarcomere proteins elucidated the genetic heterogeneity of
HCM [1]. Among the most common causal genes, MYBPC3 (myosin-binding protein C)
and MYH7 (Myosin Heavy Chain 7) have been reported as being responsible for almost half
of familiar HCM cases. However, the disease is genetically heterogeneous, and sequencing
additional genes should be considered if familial HCM is suspected or the underlying
etiology remains unknown. Compound heterozygous mutations have been reported in
MYBPC3 and other genes associated with HCM [10]. Notably, alterations in the MYBPC3
gene have been primarily associated with HCM but can also be associated with other types
of heart muscle disease, including dilated cardiomyopathy, restrictive cardiomyopathy, and
left-ventricular non-compaction [11].

Other common associated genes include ACTCI (cardiac x-actin), MYL2, (myosin
light chain 2) MYL3 (myosin light chain 3), and SCRP3 (cysteine- and glycine-rich protein
3). The most common type of the reported causal mutations in HCM are missense variants,
which often change the encoded protein structure and function by altering the protein’s
amino acid composition. Less commonly reported variants include deletions in MYH7 and
TNNT?2 genes. In addition, LMNA C591F and LMNA R644C alterations are reported to lead
to phenotypes consistent with HCM [12,13]. How LMNA mutations can influence HCM-
related mechanisms is not entirely clear. The loss of lamins A/C in isolated cardiomyocytes
does not impact Ca?* transients, but the shortening of cardiomyocytes is reduced [14].
This implies that whereas the function of SERCA appears to be normal, the activation of
myofilaments is hindered and may point to a mechanism involving reduced availability of
ATP to the myofilaments.

Although important causal genes have been reported for HCM, there is a great dis-
cussion in the literature regarding the HCM-associated genes in sporadic cases and small
families. This is largely due to the difficulty in evaluating the causality of the genetic
variants in an unambiguous manner. The gradient of effect sizes that genetic variants
present results in a wide spectrum of causality, which varies from clearly causal to clin-
ically unimportant. Frequently, members of the same family present with a disease of
varying severity. The list of confirmed and potentially relevant genes associated with
the disease is ever-increasing, with novel genes constantly being reported. Heterozygous
alterations in the five main sarcomeric genes (MYBPC3, MYH7, TNNT2, TNNI3, and MYL2)
are estimated to account for about 50% to 70% of HCM cases and are therefore routinely
screened for diagnosis, predictive testing, genetic counseling, and surveillance [15]. Fur-
thermore, next-generation sequencing methods contributed to the discovery of modifiers in
specific regions of the genome. Particularly, polymorphisms of genomic regions encoding
major components of the renin-angiotensin—aldosterone system have been reported in
several meta-analyses as potential risk factors for HCM [16,17]. Additionally, four single-
nucleotide polymorphisms (SNPs) (three of which are novel) were reported in a recent
article as potential modifier loci in sarcomere-positive cases [18].

Despite alterations in the sarcomeric genes representing the most frequent cause of
HCM in adults, the diagnosis of the disease in up to 35% of affected children is due to
non-sarcomeric causes. Causal factors can be neuromuscular or mitochondrial diseases
and inherited errors of metabolism (glycogen storage diseases, lysosomal storage diseases,
and fatty acid oxidation disorders) [19,20]. Several diagnostic markers, such as family
history, physical examination, electrocardiography, echocardiography, and genetic analysis
have been recommended to guide diagnostic testing and early detection of non-sarcomeric
HCM. Should a diagnosis of a non-sarcomeric cause of HCM be established, etiological
therapy is vital (e.g., Fabry disease and Pompe disease) [21]. Interestingly, the age of
presentation plays a prognostic role. For instance, HCM presenting before one year of age is
associated with a worse prognosis and is mainly caused by inherited errors of metabolism
or malformation syndrome such as RASopathies [22].
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Genetic testing for HCM is a class 1 (strong) recommended action by the American
College of Cardiology and the American Heart Association [2]. The diagnostic yield of
genetic testing in children and adults with HCM is about 30% for sporadic cases and 60%
for familial cases [23,24]. HCM in children may require a more specialized evaluation
and diagnostic testing because of the rate of syndromic conditions and inborn errors of
metabolism associated with HCM at these ages [25]. Following a well-established principle
that generates the most informative outcome in clinical genetics, diagnostic genetic testing
should be initiated on an affected individual within a family with a confirmed diagnosis
of cardiomyopathy; usually, the individual with the most severe phenotype and/or the
earliest disease onset. This approach increases the possibility of finding a genetic etiology
of the disease. If a specimen from this individual is unavailable, comprehensive genomic
testing should be performed on another affected family member. Nonetheless, the greatest
utility of testing is for asymptomatic family members. Identification of a pathogenic variant
can guide appropriate targeted sequencing in other family members, with that information
used to guide the need for ongoing genetic counseling and surveillance [26].

In recent years, the molecular diagnosis of HCM has been facilitated by the advance-
ment of next-generation sequencing (NGS) technology. NGS has arisen from DNA sequenc-
ing methodologies. Most notably massively parallel signature sequencing [27] NGS enables
high-throughput sequencing of large and complex DNA specimens such as whole human
exomes and genomes [28]. Geneticists first applied NGS to accurately and rapidly sequence
the human germline genome [29], allowing for insights into the cause of inherited dis-
ease [30]. New applications have allowed for the assessment of not only single-nucleotide
variation and nucleotide insertions and deletions but also the transcriptome to assess gene
expression [31], copy number variation [32], and complex genomic structural variation [33].

NGS can be applied to the diagnosis of HCM in three ways: targeted sequencing for a
number of genes (multigene panels), whole-exome sequencing (WES), and whole-genome
sequencing (WGS) [34]. It has been recommended that the most cost-effective first line
of testing is gene panels or exome-sequencing-based analysis of genes, which have been
established to cause HCM or other diseases that could be misdiagnosed as HCM. If this
initial genetic test does not detect a causal variant, no further testing is recommended for
individuals with late-onset HCM and a mild phenotype. However, if there is no family
history of the disease but a severe clinical phenotype, a search for de novo variants with
WGS of a family trio may be considered. For gene-elusive patients with a family history of
HCM, WGS-based analysis of intronic regions and the mitochondrial genome may reveal a
pathogenic variant in an additional 9% of this HCM cohort.

4. Gene Panels

The advantage of targeted sequencing using gene panels is that the region of sequenc-
ing can be highly specific and can be covered in great depth with many samples analyzed
at the same time. For diseases in which only a small number of genes are involved, the
cost of targeted sequencing is considerably less than WES and WGS. For HCM, panels
including many genes relevant to the phenotype have become the standard of practice, as
they are usually feasible and cost-effective [35]. Genetic testing using multigene panels
is recommended over Sanger-sequencing-based single-gene testing due to the genetic
heterogeneity of cardiomyopathies [23].

Large gene panels for cardiomyopathy may include genes that cause genetic syn-
dromes associated with cardiomyopathy (such as Noonan syndrome, Fabry disease, Danon
disease, and Alstrom syndrome), neuromuscular conditions associated with cardiomyopa-
thy (such as limb girdle muscular dystrophies), or metabolic conditions. These large gene
panels increase the likelihood of identifying a molecular etiology, especially for patients
with complex phenotypes [36]. Panels also increase the likelihood of identifying individuals
who harbor disease-causing alterations in multiple genes, which are estimated to occur
in 5% of HCM cases, with a typically more severe phenotype [37]. Larger panels are not
necessarily better than smaller panels. Many large panels include genes that are likely not
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causative of HCM; thus, variant detection in those genes can make clinical interpretation
rather challenging [38].

5. Whole-Exome Sequencing (WES) and Whole-Genome Sequencing (WGS)

WES is an approach that works through attempts to capture and sequence protein-
coding regions in the human genome. These capture regions are predesigned through
commercially marketed kits. This approach has the advantage of covering the entire exome;
however, the coverage of the exome is typically not complete, owing to difficulties in the
design of probes. The use of WES in HCM is somewhat controversial, as the gain in yield
may be limited, whereas the possibility of identifying variants of unknown significance
(VUS) increases. Genes related to cardiovascular phenotypes have always been included
on the list of secondary findings [39] due to the morbidity and mortality of sudden cardiac
death (SCD) and heart failure (HF), which can both be prevented or treated with well-
established interventions [3,40]. These secondary findings can pose challenges in the clinical
setting of an individual without a personal or family history of HCM [41].

In a recent study [42], the authors examined the coverage and diagnostic yield of
WES on HCM-related genes variants compared to four different commercial gene panels
studying a cohort of forty HCM patients. With a diagnostic yield of 43%, the coverage was
found to be similar to that of four existing commercial gene panels due to the clustering of
alterations within MYH7, MYBPC3, TPM1, TNT2, and TTN genes. In addition, the coverage
of WES appeared suboptimal for TNNI3 and PLN genes. It has been debated that most of
the pathogenic variants for HCM can be adequately detected via gene panels and that the
application of WES did not improve the diagnostic yield. Most recently, WES has gained
momentum for the genetic diagnosis of HCM, revealing potential digenic inheritance
of familial HCM. In particular, a genomic deletion in chromosome 19 encompassing the
troponin I3 gene (TNNI3) and the p.lle736Thr variant in the myosin heavy chain 7 gene
(MYH?) were detected in two patients with familial HCM [43]. The MYH?7 variant was
confirmed by Sanger sequencing and was predicted as a pathogenic variant by in silico
tools.

Whole-genome sequencing (WGS) is valuable in detecting variants in intronic regions,
and new in silico tools can predict which variants located in introns, exons, or splice regions
are more likely to alter splicing. According to Cirino et al. [44], WGS in 41 patients with
HCM was able to reveal almost all variants identified by panel testing, providing one
new diagnostic finding. Several variants of uncertain significance (VUS) and a number
of secondary genetic findings were also detected. Whereas gene panel testing and WGS
provided similar diagnostic yield, the WGS approach can enable reanalysis, allowing for
the incorporation of new knowledge; however, certain expertise in variant interpretation is
required to appropriately incorporate WGS into the clinical setting.

WGS has also identified additional genetic causes of HCM over targeted gene se-
quencing approaches [45]. In this study, it was demonstrated how WGS can detect genetic
variants not identified with sequencing of protein-coding exons only, therefore improving
the yield of genetic testing for HCM. In particular, they found that an additional 9% of gene-
elusive HCM patients have pathogenic variants in deep intronic regions of MYBPC3, which
result in a splice gain. It was also demonstrated that WGS, as a first-line genetic test, can
detect pathogenic variants in 42% of patients tested. These outcomes enable a more accurate
diagnosis of HCM and diseases that can be misdiagnosed as HCM, therefore facilitating
more targeted therapies with the ultimate goal of improving clinical management [45].

6. RNA Sequencing (RNA-Seq)

RNA-seq is emerging as the major transcriptome profiling system, with considerable
advantages in many aspects, such as novel transcript identification through de novo assem-
bly, splice junction identification, and allele-specific expression analysis. Developments
in RNA analysis have improved diagnosis by identifying new variants that interfere with
splicing [46]. Non-coding RNAs, particularly microRNAs (miRNAs), are also attracting
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considerable attention as biomarkers of cardiac disease and potential therapeutic targets.
Altered expression levels of circulating miRNAs have been reported in association with
HCM, and the forced overexpression of stress-inducible miRNAs was shown to induce
cardiomyocyte hypertrophy. However, it remains to be established whether the modulation
of miRNA levels is sufficient to revert the HCM phenotype [46].

Recent studies using single-cell approaches have comprehensively characterized the
transcriptional landscape at the cellular level in patients with HCM. These findings extend
the understanding of the molecular basis of cardiomyopathies both on the genomic and
transcriptomic level, therefore providing insights into the pathways involved and potential
therapeutic targets for these morbid cardiac conditions [47]. Compared with the standard
RNA-seq protocol, strand-specific RNA-seq retains strand-of-origin information; therefore,
it can provide a greater resolution for sense/antisense profiling, which is important for
antisense IncRNA identification. A strand-specific RNA-seq dataset for coding and IncRNA
profiling in myocardial tissues from 28 HCM patients and 9 healthy donors was recently
developed [48]. This dataset was systemically reanalyzed by another group, which focused
on the identification of functional variants, differentially expressed coding and noncoding
genes, and the interpretation of their potential functional roles associated with HCM [49].

RNA analysis is essential to demonstrate the consequences of potential splice-disrupting
alterations. Recent studies have succeeded in reclassifying variants from uncertain signifi-
cance to likely pathogenic through an analysis of RNA isolated from fresh venous blood,
from myectomy samples, or induced pluripotent stem-cell-derived cardiomyocytes from
patients [46]. In addition to improving the precision of molecular diagnostics, the discov-
ery of disease-causing aberrantly spliced mRNA in HCM patients opens new venues for
the development of RNA-targeted therapies. Splice-switching antisense oligonucleotides
and short interfering RNAs are promising strategies. Although further developments are
needed to overcome major challenges related to safety and delivery, RNA-targeting drugs
hold great potential for the treatment of HCM [50,51].

7. Gene Therapy Strategies in the Treatment of HCM

Current therapies for HCM are mainly focused on symptomatic relief and improving
clinical outcomes such as myosin modulators [52] rather than the genetic etiology of HCM.
Several strategies have been developed in the last decades to remove genetic defects,
including genome editing, allele-specific silencing, exon skipping, gene replacement, and
spliceosome-mediated RNA trans-splicing. These approaches have already been tested for
their efficacy and efficiency, with promising results, most of them in animal- or human-
induced pluripotent stem cell models of HCM.

Gene therapy targeting the cause of HCM is particularly attractive for rare, severe
forms with biallelic truncating mutations in MYBPC3 leading to heart failure and pre-
mature death in infants [53,54]. Among the different gene therapy options tested, gene
replacement with AAV9-mediated delivery of functional MYBPC3 cDNA has already
proven to be the most successful in mice [55] and in human pluripotent stem-cell-derived
cardiomyocytes [56,57].

High-fidelity gene repair in human embryos harboring HCM alterations has demon-
strated promising results. Using sperm from a heterozygous MYBPC3 mutation male carrier,
oocytes from healthy women were inseminated. Simultaneous injection of a mutation-
specific CRISPR/Cas9 system during the early metaphase resulted in the successful editing
of the mutation [58].

Allele-specific gene silencing is another gene-based therapeutic technology that holds
promise for monogenic diseases. This involves the transduction of an adenovirus vector
containing short-interfering ribonucleic acid segments designed to inhibit the expression of
a specific pathogenic allele—a method more broadly known as ribonucleic acid interference
(RNAI). In preclinical models, RNAi was demonstrated to attenuate the phenotype of
specific alterations causing HCM [59]. This approach is more tailored to conditions caused
by gain-of-function alterations (e.g., MYH?7) and likely not the full spectrum of HCM (e.g.,
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MYBPC3). Additional limitations include off-target effects (e.g., knockdown of non-target
mRNAs) and the current need for adenovirus delivery.

8. Challenges of Molecular Diagnosis and Future Perspectives

Genetic testing in HCM plays an important role in the management of affected individ-
uals and their families, allowing for cascade testing. It can provide a molecular diagnosis
and differentiate HCM from other diseases causing LV wall thickening, guiding the clinical
management of patients and their families. Genetic testing results are based on the strength
of evidence of specific variants to be disease-causing (pathogenic or likely pathogenic). If a
pathogenic variant is detected, discovery testing strategies can definitively identify rela-
tives at risk and guide longitudinal family screening. However, understanding the clinical
relevance of genetic testing is complicated, and classifying variants may be complex. As
such, pretest and post-test genetic counseling is fundamental to help establish appropriate
expectations and assist the patient and their family to better understand the results. If
results are difficult to interpret, further expertise and consultation should be sought.

Recent standards and guidelines are routinely used in order to standardize and in-
crease the clarity of variant classification [60]. Nevertheless, the interpretations provided
for a given variant may differ between molecular diagnostics laboratories [61]. In addition,
frequent revisions of variant interpretation may occur as more information is obtained
from larger patient and healthy control cohorts, sometimes leading to the amendment of a
clinical report with a modified diagnostic interpretation. Because genetic testing results
are probabilistic rather than determinative, they must always be interpreted in the context
of the patient’s medical and family history [62]. For example, family history and the seg-
regation of a putative causal variant within the family may be important information for
clinical interpretation, especially when a novel genetic variant is identified.

The inability to identify a causative alteration in 50%-60% of HCM patients is a
significant limiting factor of genetic testing [63]. Factors enabling the development of
HCM in patients with a negative genetic test and asymptomatic carriers of a pathogenic
alteration have not been fully described yet. Initially, the theory that patients with a
negative genetic test could harbor mutations in genes not yet associated to the pathogenesis
of HCM was universally accepted. Patients without a pathogenic variant are now suspected
to have HCM through a non-Mendelian mechanism, with a more favorable prognosis
compared to patients with sarcomeric pathogenic alterations [64]. As comprehensive
whole-exome and whole-genome sequencing approaches become more widely accessible,
ongoing research efforts are key to expanding our knowledge of the full spectrum of HCM-
related genes and facilitating variant interpretation and classification. However, although
such comprehensive molecular testing can identify new genes associated with HCM, a
large number of variants of uncertain significance (VUS) are also expected to be detected,
potentially increasing overall uncertainty as a result of inconclusive results and causing
psychological stress to the patients and their families.

A more sophisticated understanding of genetic variation and novel strategies for
the assessment of the pathogenicity of variants are decisive to precisely translate the
massive amount of data obtained from comprehensive NGS-based genetic testing. Due
to the enormous heterogeneity of HCM and the diverse clinical manifestations of the
disease, larger patient cohorts including longitudinal clinical phenotypes and genotyping
are needed to provide further insights into the genetic etiology and pathogenesis of HCM.
In addition, multicenter collaborations and interdisciplinary cooperation of cardiologists,
molecular biologists, clinical geneticists, bioinformaticians, and genetic counselors are
required to efficiently interpret and communicate NGS-based genetic testing results to
patients and their families.
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Abstract: Background: Data regarding the association between sleep apnea (SA) and atrial fibrillation
(AF) in hypertrophic cardiomyopathy (HCM) are still limited. We aim to investigate the association
of both types of SA, obstructive sleep apnea (OSA) and central sleep apnea (CSA), and nocturnal
hypoxemia with AF in HCM. Methods: A total of 606 patients with HCM who underwent sleep
evaluations were included. Logistic regression was used to assess the association between sleep
disorder and AF. Results: SA was presented in 363 (59.9%) patients, of whom 337 (55.6%) had OSA
and 26 (4.3%) had CSA. Patients with SA were older, more often male, had a higher body mass index,
and more clinical comorbidities. Prevalence of AF was higher in patients with CSA than patients
with OSA and without SA (50.0% versus 24.9% and 12.8%, p < 0.001). After adjustment for age,
sex, body mass index, hypertension, diabetes mellitus, cigarette use, New York Heart Association
class and severity of mitral regurgitation, SA (OR, 1.79; 95% CI, 1.09-2.94) and nocturnal hypoxemia
(higher tertile of percentage of total sleep time with oxygen saturation < 90% [OR, 1.81; 95% ClI,
1.05-3.12] compared with lower tertile) were significantly associated with AF. The association was
much stronger in the CSA group (OR, 3.98; 95% ClI, 1.56-10.13) than in OSA group (OR, 1.66; 95% CI,
1.01-2.76). Similar associations were observed when analyses were restricted to persistent/permanent
AF. Conclusion: Both types of SA and nocturnal hypoxemia were independently associated with AF.
Attention should be paid to the screening of both types of SA in the management of AF in HCM.

Keywords: hypertrophic cardiomyopathy; obstructive sleep apnea; central sleep apnea; nocturnal
hypoxemia; atrial fibrillation

1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common hereditary cardiomy-
opathy characterized by left ventricular hypertrophy and a spectrum of clinical manifesta-
tions [1]. Atrial fibrillation (AF) is the most common cardiac arrhythmia and is associated
with significant morbidity and mortality in patients with HCM [2]. Nowadays, consid-
erable evidence supports sleep apnea (SA) as a risk factor for AF [3]. Previous studies
including our works showed a high prevalence of SA in HCM and the most common type
of SA, obstructive sleep apnea (OSA), is independently associated with AF in HCM [4-6].
Unlike OSA, central sleep apnea (CSA) is characterized by a lack of drive to breathe during
sleep and is less common [7]. Recently, an increasing number of investigations have linked
CSA to AF [8,9]. Whether CSA also has a relationship with AF in HCM is still unknown. In
addition, few studies have analyzed the respective relations of OSA and CSA to AF in HCM
and there is also a paucity of evidence on the association between nocturnal hypoxemia, an
essential pathophysiological feature in SA, and AF. To address the above limitations, the
overall aim of the current study was designed to examine the association of both types of
SA and nocturnal hypoxemia with AF in a large HCM cohort.
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2. Materials and Methods
2.1. Study population

This retrospective cross-sectional study included consecutive patients who were diag-
nosed with HCM and underwent overnight diagnostic sleep examination at the inpatient
department of Fuwai Hospital between February 2010 and January 2019. The study cohort
has been described in detail previously [10]. Diagnostic criteria of HCM were consistent
with the 2020 American Heart Association/American College of Cardiology which mainly
include unexplained septal hypertrophy with a thickness of at least 15 mm [11]. Patients
with rest left ventricular outflow tract (LVOT) peak gradient > 30 mmHg or rest LVOT peak
gradient < 30 mmHg with provoked LVOT peak gradient >30 mmHg were considered as
obstructive. Otherwise, patients were considered as nonobstructive. Patients were excluded
if they had New York Heart Association (NYHA) class IV, incomplete sleep data, were
younger than 18 years old, had septal reduction therapy before (septal myectomy or alcohol
septal ablation), or had a history of heart transplantation. Patients were also excluded if
they were receiving treatment with continuous positive airway pressure or oxygen therapy.
According to the exclusion criteria, a total of 606 patients were finally enrolled. All patients
provided informed consent before enrollment. The study was approved by the ethics
committee of Fuwai Hospital (2020-ZX25). All studies were conducted in accordance with
the ethical principles stated in the Declaration of Helsinki.

2.2. Definition of AF

Prevalence of AF was documented. Data including medical histories, 12-lead elec-
trocardiograms and 24-h Holter electrocardiography were collected to help with diagnosis dur-
ing inpatient stays. Type of AF was defined according to the 2017 HRS/EHRA /ECAS/APHRS/
SOLAECE expert consensus statement on catheter and surgical ablation of atrial fibrilla-
tion [12]. Briefly, paroxysmal AF was defined as AF that terminated without intervention
within 7 days of onset. Persistent AF was defined as continuous AF that is sustained over
7 days. Long-standing persistent AF that lasted at least 1 year when deciding to adopt a
rhythm control strategy was classified into persistent AF in our study. Permanent AF was
defined when AF was accepted by the patients and physicians and stop further attempts to
restore or maintain sinus rhythm.

2.3. Diagnosis of Sleep Apnea

Portable polysomnography monitoring was performed before the time of septal re-
duction therapy by using the system Embletta (Medcare Flaga, Reykjavik, Iceland) in all
included patients. All patients underwent testing on room air. This device records nasal
airflow by an airflow pressure transducer, finger pulse oximetry, thoracic and abdominal
movement, body position, snoring, heart rate, and ECG, and has been validated against
full polysomnography [13]. All polysomnograms were scored blindly. Apnea was defined
when cessation of airflow or airflow reduction to <10% of the baseline value lasted for 10 s
or more. An apnea was scored as obstructive if a respiratory effort was present during the
event or central in the absence of effort during the event. Hypopnea was defined as a 50%
or discernible decrement in airflow lasting 10 s or longer associated with oxygen desatura-
tion of 3%. Hypopneas were scored as obstructive if snoring, and/or flow limitation was
noted on the nasal pressure signal or if paradoxical movement was noted on respiratory
inductance plethysmography during the event. In the absence of snoring, flow limitation,
and paradoxical movement, the hypopnea was scored as a central event. It should be
noted that the precise scoring of obstructive or central hypopnea is difficult without the
measurement of esophageal pressure. The apnea—hypopnea index (AHI) was the number
of apneas and hypopneas per hour of total sleep time. Diagnosis of SA was made solely
when the AHI was 5 events/h or more, irrespective of daytime symptoms, which allowed
objective evaluation of the disease severity [14]. Patients with SA were grouped into CSA
when at least 50% of the disordered breathing events were central (apnea or hypopnea);
whereas, if greater than 50% of disordered breathing events were obstructive (apnea or
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hypopnea), patients were grouped into OSA. The oxygen desaturation index, mean oxygen
saturation (SaO,), minimal SaO,, average pulse frequency and snoring proportion were
also recorded. The severity of nocturnal hypoxemia was measured based on percentage
of total sleep time (TST) spent with SaO; < 90%. It was assessed as a categorical variable
(tertiles with T1 [<0.3%], T2 [>0.3 to <5.1%] and T3 [>5.2%]) or as a continuous variable in
regression models.

2.4. Statistical Analysis

The numeric variables were expressed as mean and standard deviation, and the cate-
gorical variables were expressed as number (percentage). Continuous variables were tested
for normal distribution with the Kolmogorov-Smirnov test. Comparison of categorical
variables was performed using the x? or Fisher’s exact test, as appropriate. Differences of
continuous variables between groups were compared using the Student’s unpaired f-test
or Mann-Whitney U test, as appropriate. Univariate and multivariate logistic regression
analyses were used to determine the association between the presence of both types of SA
or severity of nocturnal hypoxemia and prevalence of AF. The results are expressed as odds
ratio (OR) and 95% confidence interval (CI). Covariates including age, sex, body mass index
(BMI), hypertension, diabetes mellitus, cigarette use, NYHA class, and severity of mitral
regurgitation were adjusted. Tests of interaction were performed to assess whether the
association of SA and nocturnal hypoxemia with AF was affected by obstruction of LVOT,
sex, or obesity using the abovementioned multivariate model. All reported probability
values were 2-tailed, and a p-value of <0.05 was considered statistically significant. SPSS
version 24.0 (IBM Corp., Armonk, NY, USA) was used for calculations and illustrations.

3. Results
3.1. Baseline Characteristics

A total of 606 patients were enrolled. The study flowchart is shown in Figure 1. SA
was diagnosed in 363 (59.9%), of whom 337 (55.6%) had OSA and 26 (4.3%) had CSA.
Patients with SA were older, more likely to be male and smokers and had more clinical
comorbidities such as hypertension, hyperlipidemia, diabetes mellitus, and coronary heart
disease (Table 1). Compared with patients without SA, the prevalence of AF was higher
in patients with SA (26.7% versus 12.8%, p < 0.001) (Table 1) and the prevalence was even
higher in the CSA group when compared with the OSA group (Table 1 and Figure 2A).
In addition, patients with CSA had higher NYHA class and N-terminal brain natriuretic
peptide (NT-pro BNP) level. Prevalence of AF increased with tertiles of percentage of TST
spent with SaO; < 90% (14.9% in T1, 16.8% in T2 and 31.7% in T3, p < 0.001) (Figure 2B).

Patients diagnosed with
HCM and receiving
sleep studies
(n=1658)
Excluded:
History of septal reduction therapy (septal
myectomy or alcohol septal ablation) (n = 19);
history of heart transplantation surgery (n = 7);
age younger than 18 years old (n = 15);
incomplete sleep recording data (n = 11).
Included
(n=606)
( i 1
Normal OSA CSA
(n=243) (n=337) (n=26)

Figure 1. The study flowchart. HCM: hypertrophic cardiomyopathy; OSA: obstructive sleep apnea;
CSA: central sleep apnea.
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Table 1. Clinical characteristics of patients with HCM grouped according to types of sleep apnea.

N SA Pooled Patients with SA
Variables n =°;:3) (1 = 363) * p-Value OSA CSA # p-Value
(n =337) (n =26)
Male 157 (64.6) 278 (76.6) 0.001 258 (76.6) 20 (76.9) 0.966
Age (y) 45.7 +13.7 54.0 +10.9 <0.001 53.7 £ 11.1 57.2+7.1 0.120
BMI (kg/m2) 247 + 3.3 272+ 3.6 <0.001 272+ 3.6 26.7 + 3.5 0.501
Cigarette use 92 (37.9) 198 (54,5) <0.001 181 (53.7) 17 (65.4) 0.249
Hypertension 72 (29.6) 215 (59.2) <0.001 202 (59.9) 13 (50.0) 0.320
Hyperlipidemia 49 (20.2) 171 (47.1) <0.001 156 (46.3) 15 (57.7) 0.262
Diabetes 21 (8.6) 63 (17.4) 0.002 56 (16.6) 7 (28.0) 0.148
Coronary heart disease 22(9.1) 67 (18.5) 0.001 59 (17.5) 8 (32.0) 0.072
History of stroke 9 (3.7) 35 (9.7) 0.006 32 (9.5) 3 (12.0) 0.683
AF 31 (12.8) 97 (26.7) <0.001 84 (24.9) 13 (50.0) 0.005
Paroxysmal AF 23 (9.5) 55 (15.2) 0.040 50 (14.8) 5(19.2) 0.547
Persistent or permanent AF 8 (3.3) 42 (11.6) <0.001 34 (10.1) 8(30.8) 0.001
NYHA class II-III 154 (63.4) 257 (71.0) 0.049 234 (69.4) 23 (92.0) 0.016
Fasting glucose (mmol/L) 48+12 53+15 <0.001 53+15 54+13 0.761
TC (mmol/L) 44409 444+1.0 0.891 44410 39+12 0.009
LDL-C (mmol/L) 2.74+0.8 2.7+09 0.810 27408 24+1.0 0.032
Creatinine (mmol /L) 82.4 + 15.8 87.4 +19.0 0.001 87.2+19.2 90.1 £ 154 0.470
1585.3 + 1276.2 + 1208.4 + 2188.8 £
NT-pro BNP (pg/mL) 2313.9 1851.1 0.074 1832.8 1892.4 0.012

Values are presented as mean + standard deviation, or as n (%). * p-value represented comparison between
patients with and without sleep apnea. # p-value represented comparison between patients with OSA and CSA.
HCM: hypertrophic cardiomyopathy; OSA: obstructive sleep apnea; CSA: central sleep apnea; BMI: body mass
index; AF: atrial fibrillation; NYHA: New York Heart Association; AF: atrial fibrillation; TC: total cholesterol;
LDL-C: low-density lipoprotein cholesterol; NT-pro BNP: N-terminal brain natriuretic peptide.

A B
3 Sinus rhythm [ Sinus rhythm
B AF = AF
P<0.001 P<0.001
12.8% 24.9% 50.0% 14.9% 16.8% 31.7%
~— 100 — 100
& g
) )
g g
f= =4
501
g g
& &
o T T T o T T T
Normal OSA CSA ™ T2 T3

Types of sleep apnea Tertiles of percentage of TST spent with Sa0, < 90%

Figure 2. Prevalence of atrial fibrillation in patients with hypertrophic cardiomyopathy grouped by
types of sleep apnea (A) or severity of nocturnal hypoxemia (B). Severity of nocturnal hypoxemia
was measured based on percentage of TST spent with SaO, < 90%. Tertiles of percentage of TST
spent with SaO; < 90% were classified as following: T1 (<0.3%), T2 (>0.3 to <5.1%) and T3 (>5.2%).
AF: atrial fibrillation; OSA: obstructive sleep apnea; CSA: central sleep apnea; TST: total sleep time;
Sa0;: oxygen saturation.

