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Hypertrophic cardiomyopathy (HCM) is one of the most common hereditary
Published on: 08 Dec 2024 heart disorders, primarily characterized by left ventricular hypertrophy
unrelated to other cardiovascular or systemic conditions. This condition is often
linked to mutations in sarcomeric protein genes and demonstrates variable
Published by: penetrance and clinical expression. The genetic basis of HCM has been
DrSriram Publications extensively explored, with mutations in genes encoding proteins such as
myosin-binding protein C (MYBPC3) and beta-myosin heavy chain (MYH?7)
being among the most frequently implicated. These genetic variations give rise
2024| All rights reserved. to a complex pathophysiology that impacts cardiac structure and function,
influencing both diagnosis and management. Clinically, HCM can present as
asymptomatic or with symptoms such as chest pain, dyspnea, syncope, or

sudden cardiac death, particularly in young athletes. This review examines the
o genetic underpinnings of HCM, its diverse clinical manifestations, diagnostic
challenges, and evolving treatment modalities. Contemporary approaches

Creative Commons include pharmacological management, surgical and non-surgical interventions,
Attribution 4.0 International | and innovative gene therapy techniques. As the field advances toward precision
License. medicine, understanding the genotype-phenotype relationship in HCM is

essential to optimize patient outcomes. This review provides a comprehensive
analysis of current knowledge in HCM, emphasizing the importance of genetic
insights for effective clinical management and future therapeutic innovations.
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INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is a complex and relatively common genetic cardiac condition
characterized by the abnormal thickening of the myocardium, particularly the left ventricular walls, which can
lead to obstruction of blood flow and a wide spectrum of clinical manifestations [1]. Often inherited in an
autosomal dominant fashion, HCM is primarily caused by mutations in genes encoding sarcomeric proteins, which
are integral to the contractile function of the heart muscle. This condition affects an estimated 1 in 500 individuals
globally, with varying degrees of disease expression and progression, contributing to its clinical diversity and the
challenges in management [2, 3].
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The genetic underpinnings of HCM have been extensively investigated, with over 1,400 mutations
identified in several genes, including MYH?7, which encodes beta-myosin heavy chain, and MYBPC3, which
encodes myosin-binding protein C [4, 5]. These mutations disrupt the structure and function of sarcomeric proteins,
leading to abnormal myocardial development and subsequent hypertrophy. Despite significant advancements in
understanding the molecular basis of HCM, the clinical management remains challenging due to the heterogeneity
of disease presentation and response to treatment.

HCM’s pathophysiology extends beyond simple myocardial thickening, encompassing myocyte disarray,
fibrosis, and changes in coronary microcirculation, which collectively increase the risk of heart failure,
arrhythmias, and sudden cardiac death (SCD) [6, 7]. Advances in imaging and genetic testing have enhanced
diagnostic accuracy, allowing for earlier detection and stratification of at-risk individuals. Treatment strategies
have also evolved, including pharmacological therapies, surgical options, and emerging gene-targeted therapies,
which aim to alleviate symptoms and improve patient outcomes.

This review provides a comprehensive analysis of the genetic manifestations and treatment approaches
for HCM. It explores the genetic basis, clinical presentation, diagnostic methods, and evolving therapeutic
landscape of HCM, offering insights into the future directions for research and clinical practice.

Genetic basis of hypertrophic cardiomyopathy
Overview of genetic factors

Hypertrophic cardiomyopathy is predominantly a genetic disorder, with the majority of cases resulting
from mutations in genes encoding sarcomeric proteins. The inheritance pattern is typically autosomal dominant,
meaning that each child of an affected individual has a 50% chance of inheriting the mutation and potentially
developing the disease [8]. Sarcomeric genes, which form the structural core of cardiac muscle, play a pivotal role
in contractility and force generation within cardiomyocytes. Mutations in these genes lead to impaired cardiac
muscle function, with hypertrophy arising as a compensatory mechanism to maintain cardiac output [9].