3.2. Echocardiographic Data

Echocardiographic data are shown in Table 2. Obstruction of LVOT was more common
in patients without SA, while the LVOT gradient in obstructive HCM was not different
between groups. Patients with SA were associated with enlarged left atrial diameter
(LAD), left ventricular end-diastolic diameter, and ascending aorta diameter compared
with patients without SA. LAD was even larger in the CSA group than the OSA group. The
mean LVEF was lower and the ratio of patients with LFEV < 50% was higher in the CSA
group than the OSA group.
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Table 2. Echocardiographic data of HCM patients grouped according to types of sleep apnea.

Pooled Patients with SA
None SA

. % ~
Variables (1 = 243) (1 = 363) p-Value OSA CSA # p-Value
(n = 337) (n=26)
Obstructive HCM 166 (68.3) 187 (51.5) <0.001 179 (53.1) 8(30.8) 0.028
LVOTG at rest in obstructive
67.3 +34.0 63.3 +324 0.261 62.8+325 73.6+£31.0 0.358
HCM (mm Hg)
LAD (mm) 421+65 436 £7.7 0.013 432+75 484+76 0.001
LVEDD (mm) 43.8+6.3 46.5£59 <0.001 46.5+59 462+ 6.1 0.825
AAD (mm) 30.2+49 329+43 <0.001 329+43 331+38 0.857
IVST (mm) 18.6 £5.0 172+ 4.6 0.001 171+ 4.6 182+ 4.2 0.268
PWT (mm) 115 £32 11.6 +£2.6 0.496 11.6 £2.6 115+21 0.719
Moderate to severe MR 94 (38.7) 104 (28.7) 0.010 96 (28.5) 8(30.8) 0.804
LVEF (%) 66.6 + 8.6 65.1+94 0.049 65.4 4+ 8.9 60.9 +13.2 0.016
LVEF < 50% 12 (4.9) 18 (5.0) 0.991 13 (3.9) 5(19.2) 0.001
Values are presented as mean =+ standard deviation, or as 1 (%). The representation of * p-value and # p-value
are shown in Table 1. HCM: hypertrophic cardiomyopathy; OSA: obstructive sleep apnea; CSA: central sleep
apnea; LVOTG: left ventricular outflow tract gradient; LAD: left atrial diameter; LVEDD: left ventricular end-
diastolic dimension; AAD: ascending aorta diameter; IVST: Interventricular septum thickness; PWT: Posterior
wall thickness; MR: mitral regurgitation; LVEF: left ventricular ejection fraction.
3.3. Sleep Parameters
Data from sleep study are summarized in Table 3. Patients with SA had a significantly
higher value of AHI and oxygen desaturation index compared with patients without SA.
The value was even higher in the CSA group than OSA group. The longest apnea/hypopnea
time, percentage of TST spent with SaO, < 90%, and snoring time ratio were higher, and
the lowest SaO, and mean SaO, were lower in patients with SA than those without.
Table 3. Sleep data of patients with HCM grouped according to types of sleep apnea.
N s Pooled Patients with SA
i one * p-Val #p-Val
Variables (n = 243) (n = 363) p-vatue OSA CSA p-vatue
(n = 337) (n=26)
AHI (events/h) 18+14 225+ 16.7 <0.001 21.8 £16.6 31.5+15.0 0.004
OALI (events/h) 0.6 £0.7 9.1 +£109 <0.001 9.6 +11.2 31+28 0.003
CALI (events/h) 0.1+£02 22455 <0.001 1.0+2.0 171+ 114 <0.001
OHI (events/h) 1.1+11 99+£79 <0.001 104 £79 34433 <0.001
CHI (events/h) 0.0£0.0 1.3+3.3 <0.001 07+21 81+67 <0.001
ODI (events/h) 28+27 21.1+16.1 <0.001 206 £159 274+174 0.040
Longest apnea/hypopnea time (s) 41.0 £25.1 7224253 <0.001 72.1+25.6 732479 0.839
Lowest SaO; (%) 88.0 4.0 80.2+79 <0.001 803 £7.7 78.6 £9.9 0.294
Mean SaO; (%) 945+ 17 93.1+22 <0.001 93.2+21 924 +25 0.080
Percentage Oigosof ?};‘;“t with 520, 17466  11.6+172 <0.001 1114£169  17.6 +£20.1 0.063
Snoring time ratio (%) 51+6.6 11.8 £13.6 <0.001 12.0 £13.5 9.1 +148 0.292
Mean HR during sleep (rpm) 599 +73 614+78 0.019 61.2+76 64.4 +10.2 0.040

TST (min)

486.7 =942  456.2 +78.7 <0.001 456.4 +80.2  453.1 +58.3 0.838

Values are presented as mean + standard deviation. The representation of * p-value and # p-value are shown
in Table 1. HCM: hypertrophic cardiomyopathy; OSA: obstructive sleep apnea; CSA: central sleep apnea; AHI:
apnea hypopnea index; OAI: obstructive apnea index; CAI: central apnea index; OHI: obstructive hypopnea index;
CHI: central hypopnea index; ODI: oxygen desaturation index; SaO,: oxygen saturation; TST: total sleep time;
HR: heart rate.

3.4. Association of Sleep Apnea and Nocturnal Hypoxemia with AF

In the univariate analyses, SA as well as both types of SA, OSA and CSA, were
significantly associated with AF (Table 4). OSA was associated with an OR of 3.24 (95% CI,
1.63-6.44), meanwhile, CSA was associated with a higher OR of 6.84 (95% CI, 2.91-16.10).
Significant associations were also observed between measures of nocturnal hypoxemia and
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AF. After controlling for age, sex, BMI, hypertension, diabetes mellitus, cigarette use, NYHA
class, and severity of mitral regurgitation, the association of SA (OR, 1.79; 95% CI, 1.09-2.94)
and nocturnal hypoxemia (higher tertile of percentage of TST spent with SaO; < 90% with
OR, 1.81; 95% CI, 1.05-3.12) with AF remained statistically significant. Adjusted risk of AF
was also stronger in the CSA group (OR, 3.98; 95% CI, 1.56-10.13) than the OSA group (OR,
1.66; 95% CI, 1.01-2.76). Similar associations were observed when analyses were restricted
to persistent/permanent AF.

Table 4. Association of types of sleep apnea and nocturnal hypoxemia with AF in patients with HCM.

Terms Univariate p-Value Multivariate p-Value
Atrial fibrillation

Sleep apnea 2.49 (1.60-3.88) <0.001 1.79 (1.09-2.94) 0.022
Types of sleep apnea <0.001 0.010

None Reference Reference
OSA 2.27 (1.45-3.56) <0.001 1.66 (1.01-2.76) 0.048
CSA 6.84 (2.91-16.10) <0.001 3.98 (1.56-10.13) 0.004

Percentage of TST spent with SaO, <90%

Continuous variable 1.02 (1.01-1.03) 0.001 1.01 (0.99-1.02) 0.257
Tertiles <0.001 0.012

T1 Reference Reference
T2 1.16 (0.68-1.98) 0.586 0.88 (0.50-1.55) 0.652
T3 2.66 (1.63-4.33) <0.001 1.81 (1.05-3.12) 0.034
ODI 1.01 (1.00-1.03) 0.019 1.00 (0.99-1.02) 0.557

Persistent/permanent atrial fibrillation

Sleep apnea 3.84 (1.77-8.34) 0.001 2.79 (1.19-6.53) 0.018
Types of sleep apnea <0.001 0.007

None Reference Reference
OSA 3.30 (1.50-7.25) 0.003 2.47 (1.04-5.88) 0.040
CSA 13.06 (4.39-38.87) <0.001 7.09 (2.10-23.89) 0.002

Percentage of TST spent with SaO, <90%

Continuous variable 1.02 (1.01-1.03) 0.009 1.00 (0.99-1.02) 0.642
Tertiles 0.007 0.197

T1 Reference Reference
T2 1.10 (0.47-2.55) 0.830 0.86 (0.36-2.08) 0.738
T3 2.68 (1.29-5.56) 0.008 1.65 (0.73-3.69) 0.226
ODI 1.02 (1.01-1.04) 0.006 1.01 (0.99-1.03) 0.221

Data are presented as odds ratio (95% confidence interval). Multivariate analysis was adjusted for age, sex, body
mass index, hypertension, diabetes mellitus, cigarette use, NYHA class, and moderate to severe mitral regurgi-
tation. AF: atrial fibrillation; HCM: hypertrophic cardiomyopathy; OSA: obstructive sleep apnea; CSA: central
sleep apnea; TST: total sleep time; SaO,: oxygen saturation; ODI: oxygen desaturation index; NYHA: New York
Heart Association.

The interaction analysis is shown in Table 5. The association of SA or nocturnal
hypoxemia with AF was stronger in obstructive HCM compared with non-obstructive
HCM (p for interaction = 0.025 and 0.074, respectively). Additionally, associations between
SA and AF were greater in obese (BMI > 25 kg/ m?) patients compared with non-obese
(BMI < 25 kg/m?) patients (p for interaction = 0.024). No significant interaction was
present between nocturnal hypoxemia and obesity for AF (p for interaction = 0.396). There
was no significant interaction between SA or nocturnal hypoxemia and sex for AF (p for
interaction = 0.534 and 0.793, respectively).
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Table 5. Association of sleep apnea and nocturnal hypoxemia with AF in different subgroups of
HCM patients.

for p for p for
Non- . P Non-Obese Obese
Terms Obstructive Obstructive Iniferac- (BMI<25kg/m?)  (BMI > 25 kg/m?) Int.erac- Male Female Iniierac-
tion tion tion
1.10 245 1.92 1.82
Sleep apnea (053-228) (115.-519) 0.025 1.28 (0.57-2.86) 2.29 (1.17-4.47) 0.024 (L03.356)  (0.73-4.55) 0.534
Tertiles of percentage
of TST spent with 0.074 0.396 0.793
Sa0; <90%
T1 Reference Reference Reference Reference Reference Reference
0.57 1.41 0.74 1.09
T2 (0.21-1.29) (0.56-3.53) 0.90(0:36-2.28) 0.78 (0.37-1.66) (0.37-150)  (0.39-3.03)
0.95 3.45 1.62 227
LS (0.44-2.07) (1.43-8.33) 1.81(0.70-4.71) 1.63 (0.81-3.31) (0.85-3.10)  (0.77-6.71)

Data are presented as odds ratio (95% confidence interval). Tertiles of percentage of TST spent with SaO, <90%
were classified as following: T1 (<0.3%), T2 (>0.3 to <5.1%) and T3 (>5.2%). Mul-tivariate analysis was adjusted
for age, sex, BMI, hypertension, diabetes mellitus, cigarette use, NYHA class, and moderate to severe mitral
regurgitation. AF: atrial fibrillation; HCM: hypertrophic cardiomyopathy; TST: total sleep time; SaO,: oxygen
saturation; BMI: body mass index.

4. Discussion

The current investigation demonstrated that SA was common and was independently
associated with AF in patients with HCM. Even though CSA was less common compared
with OSA, CSA was more strongly associated with AF than OSA after adjusting for con-
founders. Nocturnal hypoxemia, an important pathophysiological feature in SA, was also
independently associated with AF.

Previous studies have reported a prevalence of SA ranging from 40% to 83% in
HCM [15]. Findings from the current study showed that nearly 60% of patients with HCM
had SA which was congruent with previous reports, demonstrating that SA was a much
more common condition in HCM. The independent association of SA with AF in HCM
had been demonstrated in studies with small sample sizes [5,6]. In our study, a significant
association between SA and AF was found in a larger HCM cohort. Clinical comorbidities
such as obesity, hypertension, and coronary heart disease as well as heart remodeling such
as enlarged LAD, which were contributors to AF, were found more common in patients with
SA. Several physiologic stressors involved in SA could enhance arrhythmogenicity in HCM
including intermittent hypoxemia, hypercapnia, autonomic nervous system fluctuations,
and intrathoracic pressure swings.

However, much of previous data are focused on analyzing the association between
OSA and AF, while, the link between CSA and AF is not as well studied. In our study,
we first found that both types of SA were independently associated with AF in HCM.
Interestingly, CSA was more strongly associated with AF than OSA. These results were
in alignment with previous investigations. Sin et al. found AF to be associated with CSA,
but not OSA, in a sample of 450 individuals with heart failure [16]. Mehra et al. also
documented a stronger cross-sectional relationship of CSA than OSA to AF in an unselected
community cohort of 2911 men [17]. Additionally, Tung et al. showed a similar finding that
CSA, but not OSA, was a predictor of incident AF in a community-based cohort [9]. CSA
may be linked with increased risk for AF beyond OSA through the following mechanisms.
Intermittent fluctuations in PaCO2 levels and periodic arousals, occurs to be greater in
CSA than OSA, and may predispose to arrhythmia by enhancing sympathetic activation
and then resulting in electrical and structural remodeling [18]. CSA is often concomitantly
found in patients with systolic heart failure which usually occurred frequently with AF and
would exacerbate each other [19]. In our study, the CSA group had higher NYHA class and
NT-pro BNP level, enlarged LAD, and decreased LVEF com-pared with the OSA group.
These results indicated that the above mechanisms contribute to the stronger association
between CSA and AF. Interestingly, only a small proportion of patients with CSA had
systolic heart failure. We propose that these patients are more likely to have diastolic
dysfunction which is a prominent clinical feature in HCM [20].
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Nocturnal hypoxemia is an important pathophysiological feature in SA. Previous
works had proved the relationship between nocturnal hypoxemia and AF [21]. However,
studies have failed to find out the association between nocturnal hypoxemia and AF in
HCM, which was possibly due to a relatively small study population [5,6]. In our works,
patients in highest tertiles of percentage of TST spent with SaO, < 90% were associated with
AF prevalence. We proposed that patients with HCM were associated with AF only with
more severe hypoxemia which were consistent with results of previous studies performed
in the general population [22]. It is well established that obesity and male sex are risk factors
for SA. Our interaction analysis showed that the association between SA and AF was more
prominent in patients with obesity but not in the male sex. Meanwhile, the association
between nocturnal hypoxemia and AF was irrespective of obesity and sex. Therefore, the
association between SA and AF in HCM was not different between males and females.
It is still unknown whether LVOT obstruction, a special hemodynamic feature in HCM,
plays a role between SA and AF. Our interaction results showed that the association of SA
and nocturnal hypoxemia with AF was stronger in HCM patients with LVOT obstruction
than those without. These results indicated that obesity and LVOT obstruction might exert
synergistic effects on AF together with SA.

To date, SA remains underestimated in HCM. Therefore, a high degree of suspicion
for SA is warranted and clinicians should have a low threshold to refer for diagnostic sleep
evaluation. Importantly, treatment of OSA was shown to be associated with reduced AF
burden as well as cardiovascular benefits in the general population [23,24]. We expect that
identification and treatment of both types of SA may serve to further improve outcomes
in HCM.

Several limitations in the current study merit discussion. First, this study is a cross-
sectional study. Although our results suggested an independent association be-tween SA
and AF in HCM, the retrospective nature of this study limited our ability to determine
a causal relationship. Second, the sample size of the present study was relatively low,
especially in the CSA group, which should be increased in the future to confirm the findings.
Third, prevalence of SA and AF in this HCM cohort may represent an overestimation of the
prevalence in a general HCM population because of selection bias as patients presented to a
tertiary medical center for their care and many were symptomatic. Finally, it is not possible
to ensure that all confounding variables were fully adjusted in multivariate analysis. These
facts limit the generalizability of our findings.

5. Conclusions

Both types of SA and nocturnal hypoxemia were independently associated with AF.
Even though CSA was not as popular as OSA in HCM, the association of CSA with AF was
stronger than OSA. These results suggest that attention should be paid to the screening of
both types of SA in the management of AF in HCM.
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Abstract: Genetic counselling and genetic testing in hypertrophic cardiomyopathy (HCM) represent
an integral part of the diagnostic algorithm to confirm the diagnosis, distinguish it from phenocopies,
and suggest tailored therapeutic intervention strategies. Additionally, they enable cascade genetic
testing in the family. With the implementation of Next Generation Sequencing technologies (NGS),
the interpretation of genetic data has become more complex. In this regard, cardiologists play a central
role, aiding geneticists to correctly evaluate the pathogenicity of the identified genetic alterations.
In the ideal setting, geneticists and cardiologists must work side by side to diagnose HCM as well
as convey the correct information to patients in response to their many questions and concerns.
After a brief overview of the role of genetics in the diagnosis of HCM, we present and discuss the
frequently asked questions by HCM patients throughout our 20-year genetic counselling experience.
Appropriate communication between the team and the families is key to the goal of delivering the
full potential of genetic testing to our patients.

Keywords: hypertrophic cardiomyopathy; genetic testing; genetic counselling; cascade testing;
multidisciplinary team; next-generation sequencing

1. Introduction

Hypertrophic Cardiomyopathy (HCM) is a genetic heart condition characterized by
the presence of asymmetric hypertrophy of the left ventricle (LVH) that is not solely ex-
plained by abnormal loading conditions [1-5]. However, in the latest AHA/ACC HCM
guidelines, the term is applied only to patients that have a sarcomeric gene variant or a
negative gene test in the absence of another cardiac, systemic, or metabolic disease [5]. In
the 1990s, an MYH7 (3 myosin heavy chain) variant was identified in a large Canadian
family with four generations of HCM-affected subjects [6,7]. Over the past 30 years, the
complexity of the genetic basis of HCM has been increasingly elucidated. Today HCM is
considered the most common genetic cardiac disease, transmitted in an autosomal domi-
nant manner. HCM has a prevalence of roughly 1:500 in adults, thus affecting an estimated
1 million individuals in Europe [8]. Mutation penetrance varies widely and may be signifi-
cantly delayed [9]. HCM is known to be associated with over ~1500 mutations, described
in about 40 genes, especially in genes encoding for cardiac sarcomeric proteins. HCM
has been designed as the “disease of the sarcomere” [10]. MYH7 and MYBPC3 (cardiac
myosin-binding protein C) are the two most commonly mutated sarcomeric genes, and they
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account for about 40% of diagnoses. In addition, MYL2 (regulatory myosin light chain),
MYL3 (essential myosin light chain), TPM1 (« tropomyosin), TNNT?2 (cardiac troponin
T), TNNI3 (cardiac troponin I), and ACTC1 (cardiac actin) represent the “core disease”
genes which are considered essential for establishing a reliable and accurate molecular
diagnosis. Rare mutations have been found in additional sarcomere genes or genes coding
for proteins from the nearby Z-disc, such as MYH6 (o« myosin heavy chain), CSRP3 (muscle
LIM protein), TCAP (telethonin), and genes implicated in calcium homeostasis pathways,
such as VCL (vinculin) and JPH2 (junctophilin 2) [11-14]. A small number of hypertrophic
patients exhibit Fabry syndrome (GLA gene), Danon disease (LAMP2 gene), cardiac amyloi-
dosis (TTR gene), Wolff—Parkinson—White syndrome (PRKAG2 gene), and mitochondrial
cardiomyopathies [15-18]. These phenocopies are different disease entities with distinct
heredity, pathogenesis, natural history, extra-cardiac characteristics, and therapy. Moreover,
HCM phenotype may be associated with malformation syndromes, mainly RASophaties,
a heterogeneous group of diseases caused by mutations in genes of RAS-MAPK cascade,
including PTPN11, BRAF, RAF1, SOS1, HRAS, and KRAS [14]. For these diseases, the
genetic test, in conjunction with a detailed diagnostic examination of the patient and their
family, is a critical tool for the diagnosis and proper treatment [19].

Currently, with Next Generation Sequencing (NGS) technologies, it is possible to
identify a responsible mutation in 30-60% of HCM patients. However, it is true that the
yield of positive genetic testing is higher in the case of positive family history of HCM
and is lower in sporadic cases [5,20]. The genetic cause remains unknown and may be
polygenic in the rest of the cases, together with some environmental factors, such as
obesity, arterial hypertension, and intense sports activity [14,20]. About 5-10% of patients
have been reported to have complex genotypes carrying multiple (two or more rarely
three) mutations in sarcomere genes; this condition is usually associated with a poorer
prognosis [21]. Since 2005, NGS technologies have enabled a breakthrough rise in high-
throughput sequencing capabilities by analyzing multigene panels, whole-exome (WES),
and whole-genome sequencing (WGS). The latter is mostly aimed at discovering novel
disease-causing genes and is mostly used for research purposes. In selected cases, for
example, in children with HCM, the WES analysis in a trio (together with the parent’s
DNA sequencing) should be performed [22]. The NGS strategy is to sequence millions
of short-DNA fragments in massively parallel arrays, then realign and map the short
reads back to the reference genome [23]. The accurate interpretation of data sequencing
is the weakness of the NGS strategy. It may be very difficult to predict if a DNA variant
identified in a patient is truly disease-causing (pathogenic or likely pathogenic), a benign
polymorphism (negative test) or a rare variant with unclear clinical significance and not
predicted to cause HCM (variant of uncertain significance, VUS) [24]. In this last case, the
genetic test’s result is not clinically actionable and may be considered one limitation of the
genetic study. Private and public cardiogenetic laboratories often use commercial panels
for genetic tests. The panels are typically designed to contain genes having a definitive or
moderate association with the disorders; the panels must be assessed on a regular basis
and may potentially be expanded if new genes are identified [10,20,25].

2. Genetic Counselling

Genetic counselling represents an essential part of genetic testing and is recommended
for all patients with HCM who choose to undergo genetic testing [5]. The main objective of
counselling is informing patients and families about the genetic aspects of their disease, the
advantages and the limitations of the test and the possibility of transmitting the disease
to their relatives [26-29]. It is also critical to help ensure that patients and families have
realistic expectations about the benefits of genetic testing. Counselling can be divided
into pre-test and post-test counselling (Figure 1). According to the latest guidelines on
HCM, pre-and post-test genetic counselling should be performed by a trained genetic
counsellor or by other experts in the genetics of cardiovascular diseases (Class 1, level of
evidence B) [5]. Due to technological advances and new recommendations, the number of
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genetic testing requests is increasing rapidly, which may expose cardiologists to more often
facing similar questions about the implication of genetic testing results. Therefore, in this
article, we collected and discussed the frequently asked questions by our HCM patients to
help cardiologists manage genetic testing-related scenarios more easily and confidently.

GENETIC TESTING AND COUNSELLING IN HCM

Pre-test genetic counselling
geneticist/cardiologist

Informed consent & Blood sample

sesess
sessee

2
| Molecular analysis | @W
2 % T

Pathogenic/
likely pathogenicvariant

No rare variant/VUS

$

| Patient clinical re-evaluation |

$

| Cardiological screening of relatives |

¥ Diagnosis confirmation in the case of uncertain clinical case
v" Definition of the specific HCM etiology
¥" Identification of complex genotypes

¥

Post-test genetic counselling

- Cascade genetic
geneticist/cardiologist/psychologist

testing in the family

Figure 1. Genetic testing strategy in HCM. Abbreviations: HCM: hypertrophic cardiomyopathy;
VUS: variant of uncertain significance.

Pre-test counselling. During pre-test counselling, the patient should be informed
about the specific type of test that will be performed on the DNA sample (for example,
which are the genes studied and by which technologies), the possible test results, the po-
tential clinical benefit, and the test turn-around time. Pre-test counselling is of paramount
importance to identify other clinically affected family members, patterns of disease trans-
mission, consanguinity within the family, and history of sudden cardiac death in a relative.
Moreover, it helps to assist decision-making by fully informing patients [5,23]. A three gen-
erations pedigree of the family, written informed consent and a blood sample are collected
during this interview.
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Post-test counselling. Test results should be communicated during post-test genetic
counselling. Post-test genetic counselling should involve skilled healthcare professionals
working in multidisciplinary teams to assist patients in understanding and handling the
psychological, social, professional, ethical, and legal consequences of test results. During
post-test genetic counselling, the patient becomes aware of the impact of test results on
himself/herself and his/her relatives. Importantly, the patient is informed about the clinical
implications and the possibility of performing cascade testing screening on other family
members (predictive genetic testing in relatives). In young patients, the risk of transmission
when planning future pregnancies should be discussed [5].

3. Patients’ Questions, Real-World Answers

Interpreting the clinical significance of genetic variants is a complex process in which
the role of clinicians is key by providing evidence that supports the variants’ classification,
both in the proband and in family members [23]. Cardiologists need to be able to answer
questions from patients with genetic heart diseases, collaborating closely with the geneticist.
In this article, we present and discuss the frequently asked questions by HCM patients over
our 20-year genetic counselling experience.

Why is it useful to undergo a genetic test for me? Genetic testing in HCM adult
patients remains critical for the identification of at-risk asymptomatic relatives. In addition,
it provides a definitive molecular diagnosis and allows the identification of phenocopies
(for example Anderson-Fabry disease, TTR amyloidosis, Danon disease, or PRKAG2 cardiac
glycogenosis). Conversely, the impact on risk stratification and the prognosis is limited as
genotype status alone cannot predict patient-specific outcomes. However, it is important to
note that patients with pathogenic or likely pathogenic sarcomere mutations had a greater
risk for adverse outcomes compared with patients without mutations [5,10,11,21].

Will the identified DNA mutation predict the course and outcome of my disease? Be-
cause HCM is a genetic disease with incomplete penetrance and variable expressivity, the
possibility of associating mutations with a specific disease course is limited. Some genes or
specific mutations have been linked to a high rate of sudden mortality and adverse remodel-
ing (e.g., TNNT2 mutations; MYH7 p.Arg403Gln), a low rate of LVH (TNNT2), or delayed
cardiac expression (MYBPC3). Additionally, patients with complex genotypes are more likely
to have severe phenotypes or early disease manifestations [21]. Yet, no clear and consistent
associations have been discovered for the majority of mutations to date [20,22,23,30-32].

Is it possible that I will never develop the disease, even if I have inherited the familial
mutation? HCM is known to be a disease with incomplete penetrance and an intra-family
variability of phenotype expression. Hence, the identification of a sarcomeric mutation
(genotype positive) in an otherwise healthy individual (phenotype negative) does not
necessarily mean that the subject will develop the disease but does indicate an increased
risk of developing it. Although HCM may rarely be present in neonates and children,
usually, the mean age of onset in HCM ranges from the third to the fifth decade of life.
However, it has been reported that in a proportion of cases, it may remain latent or be
identified even after age 60 [33].

If my genetic mutation gets identified, will I have targeted therapies? Although
experimental studies hold hope for the future, no etiological /preventive therapies are
available today. Nonetheless, the identification of a pathogenic mutation may help the
cardiologist make tailored therapeutic choices and distinguish rare mimics such as Fabry
disease, Danon disease, amyloidosis caused by TTR mutation, or atypical glycogenosis due
to mutations in the PRKAG2 gene. Emerging, targeted therapies, including gene therapy
for HCM patients, are now opening new perspectives [24,34-38].

In the case of an uncertain clinical diagnosis, can the identification of a genetic mutation
definitively help to clarify it? In the case of inconclusive clinical findings, the identification of a
pathogenic/likely pathogenic HCM rare variant can confirm the diagnosis [39].

My echocardiography is normal, but my genetic test is positive. Should I stop the
physical activity? In general, for most patients with HCM, mild- to moderate-intensity
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recreational exercise is beneficial and is recommended to improve cardiorespiratory fitness,
quality of life, and overall health. For phenotype-negative individuals, due to their low
risk of sudden cardiac death (SCD), there is no restriction from competitive sports unless
the family history indicates a high risk for SCD. However, serial echocardiography is
recommended to assess for any phenotype development at periodic intervals depending
on age [1,5,40].

Can a positive genetic test influence my insurance policies? Genetic data are strictly
personal and protected by different regulations from country to country. In the USA,
The Genetic Information Non-discrimination Act (GINA) protects individuals against
discrimination based on their genetic information in health coverage and employment.
Italy also has these types of laws (Authorization No. 8/2016—Garante Privacy). For this
reason, it is not required to declare to have carried out the genetic test, either in the working
environment or during the stipulation of life insurance [41].

How likely is it that my children will inherit the mutation? Sarcomeric HCM is
inherited in an autosomal dominant manner, which means that both female and male
children have a 50% probability of carrying the disease-causing variant, although variable
penetrance can result in differences in the onset and severity of clinical manifestations [5].

I know genetic test needs a long time to be performed. However, once a mutation has
been identified, is it going to take that much time to test my family? Once the mutation
is identified in the first patient of the family, we can easily look for it in the other family
members. We already know which “word” is misspelled and on which “page” it is located.
Therefore, the predictive test takes only a few days [42].

Since I have HCM and a causative mutation has been found, is it possible to perform
the genetic test on my five-year-old son/daughter, even if he/she does not show any sign
of the disease? Performing a genetic test on an unaffected child is generally not recom-
mended [43]. The fundamental justification behind this is the lack of knowledge on the
severity, age of onset, and phenotypic manifestations associated with HCM, as well as the
inability to stop its progression. For these reasons, the medical benefit of a pre-symptomatic
diagnosis of HCM is questionable, and since the request is made by the parents, the child is
often not mature enough to understand the consequences of the test and make any decision.
In our opinion, it is of utmost importance to balance benefits and harms, case by case, and
keep in mind that he/she should be free to choose by himself to know whether he/she has
inherited the mutation. Therefore, in the case of an unaffected child, a genetic test should
be carried out after 10-12 years of age. However, in certain situations, such as a possible
competitive sports career or a family history of malignant early-onset disease, it may be
performed earlier [22,44].

After the identification of the mutation in my husband, is it possible to perform a
prenatal test on our child? The decision to pursue a prenatal diagnosis is a personal
one. Through invasive prenatal diagnosis (by amniocentesis or chorionic villus sam-
ple), it is possible to obtain the fetus’s DNA and proceed with searching for the known
mutation [5,23,26]. Nonetheless, in our opinion, it is not appropriate to carry out this type
of test due to the above-mentioned reasons: the uncertain age of onset of symptoms, the
severity of symptoms, the risk of complications, etc. Clinicians cannot precisely anticipate
the clinical course of an individual with a mutation since extremely different manifesta-
tions of HCM can occur in family members carrying the same mutation. Both incomplete
penetrance and variable expressivity are probably due to a combination of genetic, environ-
mental, and lifestyle factors. In our experience, none of the couples persisted to request
prenatal testing after the first steps of the multidisciplinary shared decision-making process.

If the mutation is not identified, does it mean that my cardiomyopathy does not
have a genetic base? The available genetic test in the cardiogenetic laboratories involves
the analysis of a panel of genes known to be associated with HCM. The probability of
identifying a disease-causing mutation in these genes is about 40-60% (test sensitivity). It is
believed that both familial and isolated HCM forms are genetically determined. Therefore,
even if no causative variant gets identified, a genetic basis cannot be excluded [5]. In this
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scenario, the causative variant could lie in modulator or unknown genes or in DNA regions
that we are not able to analyze yet. For these reasons, both the HCM patients with negative
genetic tests and their relatives should undergo regular cardiological follow-ups [5].

What does “Inconclusive genetic test result” mean? It means that a rare variant was
identified in the patient’'s DNA, called a variant of uncertain significance (VUS). It is unclear
whether this variant is associated with the health condition or not. Due to their rarity in the
population, only a limited amount of information is available on VUS. Thus, when a VUS
gets identified, the test result is ambiguous and inconclusive at a clinical level. For this
reason, a VUS should not be used to establish a genetic diagnosis and guide cascade family
screening. Future knowledge or scientific reports may ameliorate our understanding of
the VUS and help to re-evaluate them. The identification of a VUS, even if it represents
one of the three possible results of a genetic test (1, positive: pathogenic/likely pathogenic
causative variant; 2, rare VUS; 3, no identified rare variant) can be considered a limitation
of genetic testing [24,45,46].

In Table 1, we have collected some pieces of information for cardiologists who deem it
appropriate to have the patient undergo genetic testing. We consider these recommenda-
tions necessary to avoid setting unrealistic expectations and to ensure that it is consistent
with the information provided during genetic counselling.

Table 1. Recommendations for the cardiologist on genetic testing in HCM.

Genetic Testing in HCM: Tips for the Cardiologist

It is important to inform the patient that genetic testing:

Usually needs a long time (up to three months) before results are ready.

Has a chance of finding a causative mutation ranging from 30 to 60%, depending on the
cardiomyopathy and its presence in other family members.

Can be extended to other family members ONLY in the presence of a pathogenic/likely
pathogenic variant in the proband.

It is undesirable to suggest:

Performing the test as a matter of urgency.

Waiting for the test result to start treatment.
Submitting the entire family to genetic testing before determining the proband’s mutation.

Advising a prenatal diagnosis before genetic counselling.

Waiting for test results to decide on physical and sport activity.

Performing genetic testing for individuals in the family without phenotypic evidence of HCM,
including relatives of sudden cardiac death victims.

4. Conclusions

For cardiologists to achieve confidence in ordering genetic testing for HCM and
counselling, they must be able to answer the major questions of their patients. Continuing
close collaboration with geneticists is the key to success.
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Abstract: Background: Although disopyramide has been widely used to reduce left ventricular
outflow obstruction (LVOTO) and to improve symptoms in patients with obstructive hypertrophic
cardiomyopathy (0HCM), its use in real world as well as patient characteristics associated with a
positive treatment response are still unclear. Methods: From 1980 to 2021, 1527 patients with HCM
were evaluated and 372 (23%) had a LVOTO with active follow-up. The efficacy and safety of disopy-
ramide were assessed systematically during 12 months (2-, 6-, and 12-month visits). Responders were
patients with a final NYHA =TI and a LVOTO < 30 mmHg; incomplete responders were those patients
with NYHA > I and a LVOTO < 30 mmHg; and non-responders were symptomatic patients with no
change in functional class NYHA and a LVOT gradient > 30 mmHg. Results: Two-hundred-fifty-four
(66%) patients were in functional class NYHA I/II and 118 (34%) in NYHA III/IV. A total of 118/372
(32%, 55 £ 16 years) underwent disopyramide therapy. Twenty-eight (24%) patients responded
to therapy, 39 (33%) were incomplete responders, and 51 (43%) did not respond. Responder were
mainly patients in functional NYHA class 1/1I (24/28, 86%), whereas incomplete responders and
non-responders were more often in functional NYHA class III/IV (50/54 (93%)). An independent
predictor of response to disopyramide treatment was the presence of NYHA I/1I at the initiation of
therapy (HR 1.5 (95% CI 1.1-4.5), p = 0.03). No major life-threatening arrhythmic events or syncope
occurred, despite 19 (16%) patients showing reduced QTc from baseline, 19 (16%) having no differ-
ence, while 80 (69%) patients had prolonged QTc interval. Thirty-one (26%) patients experienced side
effects, in particular, 29 of the anticholinergic type. Conclusions: Disopyramide was underused in
oHCM but effective in reducing LVOTO gradients and symptoms in slightly symptomatic patients
with less severe disease phenotype with a safe pro-arrhythmic profile.

Keywords: hypertrophic cardiomyopathy; disopyramide; obstructive HCM management

1. Introduction

Hypertrophic cardiomyopathy (HCM) is the most common genetic cardiomyopathy,
characterized by heterogeneous phenotype and clinical course [1,2].

Among the earliest functional manifestations of disease are a hyperdynamic ventric-
ular contraction and impaired relaxation. Dynamic left ventricular outflow tract (LVOT)
obstruction due to systolic anterior motion (SAM) of the mitral valve and contact with the
interventricular septum is a hallmark and one of the determinants of the clinical course in
HCM [3]. In recent years, several drugs addressing promising therapeutic targets have been
investigated in obstructive HCM, but have failed to demonstrate their efficacy or proved to
be poorly tolerated [4]. Therefore, the treatment of symptomatic patients with obstructive
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HCM is still mainly based on negative inotropic drugs such as beta-blockers (BB) and/or
non-dihydropyridine calcium-channel blockers (CCBs; primarily verapamil) [5]. In patients
with resistant symptoms, disopyramide can be employed as a second-line therapy, owing
to its strong negative inotropism, increase in systemic resistances, and ability to decrease
early LV ejection flow acceleration [5].

Data concerning the safety and efficacy of this disopyramide in obstructive HCM are
limited from a few studies [6-9] and still many open questions remain. As an example,
patient characteristics associated with treatment response are unclear and incertitude is still
present concerning in which disease stage disopyramide would be the most effective [9].
This is of critical relevance since its anti-cholinergic and very rare pro-arrhythmic side
effects may limit its use [6,7]. Moreover, the recent development of disease-specific therapies
represents not only a major opportunity for HCM patients but also a challenge for the
clinician, since the appropriate and timely treatment selection for the correct patient’s sub-
group is now a priority [10]. Lastly, safety concerns remain, partly due to its anticholinergic
effects [8] and its blockage of the rapid delayed rectifier cardiac potassium current (I Kr),
with a potential significant QT-prolonging effect [11]. Therefore, we evaluated the real-
world use of disopyramide in a large cohort of obstructive HCM, by determining its safety
and efficacy in reducing LVOT gradients and symptoms, as to identify possible patient
responder sub-groups.

2. Methods
2.1. Study Population

We analyzed the clinical data and management data of 1527 HCM patients consecu-
tively diagnosed at our center from 1980 to 2021. Of these, 372 (25%) had a left ventricular
outflow tract obstruction (LVOTO) with active follow-up. Diagnosis was based on two-
dimensional echocardiographic evidence of a hypertrophied, non-dilated LV (maximum
wall thickness > 15 mm, or the equivalent relative to body surface area in children), in
the absence of another cardiac or systemic disease capable of producing the magnitude of
hypertrophy evident. The peak LV outflow tract velocity was averaged from 3 to 5 cardiac
cycles recorded at a sweep speed of 50 to 100 mm/s. Outflow obstruction was defined
using Doppler echocardiography as a systolic anterior motion of the mitral valve and LV
outflow tract (subaortic) velocity of >2.7 m/s at rest of >3.5 m/s with provocation, which is
respectively comparable to an outflow gradient > 30 mm Hg at rest or >50 mm Hg with
provocation. In all cases, particular consideration was given to distinguishing the Doppler
signal of LVOTO from that of mitral regurgitation.

2.2. Patient Evaluation and Management

Patients with a diagnosis of HCM presenting with LVOT obstruction were evaluated,
according to current ESC Guidelines [5] or up to date best practice, as follows:

1.  Patients with a function class NYHA I and symptoms related to LVOT obstruction
or NYHA II were treated with non-vasodilating beta-blockers titrated to maximum
tolerated dose or, if contraindicated verapamil (starting dose 40 mg three times daily
to maximum 480 mg daily);

2. Patients with a function class NYHA I and symptoms related to LVOT obstruction or
NYHA II-III, after ineffective 6-month treatment with beta-blockers/verapamil, disopy-
ramide was introduced up to a maximum tolerated dose (usually 400-500 mg/day).
Exclusion criteria for disopyramide initiation were glaucoma, men with prostatism,
patient with baseline QTc > 550 msec, and those with LVEF < 50%;

3. Patients with an LVOTO gradient > 50 mm Hg, moderate-to-severe symptoms (New
York Heart Association (NYHA) functional Class III-1V), and/or recurrent exertional
syncope in spite of maximally tolerated negative inotropic therapy were proposed
with an invasive management of LVOT gradient.
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Disopyramide was initiated at the routine initial dose of 125 mg short-acting disopyra-
mide two times daily. At the day of disopyramide initiation, an electrocardiogram (ECG) and
echocardiogram are performed. During each clinical follow-up, patients underwent resting
12-lead ECG, resting echocardiography with provocation, and a questionnaire concerning
possible side effects of disopyramide. A 2-, 6-, and 12-month follow-up was scheduled
for each patient. From the 6-month visit, according to the clinical response, increasing
the disopyramide dose or discontinuation of the drug was considered. Pyridostigmine,
which has been demonstrated to attenuate the anticholinergic side effects of disopyramide,
was also considered if patients developed such side effects. An intermediate clinical visit
was performed at 6 months and the last visit including ECG, and echocardiography was
performed at 12 months from therapy initiation. Special care was taken to monitor the side
effects of the drug in patients with renal or hepatic impairment attributed to potential effects
on drug clearance, in those with atrial fibrillation and atrial flutter because of the potential
for disopyramide-induced augmentation of atrioventricular conduction and increased ven-
tricular rate. The decision to initiate disopyramide therapy is taken by the treating physician
as is the tailoring of the above-mentioned protocol to the individual patient.

2.3. Twelve-Lead Electrocardiogram Analysis

Each ECG was recorded on the visit day. PR, QRS, and QT intervals were measured
manually by a single investigator experienced in ECG interpretation (C.C.). QT intervals
were measured using the tangents method using lead II. If measurement in lead IT was impos-
sible because of technical limitations, leads V5 or V2 were used in this order. The correction
for heart rate was performed using Fridericia’s formula. Although Bazett’s formula is the
most commonly used, it is less accurate in relative tachycardia or bradycardia and therefore
less reliable when comparing ECGs with different heart rates. Accordingly, Fridericia’s for-
mula is recommended over Bazett’s formula for the evaluation of drug-induced QT prolonga-
tion (http:/ /www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/
guidances/ucm073153.pdf, accessed on 7 March 2023). Patients who were ventricularly
paced were excluded from ECG analysis.

2.4. Definition of the Response to Disopyramide

At the 12-month follow-up, patients were categorized based on the clinical and echocar-
diographic response to negative inotropic agents, specifically:
1. Responders: patients with a functional class NYHA =Tand a LVOT gradient < 30 mmHg.
2. Incomplete responders: patients with a functional class NYHA > I and a LVOT
gradient < 30 mmHg.
3. Non-responders: symptomatic patients with no change in functional class NYHA and
a LVOT gradient > 30 mmHg.

2.5. Statistical Analysis

Continuous variables, reported as means with standard deviations or as medians with
interquartile ranges for non-normal distributions, were compared between groups with the
Student ¢ tests or non-parametric tests, as appropriate. Categorical variables, reported as
counts and percentages, were compared between groups with x? tests or Fisher exact tests
when any expected cell count was less than 5.

Cox multivariable regression analysis (variable selection method with backward step-
wise elimination) was performed including all candidate variables (p < 0.10 at univariate
analysis). A 2-sided p-value less than 0.05 was considered statistically significant. All
analyses were performed using SPSS Statistics for Macintosh version 25.0 (IBM).

3. Results
3.1. Clinical and Echocardiographic Profile of Patients with Obstructive HCM

Of the 1527 patients diagnosed with HCM in our center from 1981 to 2021, 372 (25%)
were diagnosed with obstructive HCM had an active follow-up. Of these, 254 patients (66%)
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were in functional class NYHA I/II and 118 (34%) in NYHA class III/IV (Table 1, Figure 1).
The mean age at therapy initiation was 43 + 19 years and 226 (61%) were males. Specifically,
among patients in NYHA Class I/1I, 185 (75%) were on BB/CCA treatment, 5 (2%) directly
underwent septal reduction therapies (SRTs), whereas 64 (26%) were on disopyramide +
BB/CCA treatment (Figure 1). Highly symptomatic patients, in functional class NYHA
II/1V, received negative inotropic drugs (25 (19%) on BB/CCA treatment), disopyramide
=+ BB/CCA (54 (42%)), and direct SRT (49 (14%; Figure 1). Therefore, a total of 118 patients
(63 (53%) males, 55 + 16 years) underwent therapy with disopyramide at the initial 250 mg
dose in addition to beta-blocker/calcium channel blocker therapy. One hundred and eleven
(94%) patients presented functional limitations (NYHA > I) at the beginning of therapy,
and 32 (27%) presented at least an episode of atrial fibrillation. Systolic anterior motion
of the mitral valve (SAM) was present in 95 (80%) patients, whereas the mean left atrial
diameter was 45 & 7 mm. A total of 76 (64%) presented a LVOT obstruction > 50 mmHg
and mean left ventricular ejection fraction (LV EF) of 66 + 7 % (Table 1).

Table 1. Baseline characteristics of the cohort at disopyramide therapy initiation.

. Total Responders Incomplete Non-
Variable Cohort ( = 28) Responders Responders
(n =118) (n = 39) (n =51)
Demographic
Age (ys) 55+ 16 48+9* 51+11 58 £ 12
Male sex (n, %) 63 (53%) 16 (57%) 19 (49%) 28 (55%)
Medical History
NYHA Class I-1I (n, %) 64 (54 %) 24 (86%) * 24 (62%) 16 (31%)
NYHA Class III (n, %) 53 (46 %) 3 (11%) 15 (38%) 35 (69%) *
NYHA Class IV (n, %) 1 (1.5%) 1 (3%) 0 0
Atrial fibrillation (n, %) 32 (27%) 6 (21%) 11 (28%) 15 (29%)
Syncope (n, %) 27 (0.12 %) 1(4%)* 12 (31%) 14 (27%)
PM/ICD (n, %) 11 (9%) 1 (4%) * 3 (8%) 7 (14%)
NSVT (n, %) 22 (19%) 3 (11%) 6 (15%) 13 (25%)
Cardiac Arrest (n, %) 1 (0.8%) 0 1(2.5%) 0
Treatments
Beta-blockers (n, %) 99 (84 %) 22 (79%) 35 (90%) 42 (81%)
Calcium-Antagonist (n, %) 14 (8 %) 2 (8%) 4 (10%) 8 (16%)
Amiodarone (n, %) 12 (10 %) 1 (4%) 4 (10%) 7 (14%)
Echocardiogram
SAM (n, %) 95 (80%) 22 (78%) 33 (85%) 40 (78%)
Left Atrial diameter (mm) 45+7 42+£5* 4+6 46 +7
LV Maximal Wall Thickness (mm) 22+5 21 +4 2245 22+6
Resting LVOTO (mmHg) 72 £ 36 69 + 21 70 £18 73 +£22
30 mmHg < LVOTO < 50 mmHg (n, %) 42 (36%) 13 (46%) 10 (26%) 19 (37%)
LVOTO > 50 mmHg (n, %) 76 (64%) 15 (54 %) 29 (74 %) * 32 (63%)
Maximal LVOTO (mmHg) 88 + 35 71+12 91 +13 85+ 21
LV Ejection Fraction (%) 66+7 69+ 8 66+ 6 63 +8*%

Abbreviations: PM: pacemaker; ICD: implantable cardioverter defibrillator; NSVT: non-sustained ventricular tachycardia;
SAM.: systolic anterior motion of the mitral valve; LV: left ventricle; LVOTO: left ventricular outflow tract obstruction.

*=p<0.05.
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Figure 1. Clinical management of patients with obstructive hypertrophic cardiomyopathy. Abbrevi-
ations: o0HCM.: obstructive hypertrophic cardiomyopathy; f-up: follow-up; BB: beta-blockers; CCA: calcium
antagonists; SRT: septal reduction treatments.

Patients who underwent disopyramide therapy presented with, before treatment
initiation, a first-degree atrioventricular block (AVB) in 10 (8%) cases, a bundle branch block
(BBB) in 14 (11%), a QTc interval > 480 msec in 30 (24%), and a QTc > 500 msec in 14 (11%)
(Table 2).

Table 2. Electrocardiographic changes on disopyramide treatment.

Variables Pre-Treatment On Treatment p Values
HR (bpm) 60+8 59+79 0.45
PR (msec) 178 + 22 183 24 <0.01
AVBI (n) 10 (8%) 22 (17%) <0.01
QRS (msec) 101 £+ 22 109 £ 26 0.10
New Onset Bundle Branch Block (n) 14 (11%) 20 (16%) 0.62
QTcmax (msec) 423 £29 475 £ 41 0.67
QTc > 480 msec 30 (24%) 56 (48%) <0.01
QTc > 500 msec 14 (11%) 36 (28%) <0.01

Abbreviations: HR: Heart Rate.

3.2. Efficacy and Criteria of Response to Disopyramide Therapy

After 12 months of therapy, an improvement in the functional class occurred. Five
(4%) patients in NYHA II class became asymptomatic; 21 (25%) patients improved their
functional class from NYHA III to NYHA II. The symptomatic relief did not differ in patients
who took a dose of 250 mg/day vs. higher doses (p = 0.79). The mean LVOTO gradient
at rest post-therapy was not abolished but was significantly reduced (72 £+ 36 mmHg vs.
49 + 31 mmHg; p < 0.001). Specifically, 28 (24%) were responders to therapy, 39 (33%) were
incomplete responders, and 51 (43%) did not respond to therapy. Among the latter, 53 (45%)
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underwent subsequent SRT (9/64 (14%) in the NYHA I/II and 44 /54 (81%) in the NYHA
II/IV group) (Figure 1). Responders were mainly patients in functional NYHA class I/1I
(24/28, 86%), whereas incomplete responders and non-responders were more often patients
in functional NYHA class III/IV (50/54 (93%) (Table 1, Figure 1). Moreover, responders
were younger (48 £ 9 mm vs. 51 & 11 mm and 58 + 12 mm for incomplete responders and
non-responders, p for trend < 0.01), had a smaller left atrium (42 =5 mm vs. 44 £ 5 mm
and 46 £+ 5 mm for incomplete responders and non-responders, p for trend < 0.01), and
less severe LVOT gradient (15 (53%) with LVOT > 50 mmHg vs. 29 (74%) and 32 (63%) for
incomplete and non-responders, p for trend < 0.01). Non-responders, as compared to the
two other groups, had also a lower LV EF (63 + 8 vs. 66 &+ 6 and 69 + 8 for incomplete
responders and responders, p for trend < 0.01) (Table 1).

Factors associated with response to disopyramide therapy were age (per 10 decrease)
(HR 1.4 (95% CI 0.5-3.6), p = 0.03), left atrial diameter (per 2 mm decrease) (HR 2.1 (95%
CI0.9-7.8), p < 0.01), LV EF (HR 4.2 (95% CI 1.3-9.9), p < 0.01), and NYHA Class I/II at
therapy initiation (HR 5.1 (95% CI 2.3-11.2), p < 0.01). The latter was the only multivariable
predictor of response to disopyramide treatment (HR 1.5 (95% CI 1.1-4.5), p = 0.03) (Table 3).

Table 3. Multivariable Predictors of response to disopyramide therapy.

Univariable Analysis Multivariable Analysis
Variable HR 95% CI p-Value HR 95% CI p-Value
Age (per 10 decrease) 14 [0.5-3.6] 0.03
NYHA Class I-II (n) 5.1 [2.3-11.2] <0.01 1.5 [1.1-4.5] 0.03
(;Zfrt;;“i ji‘:;t:er) 21 [0978] <001
LV EF (per 5 increase) 42 [1.3-9.9] <0.01 1.9 [0.9-6.4] 0.07

3.3. Safety of Disopyramide Therapy

During the therapy, no major life-threatening arrhythmic events or syncope occurred.

Atrioventricular conduction was prolonged during treatment: the mean PR interval
pre-treatment was 178 & 22 msec in a total of 10 patients (8%) with AVB Ivs. 183 + 24 msec
in 22 patients (17%) with AVB I after treatment, p < 0.01. No increase in intraventricular con-
duction was observed, and the median prolongation of the QTc interval was 21 [2; 32] msec
(Table 2).

Specifically, 19 (16%) patients showed reduced QTc from baseline (mean reduction
10 [8; 14] msec), 19 (16%) had no difference, while 80 (68%) patients had a prolonged
QTc interval of 27 [19; 37] msec (Figure 2). Patients who presented with a QTc < 480 msec
(88/118, 70%) at baseline had a more significant prolongation compared to those with
an abnormal baseline QTc (24 [7; 35] vs. 5 [2; 11] msec, p < 0.01). A significantly higher
proportion of patients (56, 48%) presented with a QTc > 480 msec after 12 months of
treatment (Table 2).

Thirty-one (26%) patients experienced side effects, in particular 29 of the anticholiner-
gic type. Such symptoms led to the reduction of treatment in 5 (4%) patients (Table 4).

At the end of the study period, a total of 67/118 (%) patients suspended the treatment.
Specifically, 53 (79%) underwent SRT because of ineffective response, 10 (15%) because of
anti-cholinergic collateral effects, and 4 (6%) for QTc prolongation above 550 msec.
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19 (16%)
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Figure 2. Spectrum of QTc interval changes during disopyramide treatment. In panel (A), the spectrum
of QT variation following disopyramide therapy is reported. Panel (B) shows a case of QT prolongation
during treatment, whereas Panel (C) represents a patient with QT shortening while on disopyramide.

Table 4. Collateral effects of patients undergoing disopyramide treatment.

Total Cohort Treatment Treatment
(n =118) Reduction Suspension
Antlcholne\fefregcltcS collateral 29 (24%) 5 (4%) 10 (8%)
Xerostomia/Xerophthalmia 13 (11%) 4 (3%) 8 (7%)
Stypsis 10 (8%) 1 (0.8%) 1 (0.8%)
Blurred vision 2 (2%) 1(0.8%) 0
Urinary Retention 4 (3%) 0 1
Sustained Ventricular 0 ) )
Arrhythmias

Torsade de Pointes 0 - -

4. Discussion

Despite being largely used since the 1980s for patients with obstructive HCM, the
real-world use of disopyramide and the markers of treatment response are still unknown.
This is of critical relevance, since the recent development of disease-specific therapies, such
as myosin inhibitors, challenges clinicians to find the appropriate sub-group as well as the
correct disease stage for each drug [12].

The present study shows that disopyramide was underused since the 1980s in a his-
torical and large cohort of patients with obstructive HCM, being offered to up to one-third
of the patients. Such finding reflects several possible limitations related to the use of this
treatment. Despite being recommended by scientific societies [5,13], there is a chronic supply
shortage of disopyramide in several European countries, being an old medication without
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important commercial interest. Moreover, a certain lack of confidence by physicians might
exist, many of whom are reluctant to use class I anti-arrhythmic agents in structural heart
disease and fear possible complications related to disopyramide-induced augmentation of
atrioventricular conduction and increased ventricular rate.

In our cohort, the efficacy of disopyramide was present in a quarter of patients, almost
exclusively observed in patients who were slightly symptomatic, with a functional class
NYHA I or II. Interestingly, responders were younger, had a smaller left atrium, less severe
LVOT gradient, and a higher LV EFE. These findings are in line with the drug physiopatho-
logical effect, mainly driven by its negative inotropic effect, which is the main mechanistic
driver of reduction in LVOT gradients; it is less potent in patients who demonstrate less
HCM-induced hypercontractility [6,7]. Taken together, these finding suggest that clinicians
should not be discouraged from trying disopyramide in patients who are symptomatic and
have high LVOT gradients despite administering the maximum doses of other negative
inotropic drugs. This may be especially true in those patients with high-normal LVEF and
non-enlarged LA, factors that were associated with response to disopyramide therapy in the
current study. Moreover, no difference was observed between the maximum drug dose and
patients on the minimum effective posology, suggesting that effective reduced dose of the
drug might be similarly effective despite limiting adverse effects, which are dose-dependent.
Such findings are in accordance with previous smaller reports from Habib et al. [8]. On the
contrary, our data highlight that severely symptomatic patients, with a NYHA class III/IV
and a remodeled myocardium, would hardly respond to disopyramide. In this subset of
patients, direct referral to SRT might probably be the best therapeutic option. At the end of
the study period, almost 50% of patients were proposed to be treated with an invasive SRT
and almost exclusively in the incomplete and non-responders in the NYHA III/IV group.

Concerning the safety profile, no major sustained arrhythmias occurred during the
whole study period. This is in line with current literature that shows freedom from
cardiovascular death including sudden cardiovascular death, and with a total mortality
similar to the general population [6,7]. QTc prolongation was observed in 68% of patients,
and QTc prolongation above 500 msec in up to 28%. This was mainly correlated with an
increase in QRS length [14], and only in four cases led to drug discontinuation because
of increase in QTc above 550 msec. Interestingly, 32% of patients did not show significant
QTc related changes or reduced length of repolarization. This is in line with the in vitro
observations from Coppini et al. [11], which showed the multichannel inhibitory effects
and the membrane stabilizing actions of disopyramide.

Disopyramide was overall well tolerated, and side effects, mainly anti-cholinergic,
led to treatment interruption in 8% of patients. As a limitation and possible bias of the
study, investigators did not propose systematic pyridostigmine for patients with severe
side effects.

In conclusion, while awaiting approval from the regulatory agencies for disease spe-
cific therapies such as myosin inhibitors, HCM experts are evaluating the positioning of
each specific therapy in current management algorithms. Despite surgeons’ concerns [15],
negative inotropic drugs and myosin inhibitors may shape the current practice. Further-
more, as we have recently learned from the case of tafamidis, a progression-slowing drug
for transthyretin-related amyloidosis [16], pricing may represent a key issue influencing
patients” access to treatment [16], particularly in less-developed economies. Based on the
EXPLORER-HCM trial results, symptomatic patients with oHCM not responding fully to
(or not tolerating) B-blockers and disopyramide should be considered for mavacamten
treatment [17], potentially proposing the drug as a life-long therapy. Therefore, sustain-
ability should be a relevant aspect of all treatments addressing left ventricular obstruction.
The present study shows that, in a specific subset of slightly symptomatic patients with
oHCM, a relatively inexpensive drug such as disopyramide might still play an important
role. This would be a relevant factor for global experts when specific treatment algorithms
would be proposed in the Guidelines for patients with symptomatic LVOT. Lastly, further
prospective studies would be needed to compare negative inotropic drugs with myosin
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inhibitors, specifically in the subset of obstructive HCM patients with atrial fibrillation, as
mavacamten does not exert any classic antiarrhythmic effect.

5. Limitations

This study was limited by its size and retrospective nature. Accordingly, only the
association of the factors studied with response to disopyramide treatment could be investi-
gated. However, the associations demonstrated in this study are in line with our knowledge
of disease mechanisms in HCM and the mode of action of disopyramide.

6. Conclusions

Disopyramide was underused in oHCM but effective in reducing symptoms and
LVOTO gradients in patients with slightly symptomatic patient with less severe disease
phenotype with a safe pro-arrhythmic profile. Further prospective studies would be needed
to ascertain the role of negative inotropes in the treatment algorithm of patients with slightly
symptomatic obstructive HCM.
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Abstract: Hypertrophic cardiomyopathy (HCM) is an important cause of morbidity and mortality
in children. While the aetiology is heterogeneous, most cases are caused by variants in the genes
encoding components of the cardiac sarcomere, which are inherited as an autosomal dominant
trait. In recent years, there has been a paradigm shift in the role of clinical screening and predictive
genetic testing in children with a first-degree relative with HCM, with the recognition that pheno-
typic expression can, and often does, manifest in young children and that familial disease in the
paediatric age group may not be benign. The care of the child and family affected by HCM relies
on a multidisciplinary team, with a key role for genomics. This review article summarises current
evidence in clinical and genetic screening for hypertrophic cardiomyopathy in paediatric relatives
and highlights aspects that remain to be resolved.

Keywords: hypertrophic cardiomyopathy; paediatrics; genetics; precision medicine; screening;
sudden death

1. Introduction

Hypertrophic cardiomyopathy (HCM) is a clinically and genetically heterogeneous
disease characterised by unexplained left ventricular hypertrophy (LVH). While the esti-
mated population prevalence in adults is 1 in 500, it is substantially rarer in the paediatric
population, with a reported prevalence of 2.9/100,000 [1] and an estimated annual inci-
dence of 0.3-0.5 per 100.000 [2,3]. A childhood HCM diagnosis may follow a review for
cardiac symptoms or the incidental finding of a murmur or an electrocardiogram (ECG)
abnormality, or, increasingly, as a result of family screening.

The outcomes of childhood-onset HCM are influenced by aetiology and age at diag-
nosis. Children diagnosed during infancy or with an inborn error of metabolism (IEM)
have a worse prognosis, with a recent study reporting a 5 year survival rate of 80.5% in
those diagnosed aged less than one year and 66.4% in those with an IEM at a median of just
over 5 years follow-up [4]. In two cohorts with infant diagnoses of HCM, survival beyond
the first year was associated with a more favourable natural history [5,6]. In a consortium
study including 639 children diagnosed younger than 12 years with non-sarcomeric HCM,
almost 10% experienced death or cardiac transplantation, and almost 11% experienced
a life-threatening arrhythmic event in a median follow-up of 5.6 years [7]. Importantly,
over 50% had a family history of HCM and only 20% were symptomatic, suggesting that
adverse outcomes in childhood-onset HCM are not limited to symptomatic probands.
Furthermore, children with HCM diagnosed in childhood have been shown to carry a
higher risk of life-threatening ventricular arrhythmias and have a greater need for advanced
heart failure therapies when compared to those diagnosed in adulthood [8]. Data from
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the Sarcomeric Human Cardiomyopathy Registry (SHaRe) identified that childhood-onset
HCM patients had roughly a 2% per year event rate of serious adverse events, including
ventricular arrhythmia, heart failure, and atrial fibrillation, as well as stroke and death,
with ventricular arrhythmia being the most common of these adverse events in the first
decade following baseline review. From the same registry, work including 4591 individuals
with HCM showed that those with pathogenic/likely pathogenic variants in sarcomeric
genes had a 2-fold greater risk of adverse outcomes, and those diagnosed before the age
of <40 (including 422 paediatric patients) had a higher incidence of the overall composite
outcome than those diagnosed at a later age [9].

As in adults, the management of children with HCM and paediatric first-degree
relatives of individuals with HCM requires a multidisciplinary team approach. Figure 1
identifies some of the relevant medical teams involved in the care of children and families
affected by HCM. Holistic care includes not only symptom management and prevention of
disease-related complications (particularly sudden cardiac death) in affected individuals
but also well-supported family screening.

Cardiac
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Hospital and electrocardiogram,
community echocardiogram,
phamacis{t additional
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cardiac device

support "
Genetic
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and/or clinical
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Figure 1. A proposed multidisciplinary approach to caring for the child or adolescent with HCM or a
paediatric first-degree relative of someone affected by HCM.