More than 30 genes have been implicated in HCM, though MYH?7 (beta-myosin heavy chain) and
MYBPC3 (myosin-binding protein C) are among the most common, accounting for approximately 60-70% of
familial HCM cases [10, 11]. These mutations often lead to changes in the protein structure that disrupts sarcomere
function, manifesting as myocardial hypertrophy and other structural abnormalities. Additionally, several
modifier genes and environmental factors influence the severity and progression of HCM, contributing to its
phenotypic heterogeneity [12].

Genetic screening plays a significant role in identifying pathogenic mutations in individuals and family
members. Next-generation sequencing (NGS) and whole-exome sequencing (WES) have accelerated the
discovery of new HCM-related mutations, allowing for improved risk stratification and earlier intervention in
asymptomatic individuals [13, 14]. While genetic testing has expanded our understanding of HCM’s molecular
basis, further research is needed to determine the exact impact of certain mutations and how they translate into
clinical phenotypes.

Specific gene mutations

The most frequently implicated genes in HCM include MYH7 and MYBPC3, with mutations in these
genes often leading to a severe phenotype. Mutations in MYH7 typically result in a substitution of amino acids in
the beta-myosin heavy chain, affecting the protein’s structural integrity and function. This can result in a
hypercontractile state within cardiomyocytes, leading to left ventricular hypertrophy and increased myocardial
stiffness [15, 16]. MYBPC3 mutations, on the other hand, often cause truncation of the myosin-binding protein
C, disrupting the protein’s regulatory role in sarcomere contraction and relaxation [17].

In addition to MYH7 and MYBPC3, mutations in other genes such as TNNT2 (cardiac troponin T) and
TNNI3 (cardiac troponin I) have been identified in HCM patients. These mutations affect calcium sensitivity and
myocardial contractility, further contributing to disease variability [18]. Furthermore, mutations in genes such as
ACTCI (alpha-cardiac actin) and TPM1 (alpha-tropomyosin) have been associated with rare and severe HCM
phenotypes [19].

Genetic testing for HCM typically involves the screening of these sarcomeric genes, as identifying a
pathogenic mutation in an individual allows for better risk assessment and management. As genetic data continues
to accumulate, genotype-phenotype correlations are becoming clearer, assisting clinicians in predicting disease
severity and tailoring patient-specific treatment plans [20].

Inheritance patterns and genetic testing

HCM is commonly inherited in an autosomal dominant manner, with variable penetrance and
expressivity. This means that while an individual carrying a mutation has a high likelihood of developing HCM,
the severity and onset of symptoms can vary widely among affected family members [21]. Family history is
therefore a critical component in evaluating the risk of HCM, and cascade genetic testing has proven beneficial
for identifying at-risk relatives.

462



B Abhilash et al/Int | Pharml Heare Res. Vol-12(4) 2024 [461-473]

Genetic testing methods such as next-generation sequencing (NGS) and whole-exome sequencing (WES)
have transformed HCM diagnosis, enabling the detection of pathogenic variants in suspected cases. NGS, in
particular, allows for comprehensive screening of sarcomeric and non-sarcomeric genes associated with HCM,
enhancing the precision of diagnosis [22]. However, genetic testing also poses challenges, including the
interpretation of variants of unknown significance (VUS) and the psychological impact on patients and families
[23].

While genetic testing is invaluable for risk assessment, it also underscores the importance of genetic
counseling. Counseling provides patients and families with information on the inheritance patterns, implications
of test results, and options for family planning. Given the potential impact of genetic testing on individuals and
their families, genetic counseling is a recommended component of HCM management [24].

Pathophysiology of hypertrophic cardiomyopathy
Structural changes and mechanisms

The pathophysiology of hypertrophic cardiomyopathy extends beyond simple thickening of the
myocardium. In HCM, there is extensive myocyte disarray, fibrosis, and alterations in coronary microcirculation
that contribute to diastolic dysfunction and impaired myocardial relaxation [25, 26]. These changes increase
myocardial stiffness, limiting the heart’s ability to fill properly during diastole, which can lead to elevated
pressures within the left ventricle and left atrium, ultimately causing symptoms of heart failure [27].