In recent years, there have been important advances in the aetiology-specific manage-
ment of HCM, particularly in childhood. In infants with HCM in the setting of Pompe
disease, a glycogen storage disorder, enzyme replacement therapy has been shown to
reduce the degree of LVH and may have a major impact on the natural history of this con-
dition [10]. Similarly, MEK inhibitors are showing some promise in modifying ventricular
hypertrophy in infants and children with HCM and a genetic variant in the Ras/MAPK
cell signalling pathway (e.g., Noonan syndrome and related disorders) [11,12]. Cardiac
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myosin inhibitors (mavacamten and the next drug in the class, aficamten) have been shown
to improve symptoms and reduce left ventricular outflow tract obstruction in adults with
symptomatic obstructive HCM [13-15]. Preclinical studies suggest that their use in mice
with sarcomeric gene variants without phenotypic evidence of LVH may prevent the de-
velopment of the disease [16]. Finally, genetic modification in monogenic HCM is being
explored; gene repair in human embryos with a pathogenic MYBPC3 variant has been
shown to be feasible using a variant-specific CRISPR-Cas9 system [17], and ‘gene silencing’
techniques, initially focusing on MYH?7 variant HCM and using viral vectors, are also being
investigated [18,19].

2. Aetiology of Childhood HCM

The aetiology of childhood-onset HCM is heterogeneous and includes cases with ge-
netic variants affecting the Ras/MAPK cell signalling pathway, inborn errors of metabolism
(IEM) (including storage disorders), and neuromuscular diseases such as Friedreich’s
ataxia [6,20]. However, recent data have shown that, in the majority of children with
HCM, as in adults, the disease is caused by variants in the sarcomere protein genes, in-
herited as an autosomal dominant trait [9,21-23]. The list of implicated genetic variants
in childhood-onset HCM continues to expand, and there are data to suggest that rates of
‘actionable’ variants may vary by age of onset of disease and ancestry [21]. Broad categories

of paediatric HCM are outlined in Table 1.

Table 1. An approach to classifying paediatric hypertrophic cardiomyopathy.

Category

Example Conditions

Cardiac Features

The Most Common
Mode of Inheritance

Example Candidate
Genes

Variable hypertrophy,

MYH7, MYBPC3
TNNI3, TNNT2, TPM1,

“Thick filament” arrhythmic risk, and MYL2, %I\}f NLé,IACTCl,
“Sarcomeric” HCM disease atterns of hypertroph .
[9,22,24,25] “Thin filament” disease | withsome Autosomal dominant * CSPR3, FLNC **
Other genotype-phenotype Additional noncoding
correlation variants influencing
phenotype
Non-sarcomeric
HCM
Noonan syndrome, Polyvalvulopathy,
Ras/MAPK disease  Costello syndrome, and  biventricular hypertrophy, Autosomal dominant RAF1, RIT1, PTPNI1,
[26] cardiofaciocutaneous infancy/early childhood HRAS, MEK1, MEK2
syndrome presentation
Slyczgen (sl’gor age Disease specific; specific
isorders (Pompe ECG ch h
disease, Danon disease, shortc P;n%i;(ti;illzis
Cori-Forbes disease, bt . GLA
Inborn. errors of and PRKAG2 pre-excitation), variable Autosomal recessive LAMP?2
metabolism [27,28] syndrome) hypertrophy, PRKAG2
Lysogomal storage polyvavulopathy in some
. conditions, early childhood
disorders (mu- . L
copolysaccharidoses) onset in some conditions
Disease-specific
Mitochondrial ataxifiig;?ecr}:tjic left
Neuromuscular disorders (Friedreich’s ventricular hypertroph Autosomal recessive, FXN
disease [12,29] ataxia, Barth P phy, X-linked TAZ

syndrome)

higher rate of atrial
arrhythmia, lower riskof
sudden death.

HCM: hypertrophic cardiomyopathy; *: compound heterozygosity and homozygosity also identified; ** FLNC:
variants implicated in various cardiomyopathies, including HCM.
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3. Screening during Childhood and Adolescence for Those with an Affected First
Degree Relative

Traditionally, HCM has been considered a disease of late adolescence and young
adulthood. Until very recently, clinical practise guidelines suggested that, in the absence of
symptoms, family history of premature death from HCM, competitive athletics, or other
clinical suspicion of early LV hypertrophy, children of first-degree relatives with HCM
need not be under regular screening until after 10 to 12 years of age [30-32]. Familial
HCM was rarely reported in the paediatric literature, with data limited to small series,
and there was an assertion that LVH did not develop until adolescence in patients with
familial disease [33,34]. It was also felt that diagnosis earlier in childhood would not change
outcome [32,35] and that earlier screening would have the potential to increase familial
anxiety without any decrease in morbidity or mortality associated with an earlier diagnosis.

More recent data, however, have challenged the paradigm of delayed screening. A
large single-centre study of 1198 consecutive children aged 18 years or less with a first-
degree relative with HCM referred for clinical screening showed that in almost 10% of
families, diagnostic criteria for HCM were met at the first or subsequent evaluation. The
majority of these children presented as preadolescents, with a median age at diagnosis of
10 years, including a substantial proportion in infancy [36]. Importantly, the diagnosis of
HCM changed the clinical course in nearly one-third of these children, including starting
medication for symptoms that previously may have been attributed to non-cardiac disease
and proceeding to surgery or an implantable cardiac device. Although patients with a
diagnosis made through screening in childhood were more likely to have a family history
of childhood disease, this only accounted for half of patients with early-onset disease, and
neither the genetic nor the clinical features of those in whom an early diagnosis was made
were different from those without childhood-onset disease. These findings were validated
in an independent North American cohort, showing that 50% of individuals under the age
of 18 diagnosed with HCM during screening were aged less than ten years and that 41%
of the major cardiac events occurred in children aged less than ten years. Approximately
one-third of the children diagnosed as a result of family screening would not have been
screened under the historic guidelines [37]. In addition, patients with disease-causing
variants in MYH7 and MYBC3 were at the highest risk for developing HCM in childhood
and experiencing an adverse event or requiring intervention. Indeed, while previous
data had suggested that MYBPC3 variants in particular were associated with late-onset
disease [38], more recent studies have shown that MYBPC3 variants in heterozygosis can
cause severe phenotypic expression of disease in childhood, with a high prevalence of
malignant ventricular arrhythmia [39]. Furthermore, there are data to show that, in the con-
text of a multidisciplinary expert setting and with adequate psychological support, clinical
screening of paediatric first-degree relatives does not result in psychological harm [40].

The most recent American Heart Association/American College of Cardiology Guide-
lines for the Diagnosis and Treatment of Patients With Hypertrophic Cardiomyopathy now
suggest that clinical screening for HCM should be offered to all first-degree relatives at
the time at which the diagnosis is made in the family, regardless of age [41]. In support
of this approach, data are also emerging for other cardiomyopathy subtypes, including
arrhythmogenic right ventricular cardiomyopathy (ARVC). A recent single-centre cohort
study of consecutive ARVC probands and genotype-positive relatives aged <18 years
found that 40% met diagnostic criteria by age <12 years and that half of the cardiac adverse
events occurred in these children [42]. Together, these data herald a need for a screening
paradigm shift with the recognition that significant disease exists in pre-adolescents with
genetic cardiomyopathies [43].

3.1. The Role of Predictive Genetic Testing in Children in Familial Screening for HCM

In families in which a ‘causative’ genetic variant (i.e., ‘pathogenic’ or ‘likely pathogenic’
variant) has been identified, predictive genetic testing of pre-phenotypic first-degree rel-
atives should be considered, including in children [41]. When considering embarking
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on genetic testing for HCM in eligible families, pre- and post-test genetic counselling is
essential [41]. In the clinically unaffected child, a ‘negative’ genetic test (whereby the child
is found not to carry the familial causative gene variant) offers the opportunity to discharge
the child from regular clinical follow-up, placing them at most at the general population
risk of developing HCM. A “positive” genetic test (whereby the child is found to carry the fa-
milial causative gene variant) confers a greater lifetime risk of developing HCM. Providing
a personal estimate of the lifetime risk of HCM in these individuals remains fraught, but it is
estimated that up to 50% of phenotype-negative individuals with disease-causing variants
in the sarcomere protein will develop clinical disease within 15 years [44]. Crucially, while
some clinical features, such as ECG abnormalities, are predictive of subsequent phenotype
development, age at screening is not, and the penetrance of sarcomeric disease is the same
regardless of the age at which an individual is assessed.

There are multiple factors that may influence a family’s or child’s decision to undergo
predictive genetic testing. Families may wish to be equipped with the knowledge of who
is at a higher risk of HCM or who can be discharged. While not quantified, the family’s
experience with HCM to date may be a critical factor; severe disease in younger family
members may serve as both a reason to test and a psychological deterrent to testing, for
example, if there is a preference ‘not to know’. Genetic testing may allow for timelier clinical
cascade testing, identifying other at-risk individuals who would not previously have been
screened. Family preference and societal and cultural norms around consent and parental
responsibility may also play a part in determining at what age genetic testing is undertaken.
Some families may feel a duty to allow a child to be old enough to ‘choose’ to have genetic
testing, versus the desire or perceived benefit of having a genetic result prior to this age in
the best interests of the child [45]. Some health systems only offer pre-implantation genetic
diagnosis for HCM to couples where one member has HCM and they do not already have
a previously ‘unaffected’ child [46]. In such instances, while ethically uncertain, this may
also serve as a motivator to undertake genetic testing in childhood. Genetic testing in
children has been shown, at least in the short term, not to be deleterious to a child’s mental
health [47-49].

3.2. Challenges and “the Unknowns” in Familial Screening in Childhood for HCM

While there is now good evidence to support offering clinical and genetic screening
to paediatric first-degree relatives of individuals with HCM, uncertainties still remain.
Recent data in adult cohorts suggest that in patients with non-genetic HCM, the disease
is less likely to be familial [50,51], but whether the same applies in paediatric HCM is
unknown. Factors influencing the penetrance of any monogenic variant identified in
childhood remain enigmatic. Although there are established monogenic contributions to
disease, with mendelian inheritance, penetrance is variable; there are individuals who are
identified to carry the familial causative (‘pathogenic’ or ‘likely pathogenic’) genetic variant
who may never develop a clinical phenotype or only a mild clinical phenotype at a later
age [52]. With associated genome-wide studies, the development of polygenic predictors
continues to evolve [53]. Increasingly, the role of non-genetic factors as possible contributors
to phenotypic expression is being better understood [54]. In adults, well-established risk
factors associated with incident HCM include hypertension and obesity. Whether or not
these play a role in childhood expression remains to be seen.

Further, in a study by Norrish et al., in those children in whom a childhood diagnosis
of HCM was made as a result of family screening, the diagnosis was made during the first
clinical visit in 56% of cases, suggesting that ongoing screening, in the context of age-related
penetrance, is warranted. The frequency and nature of repeat clinical screenings remain
to be determined. It has been shown that penetrance of sarcomeric variants is higher in
the presence of an abnormal ECG at the initial screening visit, including in children [44],
and more studies are needed to determine if there are additional predictors of subsequent
phenotypic expression. Finally, while it is clear that childhood-onset familial HCM exists
and that it is not necessarily a benign disease, warranting screening in childhood [36], as
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in other genetic cardiomyopathies, the survival benefit conferred by an earlier diagnosis
needs to be studied systematically [43].

4. Conclusions and Future Directions

In the last decade, data from population-based studies and large international consortia
of paediatric HCM have led to an improved understanding of its clinical presentation and
natural history. With this has come a recognition that phenotypic expression can, and often
does, occur in young children and that early diagnosis is possible with systematic clinical
screening strategies. The age-old medical edict of ‘first do no harm’ must of course underpin
the rationale for screening paediatric first-degree relatives of individuals with HCM, with
the ultimate aim of identifying children with a potentially life-altering or threatening
diagnosis earlier to allow intervention both for the individual and others who would then
be identified as at risk through cascade testing. The delicate balance of this goal against
the potential harms to individuals, families, and health systems needs to be considered.
Current evidence suggests that, in the context of expert multidisciplinary services, clinical
and genetic cascade screening should be offered to all children with a first-degree relative
with HCM, regardless of their age. Ensuring equitable access to this multidisciplinary care,
including genetic and psychological support for children and families affected by HCM,
is paramount.
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Abstract: Alcohol septal ablation is a minimally invasive procedure for the treatment of left ventric-
ular outflow tract (LVOT) obstruction in patients with hypertrophic obstructive cardiomyopathy
(HOCM) who remain symptomatic despite optimal medical therapy. The procedure causes a con-
trolled myocardial infarction of the basal portion of the interventricular septum by the injection of
absolute alcohol with the aim of reducing LVOT obstruction and improving the patient’s hemody-
namics and symptoms. Numerous observations have demonstrated the efficacy and safety of the
procedure, making it a valid alternative to surgical myectomy. In particular, the success of alcohol
septal ablation depends on appropriate patient selection and the experience of the institution where
the procedure is performed. In this review, we summarize the current evidence on alcohol septal
ablation and highlight the importance of a multidisciplinary approach involving a team of clinical
and interventional cardiologists and cardiac surgeons with high expertise in the management of
HOCM patients—the Cardiomyopathy Team.

Keywords: alcohol septal ablation; myectomy; hypertrophic cardiomyopathy

1. Introduction

Alcohol septal ablation is a minimally invasive procedure for treating left ventricular
outflow tract obstruction (LVOTO) in patients with hypertrophic obstructive cardiomyopathy
(HOCM) who are symptomatic despite optimal medical therapy. The intervention causes a
controlled myocardial infarction of the basal portion of the interventricular septum by the
injection of absolute alcohol to reduce LVOTO and improve the patient’s hemodynamics and
symptoms. Numerous studies have demonstrated the efficacy and safety of the procedure,
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which today represents a valid alternative to surgical myectomy. The success of alcohol septal
ablation depends on patient selection and the experience of the operators and institution where
it is performed. In this review, we provide an updated overview of available evidence on
alcohol septal ablation, focusing on the importance of a multidisciplinary approach involving
a team of clinical and interventional cardiologists and cardiac surgeons with high expertise in
managing HOCM patients—the Cardiomyopathy Team.

Clinical Characteristics of Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a relatively common genetic cardiomyopathy
characterized by increased left ventricular wall thickness that is not solely due to hemo-
dynamic overload [1,2]. More than two decades ago, the CARDIA study estimated the
prevalence of the disease in young adults to be around 1:500 [3]. More recently, advances
in cardiac imaging and genetic testing have allowed the prevalence of HCM to be rede-
fined to approximately 1:200 in contemporary cohorts [4]. Genetic transmission is mostly
autosomal dominant and is caused by mutations in cardiac sarcomeric protein genes, with
beta-myosin heavy chain (MYH) and myosin-binding protein C (MYBPC3) involved in
70% of cases. Other less common genes are also involved in the case of metabolic (i.e.,
Anderson-Fabry disease), mitochondrial, and infiltrative disorders (i.e., hereditary cardiac
transthyretin-related amyloidosis) [2,5-7].

In daily practice, HCM is usually suspected when there is a family history of cardiomy-
opathy or sudden cardiac death (SCD). Commonly reported symptoms include angina,
dyspnea, syncope, and palpitations, which may be due to the presence of left ventricular
outflow tract obstruction (LVOTO), atrial fibrillation, ventricular arrhythmias, and heart fail-
ure [1,2,5,8]. The diagnosis is confirmed by imaging techniques such as echocardiography
or cardiac magnetic resonance (CMR) that show left ventricular wall thickness > 15 mm (or
>13 in the case of a confirmed gene mutation or affected first-degree relatives) in any my-
ocardial segment. Importantly, these techniques allow the assessment of the left ventricular
hypertrophy morphology (i.e., asymmetric, mid-ventricular), LVOTO, concomitant valve
disease, and degree of myocardial fibrosis (i.e., CMR with late gadolinium enhancement),
which are key features in predicting the risk of SCD [1,9-11]. Noteworthy, although some
patients with HCM remain long asymptomatic, a non-negligible proportion of cases may
initially manifest with life-threatening arrhythmias and SCD, especially in athletes and the
young. Therefore, a systematic assessment of multiple parameters (i.e., using the HCM
Risk-SCD score) is crucial to predicting and preventing fatal arrhythmias [9].

2. Diagnostic and Therapeutic Work-Up in Patients with HCM and LVOTO
2.1. Pathophysiology

The presence of LVOTO is a hallmark of HCM manifestation and is a key element in the
diagnosis and management of these patients. LVOTO occurs at rest in about 35% of patients
with HCM; in approximately 30% of cases, the dynamic obstruction can be provoked during
the Valsalva maneuver or exercise [12]. In patients with HOCM, the obstruction is primarily
caused by the systolic anterior motion (SAM) of the mitral valve leaflets. This phenomenon
is generally attributed to the Venturi effect and the reduction of the mitro-aortic angle and is
considered severe when it occupies more than 30% of the systolic phase [1,2,13-15]. Another
critical factor in the development of LVOTO is the presence of mitral valve and papillary
muscle abnormalities (i.e., mitral leaflets elongation, abnormal chordal attachment, and
anterior papillary muscle rotation/displacement) [1,16]. As the LVOTO is often dynamic, it
may vary according to loading conditions, left ventricular contractility, and respiratory cycle.
Therefore, these aspects should be considered in therapeutic decision-making [13,17,18].

2.2. Diagnosis

The diagnosis of HOCM is usually made by echocardiography and is defined in the
presence of a peak LVOT gradient > 30 mmHg measured by continuous Doppler (at rest
or after the Valsalva maneuver). The LVOT gradient becomes hemodynamically relevant
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when its peak reaches > 50 mmHg, identifying individuals who are candidates for invasive
septal reduction therapies. Notably, when patients with a peak gradient < 50 mmHg at
rest present with suggestive symptoms, a physical stress echocardiography is indicated to
identify a latent obstruction [1,2]. Pharmacological stress tests with dobutamine or nitrates
are usually poorly tolerated and may not reproduce the true mechanism of obstruction;
therefore, they are generally discouraged and reserved for selected cases [19,20]. The
prognostic value of LVOTO remains controversial, considering that fatal events occur
with similar incidence in patients with and without obstruction. Accordingly, whether the
presence and the grade of obstruction should only be considered as a clinical /hemodynamic
marker or as a prognostic factor remains controversial [21].

2.3. Therapeutic Work-Up

Medical therapy is the first-line treatment for patients with HOCM, with the goal of re-
ducing obstruction and relieving symptoms. Non-vasodilating (3-blockers (i.e., propranolol,
nadolol, bisoprolol, and metoprolol) are the first choice. In case of intolerance, current
guidelines recommend non-dihydropyridine calcium channel blockers (i.e., verapamil and
diltiazem). In patients who are intolerant or poor-responders to these drugs, disopyramide
should be considered because of its negative inotropic effect. Allosteric myosin inhibitors
(i.e.,, mavacamten and aficamten) have recently been proposed as new therapeutic strategies
in HOCM patients to prevent/delay the need for invasive treatment [1,2,22-25]. Specific to
mavacamten, the first U.S. Food and Drug Administration (FDA)-approved medication
targeting HCM, the EXPLORER-HCM (Clinical Study to Evaluate Mavacamten [MYK-461]
in Adults With Symptomatic Obstructive Hypertrophic Cardiomyopathy) trial [26] and the
VALOR-HCM (A Study to Evaluate Mavacamten in Adults With Symptomatic Obstruc-
tive HCM Who Are Eligible for Septal Reduction Therapy) trial [27] have shown that a
significant proportion of HCM patients experience an improvement in clinical endpoints
and quality-of-life measures. In a further subgroup of patients, mavacamten significantly
reduced the fraction of patients meeting guideline criteria for septal reduction therapy after
16 weeks.

Septal reduction therapy has clearly shown to be effective in reducing LVOTO and
should be considered in HOCM patients with LVOT gradient > 50 mmHg, moderate to se-
vere symptoms and/or exertional syncope despite maximally tolerated medical therapy [1].
The septal reduction can be completed by either surgical myomectomy or percutaneous
catheter-based intervention. The first percutaneous septal reduction treatment was per-
formed with alcohol septal ablation. Subsequently, nonalcohol agents, including micro-
spheres, have been proposed as an alternative to alcohol. More recently, radiofrequency
ablation has been used for non-surgical septal reduction as it is both minimally invasive
and independent of coronary anatomy. This novel technique uses echocardiography to
guide the transapical placement of an intraseptal radiofrequency electrode that delivers
energy to the core of the hypertrophic segment. The authors reported an impressive septal
reduction of 11 mm with a resolution of LVOTO and improvements in functional class [28].

3. Alcohol Septal Ablation
3.1. Historical, Clinical, and Procedural Considerations

The concept of alcohol septal ablation in patients with HOCM was first introduced in
the 1980s by Gunnar Berghofer (March 1989, personal communication), based on several
studies on the effects of temporary balloon occlusion of coronary arteries on myocardial
wall motion and alcohol trans-coronary ablation of ventricular tachycardia [29,30]. In 1995,
a German cardiologist, Ulrich Sigwart, first described three cases of HOCM patients who
were persistently symptomatic despite optimal medical therapy and were treated with
alcohol septal ablation. All patients had a complete resolution of the LVOTO and regression
of symptoms from the day after the procedure, showing the potential of this strategy [31].

Current European and American guidelines recommend the use of alcohol septal ablation
in patients who remain symptomatic on maximally tolerated medical therapy (i.e., New York
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Heart Association [NYHA] class III-IV), with evidence of an LVOT gradient > 50 mmHg and
established contraindications to surgery [1,2]. The procedure consists of the injection of a
small amount of absolute alcohol into the septal arteries to induce iatrogenic myocardial
infarction selectively localized in the basal part of the interventricular septum. Despite the
lack of large-scale randomized trials, numerous observational studies in recent decades have
provided sufficient evidence to support the use of this strategy as a viable alternative to
surgical myectomy, with the advantage of a shorter hospital stay and rapid discharge [1].

The first steps in evaluating symptomatic HOCM patients who are candidates for
alcohol septal ablation are careful medical history collection and clinical examination
to exclude other conditions that may act as possible confounders (i.e., coronary artery
disease, respiratory disease, and anemia). Among demographic factors, age should be
considered in the decision-making: although there is no specific age cut-off in current
guidelines, alcohol septal ablation is generally not the preferred strategy in children and
young adults, given the higher rate of LVOTO recurrence and a lack of long-term data on
clinical outcomes [1,32-34]. Other important elements are represented by comorbidities
and patient frailty, which may contraindicate surgery in favor of a less invasive approach.
The presence of other surgical indications (coronary artery disease and valvular heart
disease) also favors surgical myectomy, whereas the history of cardiac surgery favors
alcohol septal ablation. The baseline ECG should also be considered as both surgical
and non-surgical interventions can be complicated by rhythm disturbances, including
complete atrioventricular block. Because the infarct is located near the right bundle branch,
the development of a right bundle branch block is common after alcohol septal ablation.
Therefore, this procedure is not recommended in the case of pre-existing left bundle branch
block (unless a pacemaker has been previously implanted). On the other hand, as surgical
myectomy can be associated with the development of a left bundle branch block, alcohol
septal ablation is favored in patients with pre-existing right bundle branch block [35-37].
Finally, comprehensive morphological and angiographic assessment by cardiac ultrasound,
CMR, CT-angiography, and/or invasive coronary angiography is essential to assess whether
the patient can successfully undergo the procedure.

3.2. Pre-Procedural Anatomic Evaluation

Left ventricular and mitral valve anatomy should be carefully assessed before the
intervention. Imaging assessment includes LVOT geometry, extent and distribution of my-
ocardial hypertrophy and fibrosis, septal morphology, and mitral valvular and subvalvular
anatomy, all crucial in predicting procedural success. In this context, CMR provides high-
resolution images and should be used routinely in the pre-procedural anatomic assessment
of patients undergoing an invasive treatment for HOCM [38]. Abnormalities of the mitral
valve apparatus and papillary muscles can significantly reduce the procedural success of
alcohol septal ablation and should be excluded by comprehensive imaging assessment.
Conversely, the procedure can be performed in case of posterior mitral regurgitation sec-
ondary to systolic anterior motion of the anterior mitral leaflet. The presence of a focal
septal bulge, a wide angle of the papillary muscles, and chords to the ventricular septum also
favor alcohol septal ablation, whereas midventricular hypertrophy leans toward surgical
myectomy. A septal thickness of >17 mm is a widely accepted cut-off to safely perform
alcohol septal ablation and minimize the risk of an iatrogenic ventricular septal defect [1,16].
However, the procedure may be suboptimal in the case of severe hypertrophy (>25 mm),
possibly because of the need for high-dose alcohol infusion and the subsequent increased
risk of complications. Furthermore, high LVOT gradient (>100 mmHg), large left atrial di-
ameter (>40 mm), and low center experience (less than 50 patients) are additional predictors
of poor post-procedural outcomes [35,39,40].

The key to successful alcohol septal ablation is suitable coronary anatomy and the
correct selection of the septal branches. The diameter of the left anterior descending
artery (LAD) has been reported to be an independent predictor of successful ablation,
with a smaller vessel being associated with a higher likelihood of success [40]. The first
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septal branch often perfuses the basal septum (which is commonly involved in LVOTO)
and is often the target vessel for ablation. This vessel usually originates from the LAD
and runs close to the His bundle and right bundle branch, although, in 15% of cases, it
may originate from other arteries such as the diagonal, the ramus intermedius, the left
main, or even from the right coronary artery [41-44]. The complex anatomical variability
mandates a careful and systematic assessment of the coronary tree for a safe procedure.
The most appropriate coronary anatomy consists of a single septal perforator of adequate
size supplying the target area. In the case of multiple septal branches supplying the
hypertrophic basal septum, all should be ablated during the index or in staged procedures,
if necessary. Yet, in 10-15% of patients, a culprit septal branch for ablation cannot be
identified, forcing the operator to abandon the procedure [41,45]. Importantly, septal
branches may supply other myocardial segments, such as the free walls of the left and right
ventricles or papillary muscles. This condition is an absolute contraindication to alcohol
injection because of the risk of potentially life-threatening complications such as extensive
myocardial infarction. Intracoronary contrast echocardiography performed during the
procedure is recommended in all patients undergoing ASA to ensure the size and the
localization of iatrogenic myocardial infarct, prevent adverse events, and assess procedural
success [36].

3.3. Description of the Procedure

Alcohol septal ablation consists of selective infusion of 95-96% absolute alcohol into
the septal perforator branch supplying the left ventricular side of the basal or mid cavitary
septum [43,46]. The rationale is to create an alcohol-induced occlusion of the vessel, with a
controlled infarct in the basal septum that progressively changes from viable hypertrophic
myocardium to a thin akinetic scar, thus reducing LVOTO. Radial and femoral access are
both feasible, and the choice mainly depends on operator preference. In fact, the two
approaches show similar short- and long-term success rates, although the radial approach
has been associated with fewer vascular complications [47]. The main steps of the procedure
are shown in Figure 1. After placement of a 67 Fr arterial sheath and temporary pacemaker
via the femoral or internal jugular vein, analgesics (i.e., morphine) can be administered to
control pain caused by alcohol injection and iatrogenic infarction. Coronary angiography
is then performed to select the septal branch for ethanol infusion and to assess vessel
anatomy, origin, angulation, and size. The course of septal vessels can be appropriately
visualized using the right anterior oblique or postero-anterior cranial projections, while the
left anterior oblique view allows differentiation of whether the septal branches run along
the right or left side of the septum (the selection of left-sided branches reduces the risk of
an atrioventricular block) [43,46].

After engaging the left main with a guide catheter providing extra support, a short
over-the-wire (OTW) (1.5-2.5 mm in diameter, 6-10 mm long, with a balloon-to-artery ratio
of approximately 1.3:1) is passed over a standard 180 cm 0.014” extra support wire and
positioned in the target vessel. OTW balloons are recommended as they allow selective
septal branch angiography during balloon inflation (1-2 mL of contrast slowly injected into
the proximally occluded vessel) to verify the correct positioning, complete septal occlusion,
and absence of contrast reflux into the LAD. During balloon inflation, continuous invasive
monitoring may reveal a reduction in LVOT pressure gradient, indicating a good target
vessel for ablation [44]. Due to the high degree of collateralization between the left and
right coronary arteries, it is imperative to exclude the filling of other coronary arteries
by septal collaterals prior to alcohol injection [48]. The target vessel must then be tested
using myocardial contrast echocardiography (Figure 2): 1-2 mL of contrast medium should
be injected through the OTW balloon to visualize the target area at the basal septum,
adjacent to the point of mitral-septal contact, and to rule out contrast enhancement in other
regions (i.e., inferior wall, papillary muscles, and right ventricle), which is an absolute
contraindication to ethanol infusion and requires interruption of the procedure [49]. In
more challenging cases, intracardiac or 3D contrast echocardiography may be helpful for
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intraprocedural guidance [50]. The operator can then inject ethanol over 1 to 5 min [1]. The
amount of alcohol is about 0.7-1 mL per 10 mm of measured septal thickness [51]. During
ethanol infusion, the inflated balloon must be firmly placed to completely occlude the vessel
and avoid extensive myocardial damage due to reverse flow in the LAD or other coronary
vessels [50]. The aggressive injection is discouraged as ethanol may pass through collaterals
and cause inferior wall injury. Finally, analgesic infusion (i.e., morphine) is recommended
immediately before alcohol infusion to control the pain caused by the alcohol injection and
the provoked ischemia. The final coronary angiography should be performed about 20 min
after alcohol infusion to exclude possible complications and conclude the procedure.

Figure 1. Angiographic sequence of alcohol septal ablation. (A) Baseline angiogram of the left
coronary artery with estimated target septal branch (arrow). (B) Wiring of the target septal branch
(arrow). (C) Injection of angiographic contrast media through the lumen of the over-the-wire balloon
(arrow). (D) Occlusion of the distal portion of the septal branch (arrow) after balloon retraction
10 min after the last alcohol injection without damage to the left anterior descending artery.

3.4. How to Assess Procedural Success?

The goal of alcohol septal ablation is to achieve a significant and sustained improve-
ment in symptoms and to reduce LVOT gradient by >50%. Additional beneficial effects
include a reduction in mitral regurgitation and left ventricular end-diastolic pressure,
which results in a lower incidence of atrial fibrillation and an improvement in pulmonary
hypertension [36,52]. Favorable cardiac remodeling is also an important effect of the proce-
dure, particularly in young patients, and may be clinically evident after 12 months [33,53].
Among possible predictors of procedural failure, a total creatine kinase (CK) peak less
than 1300 U/L and an immediate residual LVOT gradient greater than 25 mm Hg have
been reported in previous studies, although their association with long-term clinical out-
comes remains uncertain and requires further investigations [37,54-57]. To date, there is
no standardized follow-up pathway after alcohol septal ablation; therefore, the follow-up
schedule usually depends on the center’s experience. In the case of an uncomplicated
post-procedural course, hospital discharge is usually 3-5 days after ablation [58]. After
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discharge, the patient should preferably be evaluated at one month, three months, and
one year to assess changes in LVOT gradient. Notably, while some patients experience
“monophasic” success (>50% gradient reduction at three days and three months), in some
cases, “triphasic” success can be observed (<50% gradient reduction at three days but >50%
gradient reduction at three months or later) [59]. Therefore, serial evaluations should be
performed to monitor the short- and long-term evolution of hemodynamic changes after
the procedure.

Figure 2. Echocardiographic contrast used for the guidance of alcohol septal. (A) Four-chamber
echocardiogram shows increased LV wall thickness at basal septum level with no apical aneurysm
(arrow). (B) Intracoronary echocardiographic contrast injection is localized to the basal septum at
the site of greatest hypertrophy (arrow) without extending beyond the point of mitral septal contact,
consistent with an appropriate target vessel for alcohol septal ablation.

Numerous studies have shown that approximately 90% of patients undergoing a
successful procedure experience an improvement of functional status (i.e., post-procedural
NYHA class I-II), and in 80% of cases, there is a significant reduction in LVOTO [53].
CMR can be used during the follow-up to quantify the size and location of the iatrogenic
infarct. The use of CMR is also helpful in the case of procedural failure to evaluate the
reasons for unsuccess (i.e., the iatrogenic infarct is too small or outside the target area) [60].
In the event of failure, surgical myectomy may be performed as a rescue strategy. Of
note, several studies have reported on patients with a previous alcohol septal ablation
undergoing surgical myectomy, showing that these patients have a higher risk of complete
atrioventricular block and progression to heart failure because of the more extensive
conduction system and myocardial injury [60-62].

3.5. Procedural Safety and Possible Complications

A complete atrioventricular block is the most common complication after alcohol sep-
tal ablation (transient in about 30% of patients and permanent in about 10%) and is due to
the alcoholic injury to the conduction system [36,53]. This adverse event may occur during
the procedure or in the first few days after and is more frequent in older patients or those
with preexistent conduction disorders [33]. In patients with pre-existing left bundle branch
block, a temporary pacemaker could be placed after the procedure, while a permanent
pacemaker is indicated if an advanced block persists for more than 24-72 h [43,46]. If a
concomitant indication for an implantable cardiac defibrillator exists, device implantation
should precede the procedure to simplify the management of post-procedural arrhythmias.
Infarction of the left and right ventricle-free walls or papillary muscles is a possible but rare
adverse event related to the presence of collateral branches supplying distant myocardial
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areas and to the reflow of alcohol in the LAD artery. Although there have been concerns
in the past about the arrhythmic risk associated with the septal scar, recent studies have
demonstrated the long-term safety of the procedure, with a survival rate similar to surgical
myectomy [52,63]. The rate of early mortality (up to 30 days) is relatively low and ap-
proximates 1.5%. Causes of death include LAD dissection, ventricular fibrillation, cardiac
tamponade, cardiogenic shock, and pulmonary embolism. Late mortality is reported in
0.5% of patients and is often due to SCD, heart failure, pulmonary embolism, or other
non-cardiac causes [36].

Alternative techniques have been explored to minimize the risks associated with
the potential spillover of alcohol outside the target area, including various embolization
techniques [64-67]. The most promising is the use of (n-butyl cyanoacrylate), a clear and
colorless monomer that polymerizes rapidly on contact with blood [68]. Initial clinical
experience with cyanoacrylate for septal ablation in HOCM patients showed an excellent
safety profile, paving the way for long-term efficacy studies [69]. In addition, several
catheter-based procedures, including the PIMSRA (percutaneous intramyocardial septal
radiofrequency ablation) and the SESAME (septal scoring along the midline endocardium),
have recently been tested in patients ineligible for surgery and alcohol septal ablation
with encouraging results [70,71]. However, these procedures are currently performed in a
limited number of centers in the US, Europe and Asia, and further prospective data are
needed to safely introduce such novel strategies into practice.

3.6. Comparison between Alcohol Septal Ablation and other Surgical Reduction Therapies

Despite extensive research, the choice of the best option for septal reduction strategy
in the individual patient remains challenging and poses numerous clinical dilemmas. To
date, there is no current or completed randomized trial comparing surgical myectomy
vs. alcohol septal ablation, and all available information is derived from retrospective
investigations. Overall, the benefits of alcohol septal ablation are comparable to those
seen with surgical myectomy in terms of functional class, exercise capacity, and LVOTO
regression. Morbidity and mortality resemble those of surgical intervention. The major
complication of alcohol septal ablation compared with surgery is a complete atrioventricular
block requiring pacemaker implantation and the need for a re-do procedure. At variance
with surgery, there are poor data on the comparison between alcohol septal ablation and
other catheter-based interventions or the novel pharmacologic therapy with allosteric
myosin inhibitors.

The lack of randomized evidence affects existing recommendations which are pri-
marily based on observational findings and expert consensus. European and American
guidelines do not provide class I recommendations for any of the invasive options [1,2]
and the choice in the individual patient is largely determined by clinical judgement, local
expertise, and patient preference. Specifically, the 2014 European guidelines are not in
favor of any procedure but highlight that alcohol septal ablation is controversial in children,
adolescents, and young adults for the absence of data on the long-term effects of a myocar-
dial scar in these groups [1]. Conversely, the 2020 American guidelines for the diagnosis
and treatment of HOCM state that myectomy should be preferred over alcohol septal abla-
tion [2]. However, they recommend the latter procedure—when feasible and performed
in experienced centers—in adult patients with symptomatic HOCM in whom surgery is
contraindicated or risk is considered unacceptably high because of serious comorbidities or
advanced age.

4. Multidisciplinary Evaluation and Management: The HCM Heart Team

The choice of the optimal septal reduction strategy (i.e., surgical vs. non-surgical)
is crucial in the management of HOCM and should be the result of a comprehensive
and personalized evaluation, as the success of the intervention depends on the patient’s
characteristics and center expertise. To date, procedural success and long-term survival
are comparable between alcohol septal ablation and surgical myectomy when patients
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are carefully selected, and the procedures are performed in high-volume centers [72,73].
Importantly, the risks and benefits of both procedures should always be discussed with
patients in order to match their expectations and preferences [1].

Given the complexity of clinical and anatomical factors that characterize both surgical
and non-surgical strategies, it is crucial that the final decision is made by an experienced
team working in centers of excellence for the management of HOCM [14,74]. In analogy
with the “Heart Team” approach that is the current standard of care for patients with coro-
nary and valvular heart disease [75-78], the “Cardiomyopathy Team” should represent the
standard approach for the management of patients with HOCM. This team should include
at least a clinical cardiologist, an interventional cardiologist, and a cardiac surgeon with
documented expertise in the treatment of HOCM patients [14,74]. Specifically, the operators
should have high experience with a minimum caseload of 10 alcohol septal ablations or
surgical myectomies per year, as recommended by current guidelines [1,2]. This concept
is supported by the evidence that highly experienced operators/institutions have a lower
incidence of complications, a higher success rate, and a lower rate of re-intervention [79].
To date, further studies are needed to define better the role of the Cardiomyopathy Team in
clinical practice and inform international guideline recommendations in this regard.

5. Conclusions

Alcohol septal ablation is a minimally invasive procedure for treating patients with
HOCM who remain symptomatic despite optimal medical therapy. Available evidence
supports the use of this procedure as a valid alternative to surgical myectomy when
performed in high-volume centers. The appropriate patient selection remains critical in
the decision-making process to maximize procedural success and minimize the risk of
complications. Today, a precise and multidisciplinary assessment by the Cardiomyopathy
Team appears to be crucial to improving the management and prognosis of patients with
HOCM in daily practice.
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Abstract: (1) Background: The transcoronary ablation of septal hypertrophy (TASH) is an established
therapy for hypertrophic obstructive cardiomyopathy (HOCM). Previous studies on this topic are
characterised by a consistent male predominance and show a worse prognosis in females. (2) Methods:
This study is a retrospective analysis of all TASH procedures conducted between 2006 and 2021
at a tertiary academic centre. A solution of 75 um microspheres (Embozene®, Boston Scientific,
Marlborough, MA, USA) was used as an embolising agent. The outcomes of interest were left
ventricular outflow tract (LVOT) gradient reduction and symptom improvement among males
vs. that among females. Secondarily, we analysed the sex-related differences in procedural safety
outcomes and mortality. (3) Results: The study population consisted of 76 patients, with a median
age of 61 years. Females comprised 57% of the cohort. We observed no sex-related differences in
the baseline LVOT gradients at rest or under provocation (p = 0.560 and p = 0.208, respectively).
Females were significantly older at the time of the procedure (p < 0.001), had lower tricuspid annular
systolic excursion (TAPSE) (p = 0.009), presented a worse clinical status according to the NYHA
functional classification (for NYHA > 3, p < 0.001), and were more often on diuretics (p < 0.001). We
did not observe sex-related differences in absolute gradient reduction at rest (p = 0.147) and under
provocation (p = 0.709). There was a reduction in the NYHA class by a median value of 1 (p = 0.636)
at follow-up for both sexes. Postprocedural access site complications were documented in four cases
(two of which concerned females), and complete atrioventricular block was noted in five patients
(three of which concerned females). The 10-year survival rates were comparable between the sexes
(85% in females and 88% in males). The female sex was not associated with enhanced mortality
according to multivariate analysis after adjusting for the confounding variables (HR 0.94; 95%
CI0.376-2.350; p = 0.895), but we observed age-related differences in long-term mortality (HR 1.035;
95% CI 1.007-1.063; p = 0.015). (4) Conclusions: TASH is safe and effective in both sexes, irrespective
of their clinical differences. Women present at an advanced age and with more severe symptoms. An
advanced age at the time of the intervention is an independent predictor of mortality.

Keywords: hypertrophic cardiomyopathy; transcoronary ablation of septal hypertrophy; sex-related
differences; outcome; prognosis

1. Introduction

The current level of awareness of cardiomyopathies in women is insufficient, leading
to under-recognition, delayed identification, and treatment disparities compared to their
male counterparts [1]. Studies reporting sex-related differences in the outcomes of hyper-
trophic obstructive cardiomyopathy (HOCM) are characterised by male predominance,
and the results regarding disease manifestation and outcomes remain contradictory [2-6].
While some results indicate more pronounced obstruction, higher prevalence of heart
failure, and worse cardiopulmonary exercise tolerance, which is associated with inferior
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survival in women [2-4], in other cases, the sex-related differences in the disease phenotype
are considered to have no impact on mortality [6]. Irrespective of the patient’s sex, the
transcoronary ablation of septal hypertrophy (TASH) and surgical septal myectomy (SSM)
are the therapies of choice for patients resistant to pharmacological treatment [7-10].

This study aimed to investigate the effect of sex-related differences in clinical pheno-
types on procedural outcomes in patients undergoing TASH using microspheres.

2. Materials and Methods
2.1. Study Population and Design

This is a retrospective analysis of sex differences in the clinical characteristics and out-
comes of adult patients who have undergone TASH at the West German Heart and Vascular
Centre. Data were retrieved from the patients’ electronic health records. We included all
subjects who had undergone TASH over the last 15 years (April 2006 to July 2021). Figure 1
depicts the derivation of the study cohort. Incomplete follow-up, age < 18 years, and prior
interventional or surgical therapy for septal reduction were the study’s exclusion criteria.
The study population comprised 87 patients. Nine patients were excluded because they
underwent prior TASH or SSM before referral to our centre. Additionally, two patients were
excluded due to unfavourable anatomy of the septal perforators, rendering the intervention
unsuccessful. The remaining 76 patients were stratified into two groups according to their
sex (males: n =33, 43%; females: n = 43, 57%). Indications for TASH were LVOT gradient
at rest > 30 mmHg and/or with Valsalva manoeuvre > 50 mmHg in combination with
clinical symptoms (dyspnoea, syncope, cardiac arrest, and arrhythmia). The predefined
inclusion criteria were age > 18 years at the time of intervention and complete assessment,
including initial investigations, periprocedural data, and follow-up results encompassing
clinical, echocardiographic, and laboratory data.

Baseline population
n=2387
Prior TASH or SSM
n=9
Unsuccessful TASH
n=2
Study population
n=76
Males Females
n=233(43.4) n =43 (56.6)

Figure 1. Derivation of the analytic cohort. TASH—transcoronary ablation of septal hypertrophy
using alcohol; SSM—surgical septal myectomy. Data are presented as 7 (%).
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The primary endpoint was the difference in peak left ventricular outflow tract gra-
dients (A left ventricular outflow tract (LVOT)) among men and women, considering the
echocardiographically derived peak gradients before the intervention and at the first sched-
uled follow-up. Secondary endpoints were major adverse cardiovascular events, including
stroke and cardiovascular death, and high-degree atrioventricular (AV) block, access site
complications, arrhythmias, the need for redo-procedures, and long-term mortality with
regard to patient sex.

2.2. TASH Protocol and Non-Invasive Investigations

LVOT gradients were estimated using transthoracic echocardiography at rest and
under Valsalva provocation before and after the intervention. The interventricular septal
diameter (IVSd), systolic anterior motion (SAM) of the mitral valve, and the left atrial
(LA) diameter were evaluated in M-mode. The biplane Simpson’s method was used
to estimate left ventricular ejection fraction. Daily echocardiographic monitoring was
performed after a successful procedure. According to a predefined institutional protocol,
patients were scheduled for a follow-up assessment three to six months after the TASH
procedure. Additionally, blood tests were performed concerning coagulation, complete
blood count, liver and renal function, and N-terminal prohormone of B-type natriuretic
peptide (NT-proBNP). The cardiac enzymes were measured at six-hour intervals after TASH
to determine the peak value and further assessed until reaching 50% of the peak values.

All septal reduction procedures were conducted by embolization of the septal perfora-
tor of interest using a solution of 75 um microspheres (Embozene®, Boston Scientific) [11].
This medium is implemented for the treatment of hyper-vascular tumours. The higher
viscosity and non-resorbable nature of the microspheres offer potential advantages over
alcohol. Since 2005, microspheres have been the medium of choice for TASH procedures at
our centre [12]. All procedures were performed by experienced professionals. Over the fif-
teen years encompassed by our study, four interventional cardiologists mastered the TASH
technique, and the procedures were conducted in the presence of at least two of them. All
interventions were performed via the femoral approach. A temporary pacemaker lead was
advanced using a venous sheath. Simultaneous LVOT gradient assessment was conducted
by inserting two pigtail catheters into the left ventricle (LV) and the ascending aorta. After
wiring the target septal branch, an over-the-wire balloon was used to occlude the vessel.
Subsequently, the application of microspheres was performed under fluoroscopic guidance
until angiographic evidence of vessel occlusion was obtained. After the procedure, patients
were admitted to the intermediate care unit for at least 24 h.

2.3. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics software (version 29).
The Shapiro-Wilk test was used to determine the normality of the data distribution. Contin-
uous variables are given as mean =+ standard deviation (mean + SD) if normally distributed
and median and interquartile range (IQR) if skewed. Normally distributed data were fur-
ther assessed using Student’s t-test. Otherwise, the non-parametric Mann-Whitney U test
was used. Categorical variables are presented as numbers (percentages) and were analysed
using the chi-square test. Assessment of factors associated with long-term mortality in
patients undergoing TASH was performed using Cox regression analysis with stepwise
backward selection. Variables for which p < 0.10 were included in the final model. Statistical
significance was set at p < 0.05.

3. Results
3.1. Baseline Characteristics

The study cohort comprised 76 patients. Females constituted more than half of the
population (n = 43, 57%) and were older at admission for TASH compared to their male
counterparts (median age 68 years in females vs. 54 years in males; p < 0.001) (Table 1).
Severe dyspnoea was the leading symptom upon initial presentation (NYHA > 3 in 86%
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of the patients), for which there were significant differences between both sexes (93%
in females and 76% in males; p = 0.049). A fifth of the patients had syncope, for which
there no sex-related differences (24% in males and 14% in females; p = 0.371). Previous
cardiac arrest or sustained ventricular tachycardia with hemodynamic instability were
reported in 4% of the population (6% in males and 2% in females; p = 0.576). One fifth
of the study population had undergone previous device implantation, for which there
was a non-significant predominance of implantable cardiac defibrillators (ICDs) in males
(n =5, 12% in females vs. n = 8, 24% in males; p = 0.219). Hypertension was the most
common comorbidity irrespective of patient sex (n = 37, 86% in females vs. n = 28, 85%
in males; p = 1.000). Diabetes and atrial fibrillation had an overall prevalence of 17%, for
which there were no sex-related differences (p = 0.766 and p = 1.000, respectively). We
observed a non-significant difference in the rate of coronary artery disease, with 35% of
females affected compared to 21% of males (p = 0.214). Inter- or intraventricular conduction
disturbances not requiring pacemaker implantation were observed in less than 10% of the
overall cohort, for which there were no sex-related differences (Table 1).

Table 1. Baseline characteristics of the patient population.

Patient Characteristics Overall Population n = 76 » =1§;a(123. n . =Fix;1(a512 6) p Value
1. Demographics
Age, years 60.5 [26.0] 54.0 [22.0] 68.0 [21.0] <0.001
BMI, kg/m? 282+ 4.8 28.6 +4.8 279 +49 0.509
BSA, m? 1.9+03 20+03 1.8+02 <0.001
NYHA > 3, n (%) 65 (85.5) 25 (75.8) 40 (93.0) 0.049
Previous syncope, 11 (%) 14 (18.4) 8(24.2) 6 (14.0) 0.371
Family history of SCD, 1 (%) 11 (14.5) 6(18.2) 5(11.6) 0.517
Previous cardiac arrest or sustained
VT, n (%) 3(3.9) 2 (6.1) 1(2.3) 0.576
ICD, 1 (%) 13 (17.1) 8 (24.2) 5 (11.6) 0.219
Pacemaker, 1 (%) 2 (2.6) 1(3.0) 1(2.3) 1.000
CRT, 1 (%) 1(1.3) 0(0.0) 1(2.3) 1.000
2. Comorbidities
HTN, n (%) 65 (85.5) 28 (84.8) 37 (86.0) 1.000
Diabetes mellitus, 1 (%) 13 (17.1) 5(15.2) 8 (18.6) 0.766
Atrial fibrillation, 1 (%) 13 (17.1) 6(18.2) 7 (16.3) 1.000
CAD, n (%) 22 (28.9) 7(21.2) 15 (34.9) 0.214
COPD, 1 (%) 6(7.9) 3(9.1) 3(7.0) 1.000
AV block, 1 (%) 5(6.7) 1(3.0) 4(9.3) 0.381
LAFB, 11 (%) 5 (6.6) 3(9.1) 2(47) 0.647
LBBB, 1 (%) 6(7.9) 2 (6.1) 4(9.3) 0.692
RBBB, 1 (%) 6(7.9) 5(15.2) 1(2.3) 0.080
nsVT, n (%) 8(10.5) 3(9.1) 5(11.6) 1.000
3. Echocardiography
LVEF, % 61 [11.0] 63 [14.0] 60 [8.0] 0.113
LVOT gradient at rest, mmHg 41.0 [27.0] 40.0 [28.0] 42.0 [32.0] 0.560
LVOT gradient (Valsalva), mmHg 95.0 [71.0] 95.0 [75.0] 85.0 [60.0] 0.208
SAM, n (%) 62 (81.6) 29 (87.9) 33 (76.7) 0.248
MR > 2 grade, 1 (%) 35 (46.1) 16 (48.5) 19 (44.2) 0.817
LA diameter/m?2, mm 22.0 [4.6] 21.5[4.7] 23.7[5.3] 0.040
LAVI/m?, mL 38.9[20.0] 34.8[4.7] 40.1 [20.5] 0.283
TAPSE, mm 19 [4.0] 21 [5.0] 19 [3.0] 0.009
sPAP > 35 mmHg, 1 (%) 22 (28.9) 9 (27.3) 13 (30.2) 0.805
4. Laboratory results
NTproBNP, pg/mL 388.0 [737.0] 318.0 [562.0] 430.7 [1142.0] 0.099
Creatinine, mg/dL 1.1[0.2] 1.1[0.3] 1.1[0.2] 0.146
CK,U/L 75.0 [53.5] 77.0 [33.0] 69.0 [67.0] 0.052
Troponinl, ng/L 20.0 [30.0] 20.0 [48.5] 20.0 [30.0] 0.577
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Table 1. Cont.

Patient Characteristics Overall Population n = 76 . =l:\,’/13a(123' n . fi;n(aslz 6) p Value
Medical treatment

Betablockers, 1 (%) 62 (81.6) 29 (87.9) 33(76.7) 0.248
Verapamil, 1 (%) 16 (21.1) 6(18.2) 10 (23.3) 0.778
Diltiazem, 1 (%) 1(1.3) 1(3.1) 0(0.0) 0.427
Diuretics, 1 (%) 45 (59.2) 12 (36.4) 33 (76.7) <0.001
NOACsS, 1 (%) 4(5.3) 2(6.1) 2(4.7) 1.000
Vitamin K antagonists, 1 (%) 8 (10.5) 4(12.1) 4(9.3) 0.721
Antiplatelet agents, 11 (%) 42 (55.3) 17 (51.5) 25 (58.1) 0.644

Data are presented as mean =+ (SD), median (IQR), or 1 (%). BMI—Body Mass Index, BSA—body surface area (Du
Bois Method), NYHA—New York Heart Association (NYHA) Classification, SCD—sudden cardiac death, VT—
ventricular tachycardia, ICD—implantable cardioverter defibrillator, CRT—cardiac resynchronization therapy,
HTN—hypertension, CAD—coronary artery disease, COPD—chronic obstructive pulmonary disease, AV block—
atrioventricular block, LAFB—Ileft anterior fascicular block, LBBB—Ileft bundle branch block, RBBB—right bundle
branch block, nsVT—non-sustained ventricular tachycardia, LVEF—left ventricular ejection fraction, LVOT—left
ventricular outflow tract, SAM—systolic anterior motion of the mitral valve, MR—mitral regurgitation, LA—left
atrium, LAVI—left atrial volume index, TAPSE—tricuspid annular plane systolic excursion, sSPAP—systolic
pulmonary artery pressure, NT-proBNP—N-terminal prohormone of brain natriuretic peptide, CK—creatine
kinase, and NOACs—novel oral anticoagulants.

The median left ventricular ejection fraction (LVEF) was 61.0 [11.0]%. The median
LVOT gradients at rest (42 [32.0] mmHg in females vs. 40 [28.0] mmHg in males; p = 0.560)
and during Valsalva provocation (85 [60.0] mmHg in females vs. 95 [75.0] mmHg in males;
p = 0.208) were comparable in both sexes. There was no sex-related difference in the rate of
systolic anterior motion (SAM) of the mitral valve (1 = 33, 77%, in females vs. n =29, 88%,
in males; p = 0.248). Females presented with lower tricuspid annular systolic excursion
(TAPSE) (19 mm in females vs. 21 mm in males; p = 0.009). As depicted in Table 1, beta-
blockers were the most utilised agent in the overall population irrespective of sex (n = 62,
82%), whereas verapamil was the drug of second choice (1 = 16, 21%). Significantly more
females were on diuretics (1 = 33, 77%, for females vs. n = 12, 36%, for males; p < 0.001).
NT-proBNP levels were non-significantly elevated in females compared to their male
counterparts (431 [1142.0] pg/mL in females vs. 318 [562.0] pg/mL in males; p= 0.099).
Additionally, more than half of the patients were taking antiplatelet agents (1 = 42, 55%),
whereas oral anticoagulation was implemented in 16% of the population (Table 1).

3.2. Periprocedural Outcomes

As shown in Table 2, there were no significant differences in the volume of micro-
spheres used to occlude the septal perforator of interest (2 [2.0] mL in females vs. 3 [3.0] mL
in males; p = 0.306).

We observed no differences in the maximal postprocedural levels of Troponin I levels
between the study groups (2659 [2889.0] ng/L in females vs. 2311 [2908.0] ng/L in males;
p = 0.506). There were no significant differences in the incidence of postprocedural complete
atrioventricular (AV) block, left bundle branch block (LBBB), or right bundle branch block
(RBBB) (Table 2). When considering AV and interventricular conduction disturbances as a
composite entity, the overall incidence of conduction disturbances was 14% in females and
9% in males (p = 0.518). We did not observe an impact of age on the incidence of complete
AV block after TASH in our cohort of patients (OR 1.02; 95% CI 0.957-1.084; p = 0.564).
Access site complications were observed in four patients (n = 2 in females; p = 0.786).
Intraprocedural death occurred in one case of urgent TASH, which was performed as a
rescue procedure following haemodynamic instability immediately after the deployment
of an aortic valve prosthesis during transcatheter aortic valve replacement (TAVR) with a
multifactorial aetiology. This is a rare indication, as previously mentioned in the medical
literature [13,14]. We did not observe any periprocedural stroke events or arrhythmias.
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Table 2. Procedural characteristics and complications.

. Overall Population Male Female
Peri- and Postprocedural Outcomes "= ;’6 n=33 n=43 p Value
Volume of microspheres, mL 2.0[2.0] 3.0[3.0] 2.0[2.0] 0.306
ICU stay, days 1.0 [0.0] 1.0 [0.0] 1.0 [1.0] 0.133
Hospitalisation, days 12.5[10.0] 12.0 [8.0] 13.0 [11.0] 0.449
CKmax, U/L 926.0 [949.0] 1018.0 [1537.0] 897 [947.0] 0.234
Troponin I, ng/L 2485.0 [2874.0] 2311.0 [2908.0] 2659.0 [2889.0] 0.506
Complications

AV block, 1 (%) 5 (6.6) 2 (6.1) 3(7.0) 1.000
New LBBB, 1 (<%) 1(1.3) 0(0.0) 1(2.3) 1.000
New RBBB, 1 (%) 3(3.9) 1(3.0) 2(47) 1.000
Access site complications, 1 (%) 4(5.3) 2 (6.1) 2 (4.7) 1.000
Postprocedural death, n (%) 1(1.3) 1(3.0) 0(0.0) 0.434

ICU—intensive care unit, CK—creatine kinase, AV block—atrioventricular block, LBBB—Ieft bundle branch block,
and RBBB—right bundle branch block. Data are presented as 7 (%) or median (IQR).

As depicted in Table 3, the routine follow-up assessment of the patients after a median
period of 4 [8.0] months revealed a significant reduction in LVOT gradients at rest and
after Valsalva provocation (p < 0.001 for both sexes), without differences between the
study groups (females vs. males; p = 0.147 at rest and p = 0.709 under provocation).
LVOT gradient < 30 mmHg at rest was achieved in 88% of the patients, without differences
between the sexes (p = 0.948). Provoked gradient < 50 mmHg was reported in 70% of
males and 79% of females (p = 0.353). Furthermore, we observed a significant reduction in
the prevalence of severe dyspnoea according to the New York Heart Association (NYHA)
functional classification (NYHA > 3: 76% at baseline assessment to 3% following TASH in
males, p < 0.001, and 93% to 5% in females, p < 0.001) irrespective of patients” sex (p = 0.636).
There was a significant reduction in NT-proBNP levels at follow-up in females (431 pg/mL
to 281 pg/mL; p = 0.009) compared with males (318 pg/mL to 189 pg/mL; p = 0.073)
(Table 3).

Table 3. Short-term outcomes after TASH (initial assessment and first clinical follow-up at
4 [8.0] months).

Characteristics Males (n = 33) Females (n = 43) Males vs.
Females
Pre-TASH  Post-TASH p Value Pre-TASH  Post-TASH p Value p Value for A

Vot grfri‘gg atrest, 4 122.0] 16.0 [14.0] <0.001 420[320]  15.0[17.0] <0.001 0.147

Provoked LVOT 950[75.0]  25.0 [41.0] <0.001 85.0[60.0]  24.0 [42.0] <0.001 0.709
gradient, mmHg

318.0 189.0 4307 281.0

NT-proBNP, pg/mL [562.0] [367.0] 0.073 [1142.0] [408.0] 0.009 0.338

NYHA >3, 1 (%) 25 (75.8) 1(3.0) <0.001 40 (93.0) 2(4.7) <0.001 0.636

IVSd > 20 mm, 1 (%) 16 (48.5) 4(12.1) <0.001 21 (48.8) 3(7.0) <0.001 0.583

LVOT—left ventricular outflow tract, NYHA—Ney York Heart Association functional classification, IVSd—
Interventricular septum thickness in diastole, and TASH—transcoronary ablation of septal hypertrophy. Data are
presented as median (IQR) and 7 (%).

3.3. Long-Term Follow-up

The 10-year survival rates were comparable in both sexes (85% in females and 88% in
males). The female sex was not associated with enhanced mortality according to multivari-
ate analysis after adjustment for the confounding variables (TAPSE, use of diuretics, left
atrial diameter, age at TASH, and NYHA class) (HR 0.94; 95% CI 0.38-2.35; p = 0.895), but
there were age-related differences in mortality (HR 1.035; 95% CI 1.007-1.063; p = 0.015)
(Table 4).
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Table 4. Multivariate Cox regression analysis.

Characteristics HR 95% CI p Value
Age at TASH, years 1.035 1.007-1.063 0.015
NYHA >3 1.256 0.359-4.395 0.722
Female sex 0.940 0.376-2.350 0.895
TAPSE, mm 1.921 0.802-1.057 0.240
Diuretics 1.703 0.707-4.101 0.235
LA diameter, mm 1.007 0.974-1.040 0.697

TASH—transcoronary ablation of septal hypertrophy, NYHA—New York Heart Association, TAPSE—Tricuspid
annular systolic excursion, and LA dimeter—left atrial diameter in parasternal long-axis view.

We did not observe a significant impact of the estimated gradient measures, family
history of SCD, a previous pacemaker or ICD implantation, LVEF, IVSd > 20 mm, or
sex-related differences on the primary outcome measures. The male sex was associated
with a non-significantly elevated rate of redo procedures at follow-up (25% in males vs.
13.6% in females; p = 0.445).

4. Discussion

In contrast to previous studies, our cohort is characterised by female predominance [9-11].
As we report on the results of a tertiary referral centre with well-established experience in
treating patients with cardiomyopathies, the study cohort may have included some high-risk
individuals. For a disease considered equally prevalent among males and females, the female
predominance of patients referred for TASH may be due to the more pronounced disease
manifestations in women, resistance to conservative treatment, more obstructive physiology,
or even lack of disease awareness among females [2-4]. A potential indicator in favour of
the latter is that females were significantly older at admission for TASH, with a median age
difference of 14 years. A recent analysis of registry data reported a similar age distribution [5].
The significantly higher rate of severe dyspnoea in females is an alarming sign of a potential
failure to recognise the isolated disease symptoms and comorbidities, contributing to the
more advanced impairment of their physical capacity. The higher rate of diuretic treatment
also suggests an advanced disease stage with signs of congestion. This is in accordance with
previous studies reporting a higher risk of developing severe heart failure in females with
HOCM [2,15]. The more pronounced disease manifestation in females may also be due to the
higher burden of sarcomere variants [15].

We did not observe any differences in the prevalence of a positive family history of
sudden cardiac death or previous syncope. There was a non-significant male predominance
in the cardiac defibrillator implantation rate. Previous studies have reported a higher risk of
exercise-induced non-sustained and sustained ventricular tachycardias in males with HCM
compared to females [16]. Additionally, females with HOCM are known to have a lower
left ventricular mass, fewer fibrotic changes, and a lower rate of electrocardiographic abnor-
malities [17,18]. Due to the retrospective nature of this analysis, we do not have sufficient
data regarding disease history or exercise-related electrocardiographic abnormalities.