Myocyte disarray, a hallmark of HCM, is characterized by the irregular alignment of cardiomyocytes
and is considered a predisposing factor for arrhythmias and sudden cardiac death (SCD) [28]. This disarray is
often accompanied by interstitial fibrosis, which further disrupts normal electrical conduction and contributes to
arrhythmogenic risk. Fibrosis also correlates with the degree of hypertrophy and may serve as a marker for disease
severity and progression [29, 30].

Additionally, HCM is associated with abnormalities in coronary microcirculation, which can lead to
ischemia and contribute to the symptoms of angina and dyspnea observed in many patients. Microvascular
dysfunction is thought to result from increased myocardial demand coupled with reduced capillary density and
vascular abnormalities within the hypertrophied myocardium [31, 32].

Role of sarcomeric proteins

Sarcomeric proteins play a central role in the pathogenesis of HCM. These proteins, which are
responsible for the contractile function of cardiomyocytes, undergo structural and functional changes due to gene
mutations, leading to the development of hypertrophy. The beta-myosin heavy chain, encoded by MYH7, and
myosin-binding protein C, encoded by MYBPC3, are particularly important in the pathophysiology of HCM, as
mutations in these proteins are the most common in HCM patients [33].

Mutations in MYH?7 lead to an increase in contractile force generation within cardiomyocytes, which
results in compensatory hypertrophy to handle the increased workload. This hypertrophy, however, comes at the
cost of myocardial efficiency, contributing to the high prevalence of diastolic dysfunction in HCM [34]. Similarly,
MYBPC3 mutations disrupt the regulatory function of myosin-binding protein C, causing abnormalities in
myocardial contraction and relaxation cycles, which are essential for maintaining proper cardiac output [35].

Clinical manifestations
Symptoms and physical findings

Hypertrophic cardiomyopathy (HCM) presents with a diverse range of symptoms, and in many cases,
patients remain asymptomatic, especially in the early stages of the disease. Symptomatic individuals typically
experience exertional dyspnea, chest pain, fatigue, palpitations, and, in some cases, syncope, which can be
especially concerning in young, active individuals [36]. Exertional dyspnea is often the earliest and most common
symptom, arising from diastolic dysfunction and increased filling pressures in the left ventricle [37]. As the disease
progresses, symptoms may worsen, potentially leading to heart failure symptoms in advanced cases.

Physical examination findings in HCM can be subtle or even absent in asymptomatic patients. In
symptomatic cases, examination may reveal a harsh systolic ejection murmur, best heard at the left sternal border,
which intensifies with maneuvers that decrease preload, such as the Valsalva maneuver. This murmur is caused
by left ventricular outflow tract (LVOT) obstruction, a hallmark of obstructive HCM, in which the thickened
septum and mitral valve leaflets impede blood flow during systole [38]. Additionally, a double or “bisferiens”
pulse may be noted in patients with severe outflow tract obstruction, as well as a sustained apical impulse
indicative of left ventricular hypertrophy [39].

Other findings may include signs of mitral regurgitation due to systolic anterior motion (SAM) of the
mitral valve leaflets, which is frequently seen in patients with LVOT obstruction. The resulting mitral
regurgitation can exacerbate symptoms of dyspnea and contribute to atrial enlargement and atrial fibrillation in
advanced stages [40]. The presence of atrial fibrillation, which occurs in approximately 20-25% of HCM patients,
is often associated with worse outcomes due to the increased risk of thromboembolism and heart failure [41].
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Differential diagnosis

The diagnosis of HCM can be challenging due to the overlap of its symptoms and structural changes
with other cardiovascular diseases. A key differential diagnosis is athlete's heart, a physiological adaptation seen
in highly trained individuals, which also involves left ventricular hypertrophy. However, in athlete's heart, the
hypertrophy is typically symmetrical, with normal diastolic function and absence of myocardial fibrosis,
distinguishing it from HCM [42]. Additionally, upon cessation of intensive training, the hypertrophy in athlete's
heart regresses, unlike in HCM where hypertrophy is pathologic and persistent.