The median LVEF was within the normal range in our patient population, and we
observed no significant differences in the LVOT gradients at rest or under Valsalva provo-
cation. The larger diameter of the left atrium in females may indicate more pronounced
diastolic dysfunction and elevated filling pressure due to disease progression [19]. Com-
bined with the finding of a lower TAPSE, this may be a warning sign of worsening heart
failure. Recent studies based on a magnetic-resonance-guided assessment of the biventric-
ular function in HOCM found that right ventricular function declines prior to that of the
LV as assessed by LVEF during the course of disease [20]. Our observations are consistent
with those of previous studies reporting that heart failure is the most common feature
leading to the diagnosis of HCM in females. In contrast, in males, diagnosis often follows
a routine medical assessment with the identification of an abnormal electrocardiogram
or heart murmur [6]. There are still relevant sex disparities in terms of the percentage of
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subjects undergoing routine health risk assessments, with males more often being the focus
of preventive care [21].

Despite sex-related differences in the baseline characteristics, the TASH procedure was
associated with a significant reduction in LVOT gradients at rest and under provocation,
without differences between the study groups. Relief from LVOT obstruction led to a signif-
icant symptomatic improvement irrespective of sex. Additionally, there was a significant
reduction in NT-proBNP in females, which was potentially due to advanced disease and
more pronounced congestion. Advanced age has been previously reported to be associated
with a higher rate of conduction disturbance following TASH using alcohol [22]. We did not
observe correlation between age and AV block. This may be attributed to the advantages
of microspheres over alcohol for septal reduction. On the one hand, the higher viscosity
of microspheres may reduce the risk of accidental off-target coronary embolization. Their
inability to be resorbed reduces the risk of cardiotoxicity compared with alcohol [23]. The
rate of complete AV block in our population was lower than the incidence reported for
TASH with alcohol [24]. The volume of microspheres was non-significantly higher in males.
The amount of injected medium was much lower than that in TASH using alcohol, where
an association between alcohol volume and postprocedural conduction disturbances has
been reported [25]. We observed no differences in the rate of access site complications
between the sexes, and the overall incidence was lower than that previously reported for
TASH using the femoral approach [26].

Regarding long-term prognosis, the 10-year survival rates were comparable between
the sexes. The female sex was not associated with enhanced mortality in the multivariate
analysis after adjusting for the confounding variables, and age was the only independent
predictor of mortality. This is in line with the results reported to date, indicating a higher
mortality risk at advanced age, which is potentially related to disease progression and
higher comorbidity burden of the patients [25].

It remains unknown whether there are any sex-related differences in the rates of recur-
rent LVOT obstruction after TASH using microspheres, an outcome that is not specifically
addressed in the current analysis. There were no differences in the rates of redo proce-
dures in our patient population. However, in the era of disease-modifying therapies using
myosin inhibitors, it is of profound interest to identify whether sex could be a confounder
of outcomes beyond LVOT gradient reduction [27,28]. The female sex is associated with a
higher rate of sarcomere mutations [15,21]; potential sex-related differences in the long-term
effectiveness of myosin inhibitors remain yet to be investigated.

Our study has inherent limitations associated with its retrospective design. We re-
ported on all-cause mortality, but we did not have data regarding the specific cause of
death of all patients. Long-term outcomes of gradient reduction and symptom severity
after TASH were not consistently available. The microsphere solution for septal emboliza-
tion is not directly comparable to alcohol, and its utility is limited because of its higher
cost. Compared to radiofrequency ablation, TASH using microspheres is associated with a
comparable reduction in LVOT gradients at rest and under provocation [29]. The complete
AV block and periprocedural complication rates are higher in radiofrequency ablation, and
there are no data regarding the rate of recurrent obstruction. Due to the limited experience
and small sample size of studies concerning radiofrequency ablation, this result should be
interpreted with caution. Nevertheless, it remains a medium with potential advantages in
terms of complication rates.

5. Conclusions

Women with HOCM present at a more advanced age, with more severe symptoms
and a poor clinical status. TASH using microspheres is safe and effective in both sexes
irrespective of their clinical differences. Age was an independent predictor of long-term
mortality after TASH regardless of sex.
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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

J. Clin. Med. 2023, 12, 3397. https:/ /doi.org/10.3390/jcm12103397 https:/ /www.mdpi.com/journal /jcm

103



J. Clin. Med. 2023, 12, 3397

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
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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]. Ozyilmaz S et al. 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 f{QRS 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., {QRS 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-sustained 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 /Vco2 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 MYH? 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 MYH? 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
MYH?7 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
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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 o-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
NSVT at Holter ECG
LGE at CMR

AN
COOCCRRRR]

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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Abstract: Sarcomeric hypertrophic cardiomyopathy (HCM) is a prevalent genetic disorder charac-
terised by left ventricular hypertrophy, myocardial disarray, and an increased risk of heart failure and
sudden cardiac death. Despite advances in understanding its pathophysiology, treatment options for
HCM remain limited. This narrative review aims to provide a comprehensive overview of current
clinical practice and explore emerging therapeutic strategies for sarcomeric HCM, with a focus on
cardiac myosin inhibitors. We first discuss the conventional management of HCM, including lifestyle
modifications, pharmacological therapies, and invasive interventions, emphasizing their limitations
and challenges. Next, we highlight recent advances in molecular genetics and their potential ap-
plications in refining HCM diagnosis, risk stratification, and treatment. We delve into emerging
therapies, such as gene editing, RNA-based therapies, targeted small molecules, and cardiac myosin
modulators like mavacamten and aficamten, which hold promise in modulating the underlying
molecular mechanisms of HCM. Mavacamten and aficamten, selective modulators of cardiac myosin,
have demonstrated encouraging results in clinical trials by reducing left ventricular outflow tract ob-
struction and improving symptoms in patients with obstructive HCM. We discuss their mechanisms
of action, clinical trial outcomes, and potential implications for the future of HCM management.
Furthermore, we examine the role of precision medicine in HCM management, exploring how in-
dividualised treatment strategies, including exercise prescription as part of the management plan,
may optimise patient outcomes. Finally, we underscore the importance of multidisciplinary care and
patient-centred approaches to address the complex needs of HCM patients. This review also aims
to encourage further research and collaboration in the field of HCM, promoting the development
of novel and more effective therapeutic strategies, such as cardiac myosin modulators, to hopefully
improve the quality of life and outcome of patients with sarcomeric HCM.

Keywords: hypertrophic cardiomyopathy; treatment; myosin modulators; genetics; cardiovascular
imaging
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a hereditary cardiac condition featuring left
ventricular hypertrophy (LVH), which abnormal loading conditions cannot fully explain.
It has been traditionally viewed as an uncommon condition with few effective treatment
alternatives for controlling the possibility of dangerous disease advancement and malig-
nant ventricular arrhythmias [1]. HCM is a common inheritable cardiac disorder usually
following an autosomal dominant inheritance pattern. LVH in the absence of cardiovascu-
lar diseases occurs in approximately 1:500 subjects in the general population; when both
clinical and genetic diagnoses are considered [2], this prevalence increases to 1 case per
200 [3-5]. HCM stems from multiple mutations that affect at least 14 genes [6] respon-
sible for sarcomeric proteins. Over 1400 distinct variants in at least 11 genes are known
to cause HCM; still, nearly 70% occur either in the MYH? gene, which encodes for the
-myosin heavy chain, or in the MYBPC3 gene, which encodes for the myosin binding
protein C. HCM can also occur as part of a syndrome and might exhibit non-sarcomeric
genocopies. It is essential that these are identified, as targeted therapies are available for
them, whereas treatments for sarcomeric HCM would be inappropriate. Key distinctions
include amyloidosis, Fabry disease, glycogen storage diseases, and syndromic disorders,
such as RASopathies, Timothy syndrome, and Emery-Dreifuss muscular dystrophy (FHL1).

1.1. Pathophysiology

HCM is characterised by the absence of any abnormal loading conditions while ex-
hibiting LVH. The clinical manifestation of HCM is varied and includes several pathological
features, which stem from both the direct functional impacts of the disease-causing mu-
tation and the secondary changes in function that the affected myocardium undergoes in
response to it.

HCM features myocardial fibrosis (ranging from microscopic fibrosis within the my-
ocardium to significant macroscopic scarring), abnormalities in small coronary vessels
(microvascular remodelling and dysfunction), haphazard organisation of tissue (myocar-
dial disarray), papillary muscle abnormalities (hypertrophy, feathering, apical insertion),
and anomalies in the mitral valve (elongated anterior leaflet), as well as ventricular and
supraventricular tachyarrhythmias.

The varied genetic makeup of HCM plays a significant role in explaining the wide
range of differences seen among patients with HCM. In a study by Beltrami et al., MYBPC3-
related HCM showed an increased long-term prevalence of systolic dysfunction compared
with MYH?7, despite similar outcomes [7]. Such observations suggest different pathophysi-
ology of clinical progression in the two subsets and may prove relevant for understanding
of genotype-phenotype correlations in HCM. Additionally, relatives with the same genetic
mutation may present with different clinical features. As a result, the management of
HCM patients poses a considerable challenge, necessitating tailored and individualised
approaches [1].

1.2. Obstructive vs. Nonobstructive HCM

Obstructive HCM (oHCM) features LVOT obstruction (LVOTO), defined by the pres-
ence of a peak LVOT gradient of >30 mmHg by continuous wave Doppler echocardio-
graphy, with resting or provoked gradients >50 mmHg generally considered to be the
threshold for septal reduction therapy in those patients with drug-refractory symptoms [3].
LVOTO is a common finding in HCM patients and may be present during rest or provoked
by a Valsalva manoeuvre, exercise, or drug. It is a dynamic consequence, dependent on
preload conditions and anatomy, in which the LVOT becomes obstructed and typically
affects around 50% of individuals diagnosed with HCM at some stage. In addition, indi-
viduals with oHCM often experience symptoms of heart failure (HF), such as shortness of
breath, difficulty exercising, and angina. They may also experience syncope or pre-syncope,
particularly on exertion or lifting. Since its initial discovery, clinical and preclinical research
findings have transformed the understanding of HCM from a rare and dangerous condition

118



J. Clin. Med. 2023, 12, 5710

to a relatively frequent disease with generally stable progression. Compared to other inher-
ited heart muscle disorders, HCM has lower morbidity and mortality (including sudden
death) [1]. While some individuals with HCM may have a typical lifespan, LVOTO, atrial
fibrillation, or ventricular arrhythmias can considerably impact each person’s prognosis
and quality of life.

1.3. HCM Phenocopies

HCM is a genetic cause of cardiomyopathy that is widespread worldwide. Genetic
testing advancements have improved the detection of sarcomeric mutations responsible
for HCM [8]. However, this has also highlighted the importance of identifying inborn
errors of metabolism or metabolic storage disorders that can mimic HCM (phenocopies).
Distinguishing these conditions can be challenging. HCM phenocopies are common, and it
is crucial to differentiate them early due to significant differences in prognosis, management,
and natural history compared to sarcomeric HCM (Table 1).

Table 1. Red flags for differential diagnosis between sarcomeric HCM and phenocopies.

Inheritance Ancillary Signs ECG Laboratory . .
Pattern and Symptoms Abnormalities Findings Echocardiography CMR Imaging
Sarcomeric HCM ~ AD Uncommon - High QRS voltages - Moderate-to-severe LVH - LGE at RV insertion
- LV strain pattern (asymmetrical and septal points and intramural
- Giant TWI but potentially found at patchy more
- Q waves of any location) frequently observe at

pseudo-necrosis

- 10-20% can have RVH

- Diastolic dysfunction

- LVOT obstruction

- Mitral valve
abnormalities (mitral SAM,
leaflets elongation,
dysplasia, prolapse,
chordal elongation, laxity,
and hypermobility)

- Papillary muscle
abnormalities
(hypertrophy, splaying and
apical displaced insertion)
- Atrial enlargement

- Apical aneurysm

sites of hypertrophied
segments

- Perfusion defects

- Increased values of
T1 mapping indices

- Increased T2
mapping/T2w
hyperintensity in
hot-phase of disease

Anderson-Fabry X-linked - Visual impairment - Short PR interval -Inmales, low or - Concentric LVH ((butcan - Basal-mid
disease - Sensorineural - Pre-excitation undetectable have LVOTO) infero-lateral LGE
deafness - AV block alpha-1- - Increased atrioventricular - Low T1 mapping
- Paranesthe- galactosidase valve thickness values (accumula-
sia/sensory - Proteinuria - Increased RV free wall tion/hypertrophy
abnormalities with/without thickness phases)
- Angiokeratoma reduced - Global hypokinesia -T1
- Higher stroke risk glomerular (with/without LV pseudonormalisation
- Males > females, filtration rate dilatation) (advanced stage)
but females can be - Progressive T1
affected mapping dispersion
(lyonization) from
mild conduction
disease to overt
oHCM
Cardiac AD - Carpal tunnel - Low QRS voltage Proteinuria - Ground-glass appearance - Diffuse
amyloidosis (for h-TTR) syndrome - AV block with/without of myocardium subendocardial LGE
(bilateral) -Pseudoinfarct reduced - Thickened interatrial (zebra pattern)
- Visual impairment ~ pattern glomerular septum, atrioventricular - Abnormal T1 nulling
- Paranesthe- - Bundle branch filtration rate valve thickness, RV free - Increased T1
sia/sensory block wall mapping indices
abnormalities - Pericardial effusion - Increased T2
-Autonomic - Global hypokinesia mapping values (AL)
dysfunction (with/without LV
dilatation)
- relative longitudinal
apical sparing (cherry
apex)
Mitochondrial X-linked or - Sensorineural - Short PR interval -1 CK Global hypokinesia - Large amount
cardiomy- matrilinear deafness - Preexcitation -7 AST, ALT (with/without LV non-ischemic LGE
opathies inheritance - Learning - Abnormal CPET - Lactate dilatation) pattern, mostly
difficulties/mental with low VO, max confined to the basal
retardation LV inferolateral wall

- Visual impairment
- Muscle weakness
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Table 1. Cont.

Inheritance Ancillary Signs ECG Laborato; . .
Pattern and Sytl;\ypm%ns Abnormalities Finding;y Echocardiography CMR Imaging
Hypertensive None Uncommon Isolated LVH Microalbuminuria - LVH symmetrical or Non-specific findings
heart disease eccentric (mild to
moderate).
- Normal systolic and
diastolic function
Danon X-linked - Learning difficul- - Short PR -1 CK - Extreme concentric LVH - Large amount
disease ties/cognitive - Pre-excitation -1 AST, ALT - Global hypokinesia subendocardial or
impairment - AV block (with/without LV transmural scarring,
- Visual impairment - Extreme LVH dilatation) with typical septal
(Sokolow > 100) sparing
Athlete’s heart None Uncommon Isolated LVH - LVH (mild to moderate) - Absence of LGE or
TWTI in anterior - Normal systolic function junctional pattern
precordial leads - Normal diastolic function - Low/normal T1
with J point mapping indices
elevation (consider
ethnicity)

AD, autosomal dominant; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AV, atrioventricular;
CK, creatine kinase; CPET, cardiopulmonary exercise testing; ECG, electrocardiogram; HCM, hypertrophic
cardiomyopathy; LGE, late gadolinium enhancement; LV, left ventricle; LVH, left ventricular hypertrophy;
LVOTO, left ventricular outflow tract obstruction; RV, right ventricle; RVH, right ventricular hypertrophy; TWI,
T-wave inversion.

e  Anderson-Fabry disease: this is a genetic disorder caused by mutations in the «-
galactosidase A (GLA) gene that results in the accumulation of glycosphingolipids
in various systems of the body. The disease is known to cause LVH, which can be
diagnosed through echocardiography in almost 50% of male patients aged 3040 [9].
LVH in Anderson-Fabry Disease happens due to an abnormal build-up of glycosph-
ingolipids, leading to reduced «-galactosidase A activity. Most patients also exhibit
abnormal ECG results, with voltage criteria for LVH, short PR interval and conduction
disorders. Echocardiography shows concentric LVH, diastolic dysfunction, and sys-
tolic dysfunction in the later stages of the disease. Cardiovascular magnetic resonance
(CMR) scans also show concentric LVH, with a late gadolinium enhancement (LGE)
of the basal inferolateral wall being a characteristic feature. Moreover, LGE in these
patients increases the risk of major cardiovascular events [10,11]. Most Fabry patients
exhibit concentric LVH [12]; however, asymmetrical septal and apical hypertrophy can
be observed. Cardiovascular involvement can be highly variable and mutation depen-
dent, also affecting the eligibility of precision therapies such as oral chaperone therapy.
Enzyme replacement therapy is dependent on serum alpha-1-galactosidase levels.

e Cardiac amyloidosis: this is a cardiomyopathy caused by the deposition of amy-
loid protein outside of the heart cells, affecting the myocardium. This condition
can occur in amyloid light-chain (AL) amyloidosis and transthyretin amyloidosis.
Cardiac involvement in amyloidosis is associated with poor prognosis and can lead
to various symptoms, including chest pain, HF, arrhythmias, stroke, and signs and
symptoms of autonomic dysfunction. The disease also affects other organs, with
symptoms such as carpal tunnel syndrome, easy bruising, macroglossia, neuropathy,
and hepatomegaly. The ECG in amyloid cardiomyopathy often shows low-voltage
QRS complexes. Echocardiography typically reveals bi-ventricular hypertrophy, valve
thickening, bi-atrial dilatation, and diastolic dysfunction. Strain and strain rate imag-
ing using speckle tracking can help to differentiate amyloid cardiomyopathy from
sarcomeric HCM. In most cases, the pattern of LVH in cardiac amyloid is concentric
and non-obstructive, but some cases can present with asymmetric obstructive forms,
mimicking sarcomeric forms of HCM. CMR has a central role in the non-invasive
diagnosis of cardiac amyloidosis due to its ability to provide tissue characterisation
in addition to high-resolution morphologic and functional assessment. While mul-
tiple LGE patterns have been described in cardiac amyloidosis, subendocardial and
transmural distributions predominate. Both patterns are present to different extents in
AL and ATTR cardiac amyloidosis, with subendocardial LGE being more prevalent in
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AL and transmural LGE more prevalent in ATTR cardiac amyloidosis. LGE initially
appears predominant in the basal segments, but as the disease advances, biventricular
transmural involvement occurs [13,14]. Additionally, it’s worth noting that wild-type
ATTR features almost universal involvement of cardiac structures, while hereditary
ATTR involvement varies. Both types of amyloidosis can mimic HCM. On the other
hand, AL amyloidosis, the most prevalent form, affects the heart in approximately
50% of cases. It often presents as a non-ischemic dilated phenotype, resulting in global
impairment of cardiac function.

Mitochondrial cardiomyopathies: this is a heterogeneous group of conditions that
arise due to genetic mutations in the mitochondrial DNA inherited maternally. This
leads to impaired energy production and affects various systems in the body, includ-
ing the central nervous system, heart, and skeletal system. The symptoms of the
disease can manifest at any age, from infancy to adulthood. In around 25% of patients,
non-obstructive cardiomyopathy with mild concentric hypertrophy is observed, sig-
nificantly worsening the prognosis. Approximately 50% of these patients develop
HE, and the mortality rate reaches 70% before the age of 30. In cases of HF, cardiac
transplantation may be considered a treatment option.

RAS-HCM: HCM phenotype can be associated with malformation syndromes, includ-
ing Noonan syndrome and LEOPARD syndrome. These syndromes belong to a group
of developmental disorders called RASopathies caused by mutations in genes involved
in the RAS/mitogen-activated protein kinase (RAS/MAPK) pathway. Noonan syn-
drome is inherited in an autosomal dominant pattern and is characterised by various
congenital heart defects, including hypertrophic cardiomyopathy, which can affect up
to 25% of patients. Additionally, Noonan syndrome patients may have pulmonary
and aortic valve stenosis and atrioventricular septal defects. LEOPARD syndrome
is an allelic variant of Noonan syndrome and is characterised by a combination of
clinical features, including lentigines, electrocardiographic abnormalities, ocular hy-
pertelorism, pulmonic stenosis, abnormal male genitalia, retardation of growth, and
deafness. A recent multi-omics study in myectomy tissue from HCM patients shows
activation of the RAS-MAPK signalling, suggesting that RAS-HCM and sarcomeric
HCM may, in fact, share some final common pathways. In a multicentre retrospective
study aimed to understand the arrhythmic progression of RAS-HCM better and pin-
point shortcomings in its management, RAS-HCM was associated with heightened
morbidity and a comparable risk of SCD to sarcomeric HCM [15]. Notably, there was
a discernibly low frequency of ICD implantation among RAS-HCM patients, resulting
in potentially preventable sudden deaths. Prospective studies are needed to identify
risk factors for SCD and develop specific recommendations for ICD implantation in
RAS-HCM [16].

Hypertensive heart disease: LVH caused by hypertension can be challenging to
differentiate from HCM (Table 2) caused by sarcomeric mutations, as there is a frequent
overlap (up to 25%) in the patterns of hypertrophy seen in both conditions. Similarly,
features of HCM, such as the systolic anterior motion (SAM) of the mitral valve anterior
leaflets, chordal slack, friction or impact lesions (from chronic mitral-septal contact
on septum) or dynamic LVOTO due to basal septal hypertrophy can also be observed
in patients with LVH caused by hypertension, especially if untreated hypertension
is severe and low preload. However, SAM in hypertensive LVH occurs at the end of
systole, unlike in HCM, where it occurs earlier. Several echocardiographic techniques
have been used to differentiate between the two conditions [17]. Tissue Doppler
imaging can show more impairment of diastolic function in HCM and lower early
diastolic velocities. Two-dimensional (2D) strain echocardiography can also aid in
the diagnosis, as radial strain in the mid and apical short-axis segments is commonly
reduced in HCM with sarcomeric mutations. Similarly, the systolic longitudinal
strain has been found to be reduced in HCM, and it has value in distinguishing
between HCM and hypertensive LVH. CMR imaging can identify typical patterns of
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fibrosis associated with HCM. Serum markers such as norepinephrine, atrial natriuretic
peptide, and brain natriuretic peptide tend to be higher in HCM patients than in those
with hypertensive LVH. A thorough clinical assessment of relatives may be crucial
in making a diagnosis, as the identification of HCM in family members dramatically
increases the likelihood that LVH has a genetic basis.

Table 2. Criteria to differentiate HCM from hypertensive heart disease.

Imaging Features

(Echo, CMR, CT) HCM Hypertensive Heart Disease
IVH Severe, asymmetric Mild (<15 mm, except blacks and chronic renal
IVS/ILW ratio > 1.3 failure), concentric or midly asymmetric

LVOTO Frequent Rare

Sigmoid septum Rare Frequent

Mitral val.v‘e and papillary muscle Frequent Rare

abnormalities

Crypts Common Rare

Basal-apical muscle bundles Frequent Rare

Severe longitudinal systolic dysfunction Frequent Rare

Severe strain abnormalities Frequent Less frequent
Frequent, RV insertion points,

LGE and intramural with patchy Less frequent, non-subendocardial,
enhancement being the most no specific pattern

common pattern

CMR, cardiovascular magnetic resonance; HCM, hypertrophic cardiomyopathy; ILW, infero-lateral wall; IVS,
interventricular septum; LGE, late gadolinium enhancement; LVH, left ventricular hypertrophy; LVOTO, left
ventricular outflow obstruction.

Danon disease: this is a rare X-linked dominant genetic disorder caused by a defi-
ciency in lysosome-associated membrane protein-2 (LAMP2), leading to lysosomal
storage. The prevalence of the disease may be underestimated due to difficulties
in diagnosis, but LAMP2 mutations have been identified in 1-8% of patients with
suspected HCM who underwent genetic testing. The disease manifests in males with
severe symptoms at an earlier age, while females may develop later onset and milder
symptoms due to X-linked inheritance. Diagnosis is confirmed by molecular genetic
screening that reveals a LAMP2 gene mutation. Clinical suspicion of the condition
should prompt testing of serum creatine kinase and liver enzyme levels, which are
usually raised in this condition. ECG may show ventricular pre-excitation with Wolff—
Parkinson-White (WPW)-pattern in up to two-thirds of men and less than a third of
women, along with very large voltage complexes in male teenagers, raising suspicion
of the condition. Echocardiography typically shows severe concentric LVH, but asym-
metric septal hypertrophy has also been observed. Skeletal muscle biopsy may show
intra-sarcoplasmic periodic acid-Schiff-positive vacuoles. In late stages, the disease
may progress to a dilated cardiomyopathy phenotype [18,19].

Pompe disease: this is a genetic disorder that follows an autosomal recessive pattern of
inheritance, resulting from the deficiency of acid maltase (acid alpha [«]-glucosidase)
enzyme. The condition is characterised by the deposition of glycogen in multiple
organs and can present in three different forms: infantile, juvenile, and adult. The
infantile form is the most severe and can lead to death within two years due to extreme
LVH, HF, hypotonia, macroglossia, and hepatomegaly. While dilated cardiomyopathy
can occur in some patients, the infantile form of the disease often presents with
asymmetric LVH and LVOTO. In contrast, later onset forms have milder cardiac
involvement and present with proximal myopathy. Diagnosis can be confirmed by
demonstrating enzyme deficiency in fibroblasts, lymphocytes, and/or urine, and
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skeletal muscle biopsy showing vacuolar glycogen deposition. ECG can show features
of LVH as well as short PR interval with pre-excitation or conduction block [20].

e PRKAG?2 cardiomyopathy: this is a genetic disorder with autosomal dominant in-
heritance caused by mutations in the PRKAG2 gene, which codes for the regulatory
gamma-subunit of AMP-activated protein kinase (AMPK). This condition typically
affects adolescents and young adults and is characterised by muscle weakness and
imaging showing LVH with global hypokinesia. While the LVH in PRKAG2 car-
diomyopathy is often associated with excess glycogen deposition and can be variable
in severity, it can also be asymmetric, resembling the pattern seen in HCM caused
by mutations in sarcomeric genes. However, PRKAG2 cardiomyopathy is different
from sarcomeric HCM in that it progresses early to systolic dysfunction and dilated
cardiomyopathy. This condition may also be associated with WPW syndrome and
degeneration of the conduction system [21,22]. There are no known precision-based
therapies for PRKAG2 cardiomyopathy.

e  Cori-Forbes cardiomyopathy: this is a genetic disorder caused by mutations in the
glycogen debranching enzyme (amylo-alpha-1, 6-glucosidase [AGL]) gene. It is in-
herited in an autosomal recessive pattern and can present in infants, adolescents, or
young adults. Common clinical features of Forbes disease include muscle weakness,
poor growth, and hypoglycemia. In addition, patients may develop concentric LVH,
which can progress to dilated cardiomyopathy in later years [23].

e  Athlete’s heart: in response to chronic high-intensity physical activity, the cardiovas-
cular system activates a series of adaptative physiological mechanisms defined as the
athlete’s heart, including a constellation of changes with increased biventricular mass,
volume, and wall thickness. A stepwise approach to the cardiovascular assessment of
athletes is essential to make sense of overlapping clinical phenotypes and eventually
provide a correct differential diagnosis between HCM and adaptative cardiac response
to exercise. Twelve-lead ECG enhances the sensitivity of the screening process by
allowing early detection of cardiovascular conditions distinctively manifesting with
ECG abnormalities. Echocardiography has a pivotal role in differentiating physiologic
and pathologic responses to exercise, namely athlete’s heart, from HCM. Combin-
ing different methods, such as 2D and 3D measurements of cardiac size, volumes,
wall thickness, mass index, tissue velocity, and myocardial strain imaging, cardiac
ultrasound allows comprehensive morphologic and functional evaluation of the heart
and distinction between physiologic and pathologic remodelling. In the presence
of abnormal, uncertain, and/or controversial findings from the upstream diagnostic
work up, CMR imaging can help distinguish between exercise-induced cardiac remod-
elling and cardiovascular pathology. CMR represents the current gold standard in the
non-invasive assessment of cardiac morphology and quantification of volumes and
flow and offers the opportunity for advanced myocardial tissue characterisation with
excellent accuracy and precision [24,25].

2. Clinical Diagnosis and Imaging Tools

Timely detection and effective management are crucial for improving the prognosis of
HCM. The 2020 AHA /ACC guidelines [3] recommend a comprehensive approach, starting
with a detailed physical examination and thorough medical and family histories for individ-
uals suspected of having HCM. Consideration for clinical evaluation of HCM arises when
there is a family history of HCM, the presence of symptoms or cardiac events, detection of a
heart murmur during physical examination, findings from echocardiography performed for
other reasons, or an abnormal 12-lead ECG. A comprehensive clinical examination for HCM
necessitates gathering an extensive personal and familial cardiac history that extends across
three generations [26]. Pedigree analysis is particularly valuable as it helps to tease out
the genetic origin of the disease and identify at-risk family members. Important attributes
to consider in the family history include SCD, unexplained HF, cardiac transplantation,
pacemaker and defibrillator implants, and evidence of systemic diseases such as early-
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onset stroke, skeletal muscle weakness, renal dysfunction, diabetes, and deafness. Pedigree
analysis can also help to identify the mode of inheritance, with most genetic forms of HCM
being autosomal dominant and showing affected individuals in each generation, regardless
of sex. However, the recent finding of a Carter effect suggests a possible multifactorial
threshold model of inheritance with sex dimorphism for liability [26]. An in-depth physical
examination incorporating specific manoeuvres like the Valsalva, squat to stand, passive leg
raising, or walking is also recommended. Neurological examination should be performed
for syndromic HCM and myopathies (i.e., FHL1 with contractures). Following physical
examination, initial assessment often includes an ECG, which may appear normal in some
cases at the initial presentation. However, it typically reveals a variable combination of
LVH, ST- and T-wave abnormalities, and pathological Q-waves. Several patterns are also
recognised: (i) widespread and deep T-wave inversion typical of apical and mid cavity
HCM,; (ii) pre-excitation with PRKAG2 and Danon (LAMP?2); (iii) voltage criteria LVH
with ST changes and LV strain, seen in HCM; (iv) ST elevation preceding T-wave inversion
indicative of apical aneurysm; and (v) inferior Q waves indicative of extensive scarring.

The next step is performing imaging to identify LVH when clinical findings indicate
its existence. Cardiac imaging is indeed essential to confirm the diagnosis, understand the
underlying pathophysiology, and evaluate the risk of SCD. However, diagnosing HCM can
sometimes pose unique challenges. These include patients presenting at advanced stages of
the disease, with dilated, hypokinetic and/or thinned left ventricle (LV) (burnt-out phase),
athletes with HCM [27], concurrent conditions associated with LVH, or isolated basal septal
hypertrophy, particularly in older hypertensive individuals [28].

Echocardiography is pivotal as the primary diagnostic and monitoring tool in HCM [29].
M-mode, 2D, and Doppler transthoracic echocardiography (TTE) are commonly employed
techniques, while strain imaging and 3D can help to detect subtle changes in early pheno-
types. The ACC/AHA and ESC guidelines recommend the use of TTE, to be performed at
rest and during Valsalva, as the initial diagnostic approach in patients with suspected HCM.
TTE is also recommended for screening family members of HCM patients. TTE enables
a comprehensive assessment of LV wall thickness, as well as the identification of mitral
valve abnormalities, systolic anterior motion, LVOTO, left atrial enlargement, LV diastolic
and systolic function, right ventricular function, and pulmonary haemodynamics. If initial
findings are inconclusive, echocardiography with intravenous contrast, transoesophageal
echocardiography (TOE), or cardiovascular magnetic resonance (CMR) imaging can be
recommended [30,31]. TTE can also differentiate between different phenotypes of HCM,
distinguishing obstructive from non-obstructive types. Tissue Doppler imaging (TDI) is an
advanced tool useful to quantify the radial and longitudinal motion of the myocardium. In
HCM, TDI can identify isolated reduction of systolic velocities in patients with preserved
LVEF, early diagnosis before the development of overt LV hypertrophy, and presence of
intraventricular dyssynchrony [32]. Strain measures myocardial deformation in multiple
directions throughout the cardiac cycle. In HCM, reduction of LV global longitudinal
strain (GLS) does occur in individuals with preserved LVEF and is a marker of subclinical
myocardial dysfunction with demonstrated incremental prognostic value [32,33]. How-
ever, as strain-based measures are yet to be standardised and adopted into clinical HCM
guidelines, GLS should be used to help distinguish HCM from cardiac amyloidosis, and
athletic remodelling [31]. Three-dimensional echocardiography can aid further in assessing
LV geometry, spiral distribution of hypertrophy, patterns of papillary muscle abnormalities,
and recognising septal insertion of the moderator band and apical-basal muscle bundles
preventing overestimation of maximal wall thickness [34]. Three-dimensional technology
is also valuable in TOE to better detail the abnormalities of the mitral valve apparatus,
SAM features, and underlying causes. Stress echocardiography, which involves imaging
the heart during controlled exercise using an exercise bike or treadmill, can reveal hidden
or latent obstruction in symptomatic patients. This is particularly useful when baseline
TTE has failed to show LVOT gradients of >50 mmHg even when accompanied by the
previously described physiological manoeuvres.
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In the past, CMR was usually performed when echocardiography yielded inconclu-
sive findings, but its use has become increasingly popular in recent years, and is now
recommended in all patients with cardiomyopathy at initial evaluation (Class I, LoE B) [35].
While echocardiography is the first-line imaging modality and considered the standard
for diagnosing HCM, it has limitations due to its dependence on adequate acoustic win-
dows and challenges in obtaining cross-sectional images at the correct angles. Doppler
assessment of LVOT mid cavity and apical gradients is crucial with echocardiography to
guide management. In this regard, CMR complements echocardiography by enabling a
complete and accurate assessment of all myocardial segments of the LV, here including
the anterolateral wall, apical segments, septal junctions, and of the RV. It also allows eval-
uation of the papillary muscles (hypertrophy, abnormal insertion, feathering, and apical
displacement) and detection of myocardial crypts. This comprehensive evaluation allows
for precise reconstruction of cardiac size, morphology, function, and tissue characterisation.
CMR with LGE is now recommended in HCM patients for diagnostic work up (Class I, LoE
B) and further risk assessment (Class Ila, LoE B) [36]. Gadolinium-enhanced CMR plays
a crucial role in precisely identifying myocardial fibrosis. The presence of LGE indicates
replacement myocardial fibrosis and helps stratify the risk of ventricular arrhythmias and
sudden cardiac death. Numerous studies have investigated the association between LGE
and long-term outcomes in HCM and have consistently reported a significant positive
relationship between presence of LGE and heightened risk of total and cardiovascular
death, and HF. Native T1 mapping and extracellular volume fraction (ECV) are prolonged
in HCM, indicating the presence of myocardial disarray and diffuse fibrosis. These values
not only correlate with the risk of developing VT but also help differentiate HCM from
other conditions. Tissue characterisation with CMR can also help to exclude other causes of
LVH such as Fabry’s (low myocardial T1) or cardiac amyloidosis (elevated T1 and patterns
of LGE). Coronary microvascular dysfunction can be further explored with stress CMR
perfusion imaging as a valuable tool to detect perfusion abnormalities that might occur
before the development of overt LVH or scarring in HCM gene mutation carriers due to
microvascular obstruction, supply-demand mismatch, extravascular compressive forces,
and elevated intraventricular pressures (Figure 1). An independent association between
microvascular disease electrocardiographic abnormalities has been observed in subclinical
HCM, also suggesting the arrhythmogenic potential of small vessel disease [37]. Further-
more, measurable changes in microvascular function and myocardial microstructure by
diffusion tensor imaging represent novel early-phenotype biomarkers in the emerging era
of disease-modifying therapy [38—40]. Further research is yet to be conducted to establish
the role of this novel approaches [38].

Cardiac computed tomography (CCT) is not commonly used in patients with HCM.
Its indications arise when there are unclear findings on echocardiography, poor acoustic
windows, or contraindications for performing CMR. CCT can be performed for evaluating
ischemia in patients with HCM due to its ability to assess cardiac morphology, coronary
anatomy, and myocardial perfusion. However, this still needs to be improved in clin-
ical practice as only a few centres offer dynamic perfusion CT imaging. If significant
stenosis is identified in the major epicardial artery, it serves as an indication for invasive
angiography. This approach facilitated the detection of underlying disease processes and
enabled surgeons to develop a clear plan regarding the volume and location of the surgery,
ultimately reducing the occurrence of perioperative complications. According to inter-
national guidelines [3], there is currently no compelling justification for routine invasive
haemodynamic evaluation in the assessment of patients with oHCM or conducting routine
coronary angiography in the general population with HCM. These invasive procedures
are typically recommended when clinical and noninvasive imaging examinations do not
provide sufficient diagnostic information, but obtaining such information would impact
patient management. Invasive cardiac catheterisation, while not essential for diagnosis,
can be employed to determine the extent of obstruction and evaluate the haemodynamics
of blood flow. It is particularly recommended in cases where obstructive HCM coexists
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with valvular aortic stenosis. This assessment allows for the identification of diastolic
abnormalities, such as increased chamber stiffness and impaired LV relaxation. Addition-
ally, invasive angiography provides insight into the characteristics of HCM, including
asymmetric hypertrophy, mitral regurgitation, and systolic anterior movement of the an-
terior leaflet of the mitral valve, subaortic membranes, and subaortic conus. Moreover,
coronary angiography is the primary investigative tool in patients with HCM who exhibit
symptoms of angina or possess risk factors for coronary atherosclerosis. It is an integral
component of alcohol septal ablation and is performed before surgical myectomy. The
purpose of coronary angiography in these cases is to assess the septal anatomy and identify
the presence of coronary artery disease that may require intervention, beyond the scope of
septal ablation.

Figure 1. Phenotyping hypertrophic cardiomyopathy by CMR. Panel (A): Cine imaging—three cham-
ber view depicting asymmetric left ventricular hypertrophy (LVH) with systolic anterior movement
and left ventricular outflow tract turbulence. Panel (B): Adenosine stress perfusion imaging with
perfusion defect in the areas of LVH and late gadolinium enhancement (LGE). Panel (C): extracellular
volume mapping. Panel (D): LGE module: short-axis views showing right ventricular insertion point
LGE and septal diffuse mid-wall LGE.

3. Sudden Cardiac Death Risk Assessment and Prevention

The management of HCM requires a collaborative approach, where the patient and
the healthcare team work together harmoniously [29]. This partnership entails the active
involvement of the patient and relatives in decision-making processes, ensuring their
understanding of the benefits, risks, action plans, and ultimate goals concerning their
condition. Patient engagement has proven to enhance confidence in clinical choices and
improve health outcomes based on available evidence. The primary objective of shared
decision-making is to minimise the risk of new complications, slow disease progression,
and improve the quality of life. Shared decision-making involves a comprehensive dia-
logue among the healthcare team, which includes primary care physicians, cardiologists,
paediatricians, internists, nurse practitioners, and patients. Numerous studies highlight the
importance of shared decision-making in HCM management, primarily due to the absence
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of straightforward solutions. Patient treatment options may vary depending on factors
such as the need for invasive therapies to address LVOTO, genetic testing, implantation
of a cardioverter defibrillator (ICD), or participation in physical activities, particularly for
professional athletes. It is crucial to consider that strenuous physical exertion poses a risk of
sudden cardiac death in certain individuals with HCM. However, recent evidence suggests
that among individuals with HCM or those who are genotype positive/phenotype negative
and are treated in experienced centres, those exercising vigorously did not experience a
higher rate of death or life-threatening arrhythmias than those exercising moderately or
sedentary [41]. Shared decision making holds particular significance for athletes with HCM,
especially for those who aspire to resume sports activity. Many international sports organi-
sations have strict guidelines [42] regarding athletes with HCM and other arrhythmogenic
disorders. Therefore, shared decision making should not be oversimplified as a process in
which athletes have sole decision-making authority. It is essential to avoid limiting shared
decision making solely to patient autonomy, even in the context of athletes.

SCD, although rare (overall 1-2% rate), is the most devastating complication of HCM.
Therefore, it is crucial to identify and stratify risk factors. The stratification of risk factors is
primarily based on clinical symptoms, complaints, and radiological reports. Stratification in
paediatric patients is different, and work up includes non-sarcomeric causes, given earlier
onset, and checking for biallelic or digenic disease. In adults, both the ACC/AHA and
ESC guidelines recommend secondary prevention ICD implantation for patients who meet
specific criteria.

According to the AHA /ACC guidelines, established risk markers of SCD in HCM
patients include prior cardiac arrest or sustained ventricular tachycardia, family history
of HCM-related sudden death in first-degree relatives, unexplained syncope, maximum
LV wall thickness over 30 mm, LVEF < 50%, LV apical aneurysm (with or without LGE),
non-sustained ventricular tachycardia on Holter monitoring, and extensive LGE (>15% of
LV mass). Importantly, in patients aged > 16 years, 5-year risk estimates of SCD can be
considered to fully inform patients during shared decision-making discussions. Notably,
the evolution of SCD risk assessment, including the addition of new risk markers, has
resulted in the removal of abnormal blood pressure response to exercise as a routine part of
the SCD risk evaluation.

According to the 2014 ESC guidelines [43] for the diagnosis and management of HCM
and the 2023 ESC guidelines for the management of cardiomyopathies [35], the HCM
Risk-SCD tool (HCM Risk-Kids for children and adolescents < 16 years) is recommended
to assess the 5-year risk of SCD in HCM patients. The ESC risk stratification scheme shares
some factors with the ACC/AHA approach, such as left ventricular wall thickness, family
history of SCD, and syncope. However, the ESC model includes additional factors like
age, LV outflow tract gradient, and left atrial diameter. Using the HCM Risk-SCD tool,
patients can be classified as low risk (5-year risk < 4%), intermediate risk (5-year risk > 4 to
<6%), and high risk (5-year risk > 6%) of SCD. For the low-risk group, ICD is usually not
recommended. The intermediate-risk group may be considered for ICD, while the high-risk
group should be considered for ICD placement. In practice, the presence of extensive LGE
(>15%) and LV systolic dysfunction (LVEF < 50%) can be used may be used in shared
decision making with patients about prophylactic ICD implantation in low to intermediate
risk categories. Furthermore, while the 2022 ESC Guidelines for the management of
patients with ventricular arrhythmias included genetic testing to identify single or multiple
sarcomeric pathogenic variants to evaluate the need for ICD implantation in intermediate
risk patients [36], the 2023 ESC guidelines for the management of cardiomyopathies [35]
now recommend against routine use of the presence of sarcomeric variant(s) to guide
decisions around ICD implantation for primary prevention.
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4. Therapeutic Approaches

Clinicians usually focus their preventive measures on patients presenting with overt
signs and symptoms of disease, particularly in younger patients. Nevertheless, the com-
plications of the disease have a higher chance of affecting individuals who are between
the ages of 50 to 70 years old. HCM patients experience a ‘honeymoon period’, which
is the time between the initial detection and the onset of severe clinical signs of the dis-
ease [1]. This period can last for over 30 years. Clinicians can exploit this temporal window
to actively prevent or delay the adverse progression of the disease through medication
or medically necessary procedures that can change the course of the disease. Although
empirical therapeutic approaches can currently manage acute complications by reducing
symptoms and improving quality of life, there are no drugs or interventions available that
have been found to significantly slow the progression of LV systolic or diastolic dysfunc-
tion or prevent the transition from subclinical to overt HCM. However, a recent study by
Joy et al. revealed that it might be possible to prevent the transition from subclinical to
overt HCM in some individuals with genetic variants. Furthermore, positive myocardial
remodelling might be more amenable to reversal at the subclinical stage of disease than
in overt HCM, when cardiac hypertrophy and fibrosis are challenging to reverse. Studies
to explore this possibility would benefit from a comprehensive phenotypic description of
subclinical HCM, with the potential for therapeutic targeting of those individuals with early
phenotypic changes. An era in which cascade screening is replaced by cascade prevention,
enable by novel phenotyping, is a tempting prospect [44].

Despite being a prevalent disease, HCM lacks specific drug treatment, especially in
terms of selective disease-modifying drugs. HCM was erroneously regarded as a rare dis-
ease, which has hindered the completion of large, randomised trials. As a result, most of the
current guidelines are based on small observational studies, case series, or expert consensus.
The present recommendations are established using empirical data from non-specific drugs
like disopyramide, non-dihydropyridine calcium channel blockers, or 3-blockers, admin-
istered mainly to oHCM symptomatic patients. Nonetheless, such medications provide
complete relief from obstruction in only a small subgroup of patients, implying that most
treated individuals are left with lingering LVOT gradients and symptoms.

For patients with oHCM whose gradient remains above 50 mmHg and remain symp-
tomatic despite optimal drug treatment, invasive septal reduction therapies are recom-
mended [3,43]. These therapies include either surgical septal myectomy (where possible
and favourable perioperative risk in high volume centres, or, requiring other surgery
such as mitral valve surgery), or catheter-based alcohol septal ablation, if not suitable
for myectomy and anatomy amenable to septal ablation. However, there are potential
risks associated with these treatment options, and the risk of complications is lower in
specialised medical centres. Unfortunately, access to these centres may be limited for many
people around the world.

Recently, new compounds have been created to treat HCM by directly targeting
the hypercontractility and altered energetics of the cardiac muscle. These innovative
drugs work through allosteric inhibition of myosin, the primary protein of the heart
muscle responsible for generating force [45]. In this review, we will thoroughly examine
the use of different categories of medications in patients with HCM (Table 3), including
conventional treatment, as well as new disease-modifying treatments and emerging gene
modulation approaches.
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Table 3. Main drugs used or tested in HCM.

Class of Drug and

Mechanism of Action Drug and Daily Dose Side Effect Patients Notes
BBs Metoprolol 25-200 mg Hypotension oHCM, noHCM To titrate focusing on
Atenolol 25-100 mg Bradycardia symptoms to the
Blockade of 3-receptors Bisoprolol 1.25-10 mg Bronchoconstriction maximally tolerated dose
Nadolol 20-80 mg Fatigue
Limb ischemia
CCBs Verapamil 120-240 mg Headache, dizziness oHCM, noHCM Combination of CCBs and

Blockade of L-type
calcium channels

Diltiazem 120-240 mg

Constipation

Flushing

HF

Conduction disturbances

BBs is generally not
recommended

Disopyramide 300-600 mg Antagonism of muscarinic ~ Refractory symptomatic It can increase ventricular
(Class IA antiarrhythmic) receptors (dry mouth, oHCM despite BBs or rate response in patients
constipation, urinary CCBs with atrial fibrillation (use
Blockade of INaL. hesitancy, etc.) concomitantly with AV
Other minor effects on blocking agent)
peak INa, L-type calcium
channels, ryanodine
receptors and IKr
Cibenzoline 100-400 mg Lower inhibitory activity oHCM Used in Japan and Korea.
(Class IA antiarrhythmic) on muscarinic receptors Not listed in ESC or
than disopyramide AHA /ACC Guidelines
Blockade of INaL and
peak INa
Late sodium channel Ranolazine Dizziness Not approved Not listed in ESC or
blockers Eleclazine Headache AHA /ACC Guidelines
Nausea
Blockade of INaL
Potassium channel Caution renal failure, Particularly useful for AF
blockers reduce dose Sotalol in low doses has
Dofetilide Monitor QTc interval as beta blocking effects and
Sotalol risk of life-threatening QT higher doses class IIT
prolongation and TdP Singh—Vaughan Williams
effects
Exhibits reverse
use-dependent effects (i.e.,
more potent when
bradycardic)
ARBs Valsartan Hypotension noHCM with HFrEF Further evidence is
80-320 mg Cough desirable in early HCM
Blockade of AT1 receptor Hyperkalaemia (VANISH)
Worsen kidney function
ARNIs Sacubitril / Valsartan Hypotension noHCM with HFrEF Further evidence is
24/26 t0 97/103 mg Cough desirable in symptomatic
Blockade of AT1 receptor Hyperkalaemia noHCM with HFpEF
and neprilysin Worsen kidney function (SILICOFCM study)
Mavacamten 2.5-15mg Decrease in ejection NYHA II-III oHCM Inducer of CYP3A4,
(myosin inhibitor) fraction (in America) CYP2C9, and CYP2C19.
Long half-life (7-10 days)
Allosteric inhibition of
cardiac myosin ATPase
Aficamten Not established Decrease in ejection Not yet approved Absence of interaction
(myosin inhibitor) fraction with CYP3A4, CYP2C9,
and CYP2C19.
Allosteric inhibition of Short half-life (2 days)

cardiac Myosin ATPase

ARB, angiotensin receptor blocker; ARNI, angiotensin receptor neprilysin inhibitor; AT1, angiotensin type 1; ATP,
adenosine triphosphate; BBs, beta-blockers; CCBs, calcium channel blockers; HCM, hypertrophic cardiomyopathy;
HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; noHCM,
nonobstructive HCM; oHCM, obstructive HCM, TdP, torsade de pointes.

129



J. Clin. Med. 2023, 12, 5710

4.1. Conventional Treatment

Conventional treatment of HCM includes pharmacological therapy, surgery, and
lifestyle modifications [46]. This approach is defined as “non-selective” because it does
not target the primary mechanisms of the disease, but it acts on the consequences of the
hypertrophic myocardium. Although there is no evidence that conventional drugs are
able to prevent disease progression [47], they aim to manage symptoms, improve cardiac
function, and reduce the risk of complications. 3-blockers, calcium channel blockers, and
disopyramide are the most common non-selective drugs used in HCM.

4.1.1. 3-Blockers

In the context of HCM, B-blockers (BBs) are commonly prescribed, specifically those
without vasodilating effects. Metoprolol and atenolol are among the most widely used
BBs, but nadolol and bisoprolol can also be used [48]. Currently, the choice of -blocker
is more influenced by the clinical practice of the single institution rather than specific
recommendations guided by randomised evidence.

LVOTO is a common cause of exertional dyspnea, angina, and or fatigue in patients
with HCM. These symptoms occur due to myocardial hypercontractility combined with a
strong adrenergic drive [1]. Indeed, BBs are very effective in patients with symptomatic
LVOTO, and they should be titrated focusing on symptoms to the maximally tolerated
dose. On the other hand, BBs could also be very helpful in limiting symptoms in noHCM
and preserved ejection fraction. This cohort of patients often complains about angina and
shortness of breath, associated with microvascular ischemia, diastolic dysfunction, and
elevated filling pressures. BBs help to relieve symptoms through their negative chronotropic
and inotropic effects [3,43].

NoHCM is usually well tolerated, and only a small portion of individuals with this
condition develop HF with reduced ejection fraction (HFrEF). In these cases, BBs can be pre-
scribed to reduce death and HF hospitalization [49], in addition to ACE inhibitors (ACEIs),
angiotensin II receptor antagonists (ARBs), angiotensin receptor-neprilysin inhibitors (AR-
NIs), SGLT2 inhibitors (iSGLT2s), and mineralocorticoid receptor antagonists (MRAs).

According to the ESC guidelines [35,43], BBs are first-line drugs to improve symp-
toms in patients with resting or provoked LVOTO (Class I, LoE B), and in patients with
symptomatic noHCM and EF > 50% (Class IIa, LoE C). BBs are also recommended in
noHCM and EF < 50% (Class Ila, LoE C). The 2020 American guidelines [3] confirm the
recommendations and level of evidence for 3-blockers in both cHCM and noHCM. Special
mention should be made of asymptomatic patients with noHCM and preserved EF; in this
case, the benefit of 3-blockers is not proven (Class 2b, LoE C-EO).

4.1.2. Calcium Channel Blockers

The CCBs used in HCM are the non-dihydropyridine agents, devoid of vasodilating
effects. Dihydropyridine CCBs are generally contraindicated in HCM because systemic
vasodilation may increase LVOT gradients and obstructive symptoms [50]. The hyper-
trophic cardiomyocyte has higher than normal cytosolic calcium concentration, leading to
hypercontractility, diastolic dysfunction, and arrhythmias [51]. Non-dihydropyridine CCBs
act by inhibiting L-type calcium channels, exerting negative inotropic and chronotropic
effects on working myocytes and sinoatrial node cells, respectively.

Diltiazem and verapamil are the most common drugs of this class [29]. Their efficacy
is similar to BBs in reducing symptoms [52]. Non-dihydropyridine agents are commonly
suggested when BBs are not well tolerated. Side effects of CCBs include headache, dizziness,
nausea, constipation, edema, and flushing. They can rarely lead to HF, especially in
patients with high resting gradients and advanced HF, or conduction disturbances. The
combination of CCBs and BBs is generally not recommended due to the risk of bradycardia
and hypotension [1].

The ESC guidelines [35,43] recommend verapamil or diltiazem (Class I, LoE B) in
patients with oHCM who are intolerant or have contraindications to BBs, in order to
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improve symptoms. They are also indicated in symptomatic noHCM with preserved
ejection fraction (Class Ila, LoE C). These recommendations are also endorsed by the 2020
American guidelines [3]. Like BBs, using CCBs in asymptomatic patients with noHCM is
possible but requires further evidence (Class 2b, LoE C-EO).

4.1.3. Disopyramide

Disopyramide is a class IA antiarrhythmic drug exerting its effects through multiple
mechanisms. It primarily acts by blocking the cardiac sodium channel INaL to reduce the
influx of sodium ions into cardiac cells during the action potential, while exerting a minor
effect on the peak sodium current INa, responsible for the action potential upstroke. In
addition to its effect on the sodium channels, disopyramide also has a secondary blocking
effect on L-type calcium channels. By blocking these channels, disopyramide reduces the
influx of calcium ions into the cardiac cells during the plateau phase of the action potential.
This contributes to a decrease in contractility and a reduction in myocardial oxygen con-
sumption. Disopyramide also affects the ryanodine receptors, which are calcium-release
channels located on the sarcoplasmic reticulum of cardiac cells. By blocking these channels,
disopyramide helps to decrease the release of calcium from the sarcoplasmic reticulum,
which leads to a decrease in diastolic calcium concentration. This effect can contribute to the
relaxation of the cardiac muscle during diastole [53]. Lastly, disopyramide has a mild block-
ing effect on the delayed potassium current (IKr). This action prolongs the repolarization
phase of the action potential. Due to this effect, disopyramide was historically used in acute
coronary syndrome to prevent arrhythmias. Subsequently, this drug has found application
in HCM with LVOTO. Its use is justified by its strong negative inotropic effect due to the
reduction of intracellular calcium and indirectly to the reduction of sodium, which leads to
increased activity of the sodium-calcium exchanger. Furthermore, disopyramide reduces
the haemodynamic consequences of the Venturi effect by lowering flow velocities in the
LVOT, thereby reducing the pulling force on the anterior mitral leaflet. Side effects of
disopyramide are primarily due to its antagonism of muscarinic receptors. They include
dry mouth, constipation, and urinary hesitancy. New clinical studies suggest a different ef-
fect of disopyramide based on the degree of electrophysiological remodelling of the cell [54].
In hypertrophic cells, the duration of the action potential is pathologically prolonged due
to the increase of INaL and L-type calcium current, and the reduction of repolarising
potassium currents. By inhibiting the sodium current, disopyramide appears to reduce the
duration of the action potential in these cells. Therefore, it may reduce the dispersion of the
action potential and prevent the development of re-entrant arrhythmias [55].

The ESC guidelines suggest using disopyramide in addition to BBs (or, if this is not
possible, with verapamil) to improve symptoms in patients with resting or provoked
LVOTO (Class I, LoE B). It could be used also as monotherapy, although with a lower
level of recommendation (Class IIb, LoE C) to improve symptoms in patients with resting
or provoked LVOTO (Class IIb, LoE C), taking caution in patient with atrial fibrillation,
in whom it can increase ventricular rate response. The 2020 American guidelines also
recommend the use of disopyramide in symptomatic 0 HCM despite treatment with BBs
and non-dihydropyridine calcium antagonists (Class 1, LoE B-NR).

4.1.4. Cibenzoline

Cibenzoline is a Class IA antiarrhythmic drug used for the treatment of cHCM in Japan
and Korea [56]. It shares some similarities with disopyramide in terms of its mechanism
of action. Like disopyramide, cibenzoline blocks sodium channels (peak INa and INaL),
which leads to a reduction in intracellular calcium concentration. This effect is responsible
for its negative inotropic effect and its use in managing symptoms of oHCM [57]. By
reducing the LV pressure gradient and limiting LV remodelling, cibenzoline helps alleviate
symptoms associated with o0HCM. Cibenzoline is considered safe and well tolerated [58]. It
does not significantly alter heart rate, but slightly prolongs the QT interval. In comparison
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to disopyramide, cibenzoline has lower inhibitory activity on muscarinic receptors. This
drug is currently not mentioned in the European or American guidelines.

4.1.5. Late Sodium Channel Blockers

This class of drugs consists of ranolazine and eleclazine. Their mechanism of action
involves the inhibition of sodium current INaL, which led to a reduction of intracellular
calcium. In hypertrophic cells, the pathologically increased INaL current prolongs the ac-
tion potential duration, which predisposes to the development of early after-depolarization
events. Ranolazine and eleclazine exert an antiarrhythmic function because they reduce
the INaL sodium current and, consequently, the development of early after-depolarization
events. Moreover, they normalise diastolic calcium, improving the relaxation of my-
ocardium in HCM and probably lowering the incidence of delayed after-depolarizations,
which are diastolic calcium-release events.

Two trials have attempted to demonstrate the effect of ranolazine and cibenzoline on
symptoms in HCM. In the RESTYLE HCM trial, ranolazine was tested on symptomatic
patients with noHCM, but it did not show a significant improvement in functional capacity
as measured by cardiopulmonary exercise testing [59]. However, an improvement in
the arrhythmic profile and lower levels of BNP were observed. The LIBERTY HCM trial
aimed to test eleclazine in symptomatic patients with and without LVOTO. The study was
prematurely terminated following the discouraging results seen in other trials [60]. These
drugs are currently not mentioned the European or American guidelines.

4.1.6. Angiotensin II Receptor Antagonists

ARBs are among the most used medications for the treatment of hypertension and HE.
By binding to the AT1 receptor expressed on cardiomyocytes and fibroblasts, angiotensin
IT promotes the development of hypertrophy and fibrosis [61]. Therefore, the use of
ARBs should slow down the progression of the disease and promote reverse remodelling,
particularly by improving diastolic function [62]. However, the available studies on the use
of ARBs in HCM have failed to demonstrate a clear benefit in terms of reducing cardiac
mass and its fibrotic component [63].

New encouraging perspectives come from the multicentre, double-blind, phase II
trial VANISH. This study tested valsartan in a population of patients with early-stage
HCM, characterized by limited alterations on echocardiography. Standardized changes
from baseline to year 2 in LV wall thickness, mass, and volumes; left atrial volume; tissue
Doppler diastolic and systolic velocities; and serum levels of high-sensitivity troponin
T and N-terminal pro-B-type natriuretic protein were integrated into a single composite
z-score as the primary outcome. The results published at a 2-year follow up showed a
reduction in the worsening of diastolic function and in the development of hypertrophy in
the group treated with valsartan compared to the placebo. These findings seem to confer
a primary importance to early screening, although further evidence is desirable in this
regard [64]. According to the current American and European guidelines [3,43], ARBs are
recommended in patients with HCM and systolic dysfunction and progression towards
end stage. However, caution is advised when considering the early usage of ARBs in cases
of obstruction, as they have the potential to affect both preload and afterload, which could
worsen the obstruction.

4.1.7. Angiotensin Receptor Neprilysin Inhibitors

ARNIs have been shown to be among the most effective HF drugs, by improving both
systolic and diastolic function. New evidence suggests that this class may induce reverse
remodelling in a hypertrophic heart [65]. By inhibiting both the RAAS and the natriuretic
peptides system, ARNIs block pathways involving calcineurin-NFAT, JNK, ERK1/ERK2,
and p38, mediating an anti-hypertrophic signalling [62]. This effect may be less pronounced
in the presence of long-standing hypertensive heart disease or ischemic heart disease, which
are characterized by the presence of fibrotic tissue. ARNIs are currently used in the context
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of HCM with HFrEE. New horizons will be outlined by the results of the SILICOFCM
study (NCT03832660), aimed at extending the use of ARNIs to symptomatic patients with
noHCM and preserved ejection fraction [66].

4.1.8. Septal Reduction Therapy

Septal reduction therapy (SRT) represents an important option for severely symp-
tomatic patients with LVOTO [67]. There are two established techniques: myectomy and
alcohol septal ablation. Originally, myectomy involved widening the LVOT by resecting
the myocardium at the level of the anterior basal septum. Nowadays, it has evolved to
extend beyond the mitral-septal contact point, including the mid-ventricular septum as
well. This procedure not only reduces LVOTO gradient and Venturi effect, but also the
pushing forces responsible for systolic anterior motion and, therefore, mitral insufficiency.
When mitral regurgitation is caused by morphological alterations of the valve apparatus,
myectomy can be combined with mitral repair (or, more rarely, replacement). In patients
with a history of atrial fibrillation undergoing myectomy;, it is possible to perform the Maze
procedure to reduce the occurrence of arrhythmic events. Although left atrial appendage
ligation is often also performed, this does not protect against thromboembolic events in
HCM with AF due to underlying atrial myopathy.

Septal myectomy is considered the current gold standard due to its excellent results
in terms of effectiveness and safety [29]. Most patients undergoing myectomy report an
improvement in symptoms and quality of life, supported by an increase in peak VO,
during cardiopulmonary exercise testing. These results are correlated with the immediate
abolition of LVOTO and with the reduction in ventricular filling pressures, leading to
reverse left atrium remodelling and modest regression of LVH. The main complications
are complete heart block requiring a permanent pacemaker, ventricular septal defect, and
aortic regurgitation.

Alcohol septal ablation (ASA) involves injecting alcohol into a septal perforator artery:
the area supplied by the affected vessel will undergo necrosis and fibrosis, resulting in a
reduction in wall thickness. Contrast echocardiography is essential to assess if the coronary
anatomy is compatible with the procedure. If the contrast is not localized exclusively in
the basal septum and adjacent mitral-septal contact point, the patient is not eligible. This
technique is mostly reserved for frail patients with a high surgical risk or contraindications
to surgery [68]. ASA is the first alternative to myectomy [69]. Both procedures are associated
with an improvement in functional status, although there are no randomized comparison
trials available. ASA has the advantage of shorter hospitalization and less invasiveness [70].
The risk of mortality and complications is similar; however, ASA is burdened with a
higher incidence of AV blocks, scar-related ventricular arrhythmias, and a slower and less
uniform reduction in LVOTO gradient. Finally, it is not indicated in patients with surgically
correctable valve abnormalities or in patients with excessively hypertrophied or thinned
septum [71].

According to the European guidelines, SRT is reserved for patients with LVOTO peak
gradient > 50 mmHg with recurrent exertional syncope (Class Ila, LoE C) or severely
symptomatic (NYHA III-IV, Class I, LoE B) despite optimised medical therapy. Myectomy
is preferred when surgical repair of other lesions is necessary (Class I, LoE C). Mitral valve
repair is indicated in cases of moderate to severe regurgitation not caused by SAM (Class
ITa, LoE C). The American guidelines recommend SRT in patients with symptomatic o0HCM
despite optimised medical therapy (Class 1, LoE B-NR). In presence of associated cardiac
disease requiring surgery, myectomy is recommended (Class 1, LoE B-NR); if myectomy is
contraindicated, ASA is preferred (Class 1, LoE C-LD). Furthermore, these guidelines open
the possibility of early intervention (NYHA II) in case of pulmonary hypertension, atrial
enlargement with episodes of atrial fibrillation, low functional capacity, or children/young
adults with resting LVOTO > 100 mmHg (Class 2b, LoE B-NR). SRT can also be considered
as an alternative to escalating medical therapy in symptomatic and eligible patients, after
evaluating and collectively discussing the pros and cons of the choice (Class 2b, LoE C-
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LD). Both guidelines emphasize the importance of experienced high-volume HCM centres.
A surgeon should perform at least 10 myectomies or ASA procedures per year to ensure
adequate expertise and maintain a low level of risk.

4.1.9. Lifestyle Interventions

Patients with HCM need to adopt certain lifestyle adjustments [72]. These include
avoiding dehydration, excessive alcohol consumption, extreme temperatures (hot/cold),
and heavy meals, as these situations could trigger or worsen LVOTO. For the same rea-
sons, European guidelines also discourage using venous or arterial dilators, nitrates, and
phosphodiesterase-5 inhibitors. Digoxin should also be avoided due to its positive inotropic
effect. The role and methods of physical activity are highly debated. New evidence high-
lights the role of aerobic exercise in reverse remodelling of the ventricle. In fact, exercise
reduces levels of angiotensin II, BNP, and aldosterone, mimicking the effects of many
pharmacological therapies.

Current European guidelines discourage high-intensity physical activity, although
they emphasize the importance of a healthy lifestyle [43]. American guidelines recommend
physical activity from mild to moderate intensity, as it improves the quality of life and
cardiopulmonary fitness (Class 1, LoE B-NR) [3]. They consider physical activity of any
intensity reasonable (Class 2a, LoE C-LD) for individuals with a positive genotype and
negative phenotype. Finally, the practice of high-intensity sports for patients with HCM
can be considered reasonable (Class 2b, LoE C-LD), following a comprehensive evaluation
of the risk of sudden cardiac death and a shared discussion to be repeated annually.

Some recently completed or ongoing trials may change the above recommendations
in the near future [41]. The LIVE-HCM prospective cohort study compared the outcome
associated with vigorous exercise, moderate exercise, or sedentary lifestyle in HCM indi-
viduals. This trial enrolled 1660 participants who were followed for three years, excluding
participants with NYHA class III or IV symptoms. HCM subjects exercising vigorously
did not experience a higher rate of the composite endpoint of death, resuscitated sudden
cardiac arrest, arrhythmic syncope, and appropriate shock from an implantable cardioverter
defibrillator than those exercising moderately or those who were sedentary [41].

Another trial is the phase II SILICOFCM study (Figure 2). The objective of this ongoing
trial is to evaluate the benefits of pharmacological therapy with ARNIs compared to lifestyle
interventions in patients with noHCM. Both ARNIs therapy and lifestyle interventions
with exercise training and dietary supplementation with inorganic nitrate, could have
a potential role in improving symptoms, cardiac performance, and reverse remodelling,
although this is still not fully clarified [66].

baseline day14t2days day28t2days week 16 t 1 week week 28 t 1 week

VISIT 1: VISIT 2: VISIT 3: VISIT 4: VISIT 5:
follow up
screening randomization ‘ ‘ ‘
group
n=80 best medical treatment
SILICOFCM ‘ |
+ Lifestyl
study cohort 2 Y
n=240 best medical treatment
control group best medical treatment
n=80
Primary endpoint analysis:
change in exercise tolerance (i.e. VO,max) cardiopulmonary Y Y
in cardiopulmonary exercise testing exercise testing exercise testing exercise testing

Figure 2. SILICOFCM trial design. Reproduced with permission from Tafelmeier M.et al., 2020 [66].
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Active

4.2. Novel Therapeutic Approaches

The myocardium regular contractions are achieved by carefully balancing performance
and energy expenditure [73]. Myosin molecule activation state plays a crucial role in
both determining and influencing myocardial contraction by being able to shift between
two conformations during relaxation: namely a sequestered “super relaxed state” (SRX)
and a “disordered relaxed state” (DRX) [56]. The difference lies in ATPase (adenosine
triphosphatase) activity: in SRX conformation, myosin has low enzyme activity. On the
other hand, in DRX state, more myosin heads are available to interact with actin, with
greater enzyme activity (Figure 3).

Disordered Super-relaxed
Relaxed (DRX) (SRX)

Figure 3. Myosin biochemical and structural states. Actin filaments are activated by Ca?* (which
binds to troponin, not shown) allowing myosin heads to be activated by actin binding followed by
rapid turnover of ATP and molecular force generation. When Ca2* is removed, and ATP replaces
ADP, myosin heads return to DRX, which can then cycle to and from SRX. When myosin heads
are not ordered on the thick filament backbone (as in SRX), they are disordered and can rotate
about in the interfilament space, as depicted by grey double-headed arrows in DRX. Actin, yellow;
myosin heavy chain, blue; essential light chain, green; regulatory light chain, red; myosin binding
protein C, orange; DRX, disordered relaxed; SRX, super-relaxed. Reproduced with permission from
Phung et al., 2018 [74].

In unaffected patients, energy demand seems to be the main factor influencing the
transition between the two states. Energy is in fact conserved in SRX conformation. This
can be achieved by preventing the formation of unnecessary cross bridges. The DRX state
instead allows a greater performance at the cost of higher energy consumption [75]. Experi-
mental evidence indicates that a pathological shift of the myosin equilibrium towards the
DRX state causes impaired relaxation in HCM. This increases the number of myosin heads
available to interact with actin, which in turn leads to both an enhanced contraction and
higher energy expenditure [76]. Moreover, mutations in R403Q (the first identified mutation
in HCM) and various HCM variants in MYBPC3 have been linked to impaired relaxation,
hyperdynamic contractions, and increased energy consumption by the sarcomeres [77].
This is therefore linked to the balance between SRX and DRX states of myosin. Interestingly
these characteristics often precede the development of LVH.

4.2.1. Mavacamten

Mavacamten is a novel specific myosin inhibitor that has the ability to restore the
equilibrium between SRX and DRX conformations of myosin, reducing the myocardial
force of contraction and consumption of ATP by myosin [78]. Experimental studies on
mouse cardiac myofibrils have shown that mavacamten has a dose-dependent reduction in
ATPase activity. This highlights its direct action on myosin, targeting its enzymatic activity.
Mavacamten demonstrated an inhibitory effect on the basal rate of ADP release in bovine
cardiac myosin, reducing it by 50% without affecting the rate of ADP release when myosin
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was in an actin-associated state. The number of myosin heads available for interaction
with actin during the transition from the weakly to the strongly bound conformation is
greatly reduced. Mavacamten effectively prevents these myosin heads from taking part
in the actomyosin chemo-mechanical cycle. By decreasing ATPase activity, mavacamten
leads to a reduction in the power generated by the sarcomere [79]. Furthermore, after
20-26 weeks of treatment, histological analysis of the myocardium highlighted a decrease
of 80% of fibrosis. This raises mavacamten to a disease-modifying drug status, as fibrosis
is a characteristic feature of the disease. However, this effect is not seen after the onset of
hypertrophy [80]. As follows, Mavacamten maximum effect is exerted at the early stages of
disease progression.

Experimental studies on Mavacamten administration (10 uM) to Yucatan minipigs
carrying R403Q mutation showed a significant restored the percentage of SRX, shifting
SRX/DRX ratio back to wild-type animals. Mavacamten stabilizes myosin heads in the
closed SRX states and reduces the available myosin molecules for interaction with actin,
preventing unnecessary actomyosin interaction, preserving myocardial physiological per-
formance. Mavacamten can therefore restore the normal expression of genes involved in
contractility and metabolism in HCM, restoring the physiological transcription pathways.
The improvement in functional parameters resulting from mavacamten treatment corre-
lates with the normalization of the SRX/DRX balance. This suggests that hyperdynamic
contractility seen in HCM is likely promoted by an increased proportion of myosin in the
DRX conformation, while delayed relaxation is mediated by a reduction of myosin heads
in the SRX state [81].

4.2.2. Mavacamten Trials

Mavacamten improves performance in patients with oHCM by reducing LVOTO.
Several studies have been conducted in this area, with some still ongoing. One notable
study is the PIONEER-HCM trial, which was a phase II, multicentre, open-label trial
involving 21 patients with oHCM [82]. The participants were divided into two cohorts
(A and B) and each participant underwent a 12-week treatment cycle with once-daily oral
mavacamten, followed by a 4-week post-treatment phase. In cohort A, the patients were
treated with mavacamten to gain insights into the pharmacokinetic and pharmacodynamic
relationship of the compound. The starting dose was based on the patient’s weight,
with a dose of 10 mg/day for patients weighing 60 kg or less and 15 mg/day for those
weighing more than 60 kg. On the other hand, cohort B received lower concentrations
of mavacamten, with a dose of 2 mg/day for all patients. The dosage variation aimed to
evaluate whether different doses could influence the expected effect [83]. The study results
indicate that 12 weeks of mavacamten treatment had beneficial effects on patients with
oHCM, by significantly reducing the degree of post-exercise LVOTO. This correlated with
improvement in exertional capacity and symptom relief. The effect on LVOTO reduction
was more prominent in cohort A, with a mean reduction of 82% compared to 29% in
cohort B. Higher doses of mavacamten may therefore yield better outcomes for patients.
Mavacamten administration was not exempt from adverse effects although most of them
were reported as mild (80%). Most commonly, it caused a reduction in LVEF below 50%
and atrial fibrillation [83]. The PIO-NEER-OLE study (NCT03496168), an ongoing 5-year
extension of the PIONEER-HCM trial, is currently being conducted. This prospective, open-
label, multicentre trial aims to assess the long-term effects of mavacamten. Interim analysis
conducted after the first year indicates sustained efficacy of mavacamten throughout
156 weeks of follow up [84]. The PIOONER-OLE study is anticipated to conclude in
November 2023 [85].

MAVERICK-HCM (Mavacamten in adults with symptomatic non-obstructive hyper-
trophic cardiomyopathy) was a phase II, multicentre, double-blind, randomized, placebo-
controlled study that enrolled 59 patients with symptomatic noHCM, preserved left ventric-
ular ejection fraction (LVEF > 55%), increased NT-proBNP (>300 pg/mL), and exertional
symptoms classified as New York Heart Association (NYHA) functional class II/1II. The
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patients were randomly assigned to three different cohorts [86]. Cohort 1 consisted of 19 pa-
tients who received a pharmacokinetic-adjusted dose of mavacamten, with a target serum
drug concentration of approximately 200 ng/mL. Patients in Cohort 2 were instead treated
with higher doses of mavacamten to achieve serum drug concentrations averaging around
500 ng/mL. Finally, Cohort 3 received a placebo. The treatment duration for all cohorts
was 16 weeks. Results showed that NT-proBNP decreased by 53% in the mavacamten
group compared to 1% in the placebo group. Additionally, cardiac Troponin-I decreased
by 34% in the mavacamten group, whereas there was a 4% increase in the placebo group.
Further analyses demonstrated that Mavacamten improved echo parameters of diastolic
function [86].

EXPLORER-HCM was a phase III, multicentre, randomized, double-blind, placebo-
controlled trial conducted in 68 clinical cardiovascular centres across 13 countries [87].
The study aimed to evaluate the efficacy and safety profile of mavacamten, which proved to
be superior to placebo in both primary and secondary endpoints. For the primary endpoint,
45 out of 123 patients (37%) in the mavacamten group experienced a 1.5 mL/kg per min or
greater increase in peak oxygen consumption (pVO,) with at least one-point reduction in
NYHA class or an increase of over 30 mL/kg per min in pVO, with no changes in NYHA
class. In contrast, only 22 out of 128 patients (17%) in the placebo group achieved the
primary endpoint. Additionally, patients receiving mavacamten showed improvements
in post-exercise LVOT gradient, pVO;, and patient-reported health status. Significantly,
almost 30% of patients (32 out of 117) treated with mavacamten achieved a complete
pharmacological response, defined as a reduction in LVOT gradient to less than 30 mmHg
with marked improvement in symptoms. This response was observed in less than 1% of
patients (one out of 126) in the placebo group. Notably, the greatest benefit was observed
in patients who were not receiving BBs. Treatment with mavacamten also resulted in
consistent improvements in patients’ reported health status, with greater symptom relief
and improved quality of life compared to the placebo group. There was a strong correlation
between the magnitude of improvement in health status and the extent of improvement in
pVO,, emphasizing the association between mavacamten treatment and enhancements in
patient well-being and quality of life. Improvement in health status was reversed 8 weeks
after the completion of treatment. A reduction in LVOT was associated with a significant
decrease in LVEF. However, the normalization of LVEF after the conclusion of therapy was
not immediate, suggesting that, although rare, the improvement in the health status of
oHCM patients could be counteracted by the slow reversal of the drug’s effect due to its
long half-life.

VALOR-HCM was a randomized controlled trial conducted by Desai et al. [88], which
investigated whether the addition of mavacamten to maximally tolerated background
medical therapy could reduce guideline eligibility for SRT in highly symptomatic 0HCM
patients. The trial included 112 highly symptomatic patients with oHCM who met the
guideline criteria for SRT. These patients had a mean age of 60 £ 12 years, with 51%
being male, and 93% classified as NYHA functional class III. The study was conducted
between July 2020 and October 2021 at 19 sites in the United States. After 16 weeks of
treatment, the results showed that 77% of the patients randomized to placebo (43 out of
56) continued to meet the guideline criteria for SRT or chose to undergo the procedure.
Only 7.9% of the mavacamten-treated patients (10 out of 56) met the guideline criteria or
elected to undergo SRT (treatment difference of 58.9% [95% CI: 44.0-73.9%]; p < 0.001).
The addition of mavacamten significantly reduced the eligibility for SRT in these highly
symptomatic o0HCM patients. Furthermore, this study demonstrated that mavacamten
treatment resulted in a significant reduction in LVOT gradients. As in other trials, there were
improvements observed in NYHA functional classification and quality-of-life measures
among the mavacamten-treated patients. VALOR-HCM was not able to provide long-
term safety outcomes due to its focus on a 16-week treatment period. To assess long-
term safety, efficacy, and clinically guided dosing, the ongoing 5-year extension study,
MAVA-LTE (Mavacamten Long Term Extension; NCT03723655), is currently underway.
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An interim analysis has already been performed for this study. During the 36-week follow
up evaluated, mavacamten has been shown to achieve significant reduction in both resting
and Valsalva-induced LVOTO gradients, with changes reported as —27.4 + 33 mmHg and
—45.7 £ 39.9 mmHg, respectively [89].

ODISSEY-HCM (NCT05582395) is an ongoing randomized, double-blind, phase III
study to evaluate mavacamten in adults with symptomatic noHCM compared to placebo.
The composite primary endpoints include change from baseline in Kansas City Cardiomy-
opathy Questionnaire (23 item) Clinical Summary Score and change from baseline in peak
oxygen consumption (pVO,) at week 48. The recruitment phase is ongoing [90].

Overall, trial results for mavacamten have showcased positive safety and efficacy
profile. As a result of these findings, the Food and Drug Administration, on April 2022,
and the European Commission, on June 2023, have approved this drug for the treatment of
symptomatic (NYHA, class II-III) o0HCM in adult patients. Furthermore, on 15 June 2023,
FDA approved a revised label for mavacamten to reflect drug ability to reduce the need or
eligibility for SRT in patients with obstructive HCM as evidenced by the VALOR-HCM trial.
Importantly, since mavacamten was initially approved, its prescription details have carried
a “Boxed Warning” about the potential risk of HE. This warning stems from data indicating
that its use might lead to a reduction in LVEF, which could potentially result in HF due to
systolic dysfunction. Of note, mavacamten, as primarily metabolized by CYP2C19, exhibits
a wide-ranging elimination half-life dependent on the CYP2C19 phenotype, spanning
from 72 to 533 h. For poor metabolisers or patients awaiting genotyping results, the
recommended starting dose is 2.5 mg. The dose can only be increased beyond 5 mg once
genotyping has confirmed that the patient is not a poor metabolizer [91]. For all other
phenotypes, the starting dose is 5 mg. Dose adjustments throughout the treatment, initially
at 4-week intervals and subsequently at 12-week intervals, are directed by LVOT gradient
and LVEEF, as detailed in decision trees in the summary of product characteristics.

New ESC guidelines [35] delivered class Ila recommendation for mavacamten in
addition to a beta blocker (or, if this is not possible, with verapamil or diltiazem), or as
monotherapy, to improve symptoms in adult patients with resting or provoked LVOTO.

4.2.3. Aficamten

A second myosin inhibitor/allosteric modulator currently under development for
the treatment of HCM is CK-274, also known as Aficamten [92]. While Aficamten shares
a similar molecular effect with mavacamten, it binds to a different regulatory site on the
myosin heads. Aficamten possesses certain pharmacokinetic advantages over mavacamten.
It exhibits a shorter half-life of approximately 2 days, allowing for a faster washout in
the presence of side effects. Additionally, aficamten does not interact with the enzymes
CYP2C19 and CYP3A4, reducing the likelihood of drug—drug interactions. These char-
acteristics contribute to the potential clinical benefits of aficamten in the management of
HCM [1].

4.2.4. Aficamten Trials

Phase I REDWOOD-HCM study evaluated the efficacy of aficamten in oHCM patients.

Patients with oHCM and LVOT gradients > 30 mmHg at rest or >50 mmHg with
Valsalva were randomized 2:1 to receive aficamten (n = 28) or placebo (n = 13) in two
dose-finding cohorts. Most patients treated with aficamten (78.6% in Cohort 1 and 92.9% in
Cohort 2) achieved the treatment target of reducing the resting gradient below 30 mmHg
and the post-Valsalva gradient below 50 mmHg by week 10. The mean differences were
—40 £ 27 mmHg and —43 £ 37 mmHg in Cohorts 1 and 2, respectively, at rest (p = 0.0003
and p = 0.0004 versus placebo, respectively). During Valsalva, mean differences were
—36 + 27 mmHg and —53 + 44 mmHg in the two cohorts, respectively (p = 0.001 and
p < 0.0001 versus placebo, respectively). The incidence of adverse events was similar
between the treatment arms, with a negligible reduction in LVEF observed in patients who
were administered aficamten. LVEF was transiently reduced below 50% in only one treated
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Patients with

oHCM treated with
standard of care with post-
Valsalva peak LVOT-G 250
mmHg and NYHA Class 117111

patient [93]. FOREST-HCM (previously known as REDWOOD-OLE; NCT04848506) is the
5-year extension study of REDWOOD-HCM [94]. At 48 weeks, aficamten was shown to be
safe and well tolerated in patients with oHCM. This trial highlighted a substantial reduction
in peak resting and Valsalva LVOT-gradients from baseline to week 48 (resting mean + SD:
-32 & 28 mmHg; Valsalva mean £ SD: —47 4 28 mmHg). There was a modest reduction in
LVEF from baseline to week 48 (-5 £ 3%) and no patients experienced an aficamten-related
reduction in LV ejection fraction < 50%. There was a substantial improvement in functional
class, as by week 48, 88% of patients experienced >1 NYHA functional class improvement
while none had functional worsening.

These data support the continued development of aficamten, which is currently being
investigated in the large randomized, placebo-controlled, phase III clinical trial SEQUOIA-
HCM (NCT05186818). This study aims to recruit a total of 270 symptomatic 0HCM patients.
The primary endpoint is the change in pVO, measured by cardiopulmonary exercise
testing from baseline to week 24 (Figure 4). Following the positive results from Cohort
3 of REDWOOD-HCM, patients whose background therapy includes disopyramide, are
eligible for enrolment [95]. The recruitment phase is ongoing [96].

SEQUOIA-HCM: Phase 3 Trial Design

—

Screening

Randomization
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Figure 4. SEQUOIA-HCM trial design. Reproduced with permission from Incorporated, C. 2021 [97].

MAPLE HCM (NCT04349072) is phase 3 multicentre, randomized, double blind active-
comparator clinical trial of aficamten compared to metoprolol in patients with symptomatic

oHCM. A summary of completed trials is reported in Table 4.

Table 4. Completed studies on Mavacamten and Aficamten treatment in HCM patients.

Trial Study Design Study Population Dose and Timeline Sample Size Results
M Primary endpoint achieved
avacamten A ®
EXPLORER-HCM Randomized double Obstructive HCM 25-15mg 51 in 37% of mavacamten
[76] blind placebo control NYHA II-1IT 0wk patients vs. 17%
placebo patients
Median NT-proBNP
b . reduced by 53% in
. Non-obstructive mavacamten group vs. 1%
MAVERICK-HCM Randomized double HCM Mavacamten 59 in placebo group
blind placebo control NYHA class II-III 16 weeks Median Tnl reduced by 34%

[75]

in mavacamten group vs.
4% in placebo group
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Table 4. Cont.

Trial Study Design Study Population Dose and Timeline Sample Size Results
Resting LVOTO
gradient reduction:
AFesmien median difference of
—40 £ 27 mmH;
REDWOOD-HCM Randomized double Obstructive HCM 5-15 mg (Cohort 1) 41 43437 mmHg
[81] blind placebo control NYHA II-III =50 g3 (Clotiorii 2 e
Cohorts 1 and 2 10 weeks osiEVal i 1LY
gradient reduction:
—36 + 27 mmHg
—53 + 44 mmHg
Resting LVOTO
. X gradient reduction:
REDWOOD-HCM Oven label Obﬁ?lc{?f_ﬁICM AgficlaST;en i, 228 + 32 mmHg
Cohort 3 [84] pen labe On disomvramide 10w Post-Valsalva LVOTO
Py gradient reduction:
—27 £ 5.9 mmHg
Non-obstructive Aficamten NT-proBNP reduction
REDWOOD-HCM Open label HCM 5-15mg 41 (mean reduction by 66%,
Cohort 4 [83] NYHA [T 10wt p <0.0001), Tnl reduction
(—21%, p < 0.01)
Obstructive HCM, Mavacamten After 16 weeks, 17.9% of
VALOR-HCM [77] Rlandomized double re‘ferred or undgr 25-15mg 112 m_a\facamten patients .
blind placebo control active consideration N X eligible to SRT vs. 76.8% in
for SRT weeks placebo group (p < 0.001)
. . pVO, improvement:
Diagnosed with X
HCdM’ ieit 1;3; LV%T Mavacamten :—;5?%12%{1;%5/;1),1&
CIONEER-HCM 711 Open label Ei 10-15 mg 11 Peak exercise LVOTO
oHoxt mpezﬁi;;é?gse 12 weeks gradient reduction:
1 —90 mmHg
gradient > 50 mmHg (95%CIL: —138; —41)
pVO, improvement
+1.7 mL/kg/min,
. Mavacamten (95%Cl: 0.0-3.3)
EIONEER HCM 7] Open label Obstructive FICM 2-5 mg/die 10 Peak exercise LVOTO
ohort B NYHA II-11I X X
12 weeks gradient reduction:
—25 mmHg
(95%CI: —47; —3.0)
Resting LVOTO
X gradient reduction:
Aficamten " 30 + 08
FOREST-HCM [82] Open label Obstructive HCM 5-20 mg 38 Resting LVOTO
48 weeks gradient reduction:
—47 + 28
Resting LVOTO
Mavacamten gradient reduction:
v —27.4+33
MAVA-LTE [78] Open label Obstructive HCM 2.5-15mg 137 Resting LVOTO
36 weeks gradient reduction:
—45.7 +39.9

HCM, hypertrophic cardiomyopathy; NYHA, New York Heart Association; LVOTO, left ventricular
outflow obstruction.

5. Personalized Therapy

The management of HCM represents a major challenge due to the substantial geno-
typical variability observed in this disease. To better assess the efficacy of pharmacological
therapies, human-based computational methodologies have emerged as powerful tools
in recent years. By integrating experimental and clinical data, simulation studies have
shed light on HCM pathophysiology, phenotypic expression, arrhythmic risk, and response
to pharmacological interventions. These advancements have enhanced our mechanistic
understanding of the disease and paved the way for personalized therapy in HCM [98].

Passini et al. utilized human experimental data on HCM to develop and calibrate an
electrophysiological model of HCM cardiomyocytes [99]. This model successfully eluci-
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dated key mechanisms contributing to arrhythmia development in HCM and identified
potential pharmacological targets. Reactivation of the overexpressed ICaL (L-type calcium
current) was identified as a crucial factor driving repolarization abnormalities in HCM.
Through simulated human drug trials, the researchers investigated anti-arrhythmic strate-
gies tailored to the HCM phenotype. Selective ICaL block demonstrated high efficacy in
suppressing pro-arrhythmic abnormalities but compromised calcium transient amplitude.
Conversely, multichannel blockage of sodium—calcium exchanger, late sodium current
INaL, and ICaL exhibited a more favourable efficacy profile without negative effects on
systolic calcium.

In the majority of HCM cases, the disease is caused by genetic mutations affecting
sarcomeric proteins. In silico studies have explored the primary effects of point mutations
on sarcomere contractility and their propensity for arrhythmogenesis [100]. Computational
techniques ranging from molecular dynamics to spatially explicit sarcomere modelling
have been employed. By focusing on early human pathophysiology associated with
HCM mutations, independent of compensatory responses and long-term remodelling,
effective targets can be identified. Modulating these targets pharmacologically could aid
in resolving the disease phenotype. Leveraging information on the impact of myosin
mutations on cellular contractility, Margara et al. employed an in silico model of human
electromechanical cardiomyocytes to simulate the effects of the novel myosin inhibitor
mavacamten and investigate its mutation-specific efficacy in HCM [101].

Germline editing is a promising strategy for addressing monogenic diseases by pre-
venting the transmission of mutations to future generations. The development of genome
editing technologies, such as CRISPR/Cas9, has generated considerable enthusiasm for
their therapeutic potential in cardiovascular diseases. However, several challenges are still
ahead before a clinical implementation can be realized [102].

Current techniques, including CRISPR/Cas9, induce double-stranded DNA breaks at
specific genetic loci, which triggers the cell’s intrinsic repair mechanisms. Recent advance-
ments have demonstrated the feasibility of high-fidelity gene repair in human embryos
carrying HCM mutations. In a study, oocytes from healthy women were inseminated with
sperm from a male patient carrying a heterozygous MYBPC3 mutation. By simultaneously
injecting a mutation-specific CRISPR/Cas9 system during early metaphase, the mutation
was successfully edited in 100% of cases. Importantly, this technique also eliminated
mosaicism, a phenomenon where sister cells within the same embryo possess different
genotypes [103]. However, off-target effects remain a significant concern.

Another promising gene-based therapeutic approach for monogenic diseases is allele-
specific gene silencing. This technique typically involves the transduction of an adenovirus
vector containing short-interfering ribonucleic acid (siRNA) segments designed to suppress
the expression of a specific pathogenic allele. This method, known as ribonucleic acid
interference (RNAi), has shown efficacy in pre-clinical models for attenuating the phenotype
of mutations associated with conditions such as catecholaminergic polymorphic ventricular
tachycardia, HCM, and restrictive cardiomyopathy [104]. However, this approach is better
suited for conditions caused by gain-of-function mutations (e.g., MYH?7) and may not apply
to the entire spectrum of HCM (e.g., MYBPC3).

Reichard et al. [105] explored the efficacy of two distinct genetic therapies in mice
carrying the heterozygous HCM pathogenic variant myosin R403Q. Their approach focused
on both a genetic therapy approach involving an adenine base editor (ABES8e, allowing for
precise modification of the genomic DNA sequence) and delivery of RNA-guided Cas9
nuclease using AAV9. In the first case, a single dose of this dual-AAV9 system successfully
corrected the pathogenic variant in over 70% of ventricular cardiomyocytes, leading to the
restoration of normal cardiac structure and function. Furthermore, this correction remained
durable over time. The second genetic therapy using RNA-guided Cas9 nuclease aimed to
inactivate the pathogenic allele entirely. Although effective, it exhibited dose-dependent
toxicities. This study highlighted the substantial potential of single-dose genetic therapies
to correct or silence pathogenic variants, thus preventing the development of HCM. In
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fact, they achieved a long-lasting in vivo base editing of the pathogenic single-nucleotide
variant in myosin, which is highly and selectively expressed in cardiomyocytes. Moving
forward, the further development and translation of this approach hold significant promise
for correcting the most severe human pathogenic variants.

6. Artificial Intelligence: Hype or Hope?

In a study conducted by Tison et al. [106] use of artificial intelligence-enhanced electro-
cardiogram (AI-ECG) readings was investigated for assessing disease status and treatment
response in patients with oHCM. The two algorithms used were independently created by
UCSF and Mayo Clinic [107]. The study was based on data from the PIONEER-OLE trial
and revealed a significant correlation between AI-ECG HCM scores and disease status, as
measured by reductions in LVOT gradients and NT-proBNP levels over time in patients
receiving mavacamten. The observed longitudinal associations between the AI-ECG HCM
score and disease parameters likely reflect changes in the raw ECG waveform that can
be detected by AI-ECG and are indicative of the pathophysiology and severity of HCM.
This study presents a novel paradigm in which AI-ECG, which can be conveniently im-
plemented remotely using smartphone-enabled electrodes, may enable the assessment of
disease status and treatment response [108,109]. Future investigations can further evaluate
the utility of this approach in guiding drug titration to improve patient safety and outcomes.

7. Conclusions

Just a few years ago, treatment for HCM was restricted to symptomatic management.
The use of non-selective medications like (3 blockers and calcium channel blockers, along-
side septal reduction surgery, ICDs for primary and secondary prevention of SCD, and
lifestyle modifications, constituted the mainstays of HCM treatment for a considerable
period. However, advancements in our understanding of the pathophysiological processes
and molecular foundations of the disease have led to the development of specific new drug
classes. These have the potential to impact not just symptoms, but also the progression
of the disease itself. Emblematic of this shift in paradigm are myosin modulators, such
as mavacamten and aficamten. In addition, significant breakthroughs may arise from the
fields of genetics and biotechnology, heralding a transformation as captivating as it was
previously unthinkable. One such example is the use of genome-editing technologies like
CRISPR/Cas9, which can potentially repair the genome of embryos, exploiting the mono-
genic nature of HCM. Other possibilities encompass the modulation of gene expression
by siRNAs that inhibit the expression of the disease-causing allele. In the future, artifi-
cial intelligence could also play a significant role in this field, contributing to minimally
invasive and remote monitoring tools that could enhance risk stratification schemes and
facilitate early therapeutic interventions. In summary, we are witnessing a true revolution
in the therapeutic approach to HCM. HCM patients will soon benefit from an entirely new
range of more specific and efficacious drugs. The dawn of precision medicine has indeed
truly arrived.
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