Another important differential is hypertensive heart disease, which also presents with left ventricular
hypertrophy. However, unlike HCM, hypertrophy in hypertensive heart disease is typically due to the chronic
pressure overload from hypertension and often involves concentric remodeling without significant LVOT
obstruction [43]. Patients with hypertensive heart disease generally exhibit hypertrophy with a history of long-
standing hypertension, whereas HCM is more commonly diagnosed in younger individuals without such a history.

Other conditions to consider include aortic stenosis, Fabry disease, and infiltrative cardiomyopathies
such as amyloidosis and sarcoidosis, which can all present with varying degrees of hypertrophy and diastolic
dysfunction. Advanced imaging and genetic testing are often employed to differentiate HCM from these
conditions, especially when the clinical presentation is atypical or when other family members are affected [44].

Risk stratification and prognosis

Risk stratification in HCM is crucial for identifying individuals at increased risk for sudden cardiac death
(SCD), which remains one of the most feared complications in this patient population. Key risk factors for SCD
include a family history of SCD, massive left ventricular hypertrophy (wall thickness >30 mm), unexplained
syncope, non-sustained ventricular tachycardia, and an abnormal blood pressure response to exercise [45]. Each
of these factors has been shown to correlate with a higher likelihood of adverse cardiac events, including
arrhythmic events and SCD.

The European Society of Cardiology (ESC) has developed a risk calculator that integrates these factors
to estimate the five-year risk of SCD in patients with HCM. This tool is instrumental in guiding decisions
regarding the implantation of an implantable cardioverter-defibrillator (ICD), which is the primary preventive
intervention for SCD in high-risk individuals [46]. Patients with a calculated five-year risk of SCD exceeding 6%
are generally considered for ICD implantation, while those with an intermediate risk may undergo further
individualized assessment.

Long-term prognosis in HCM varies widely, with some patients remaining asymptomatic throughout life
and others experiencing progressive heart failure, atrial fibrillation, or SCD. Although mortality rates in HCM
have improved with advancements in risk stratification and treatment, the risk of complications remains
significant, particularly in individuals with high-risk features [47]. Recent studies suggest that comprehensive
management, including early genetic counseling, lifestyle modification, and regular follow-up, can help optimize
outcomes and improve quality of life for patients with HCM [48].

Diagnosis and imaging techniques
Echocardiography

Echocardiography is the cornerstone diagnostic tool for hypertrophic cardiomyopathy, offering valuable
insights into the structural abnormalities characteristic of the disease. The primary echocardiographic feature of
HCM is left ventricular hypertrophy, often localized to the interventricular septum, resulting in an asymmetric
pattern of hypertrophy [49]. In cases of obstructive HCM, echocardiography reveals left ventricular outflow tract
(LVOT) obstruction due to septal hypertrophy and systolic anterior motion (SAM) of the mitral valve leaflets,
which contributes to mitral regurgitation [50].

Transthoracic echocardiography (TTE) is generally sufficient for diagnosis, but transesophageal
echocardiography (TEE) can provide additional detail in complex cases, particularly for evaluating mitral valve
anatomy and function. Doppler imaging enhances the assessment by allowing for quantification of blood flow
velocities within the LVOT, which is essential for determining the degree of obstruction [51]. Additionally,
echocardiography enables the measurement of left atrial size, which serves as an indirect marker of diastolic
dysfunction and correlates with the risk of atrial fibrillation [52].

Advanced echocardiographic techniques such as strain imaging (speckle-tracking echocardiography) are
increasingly used to assess myocardial deformation, offering insights into subtle myocardial dysfunction that may
precede overt hypertrophy or symptom onset. Strain imaging can be particularly useful for identifying high-risk
individuals and tracking disease progression over time [53]. Given its non-invasive nature, echocardiography
remains the preferred initial imaging modality for diagnosing and monitoring HCM.

MRI AND CT scanning

Magnetic resonance imaging (MRI) and computed tomography (CT) are valuable adjuncts to
echocardiography, particularly in cases where echocardiographic images are suboptimal or when additional
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anatomical detail is required. Cardiac MRI (CMR) is the gold standard for assessing myocardial fibrosis, a feature
that correlates with increased risk of ventricular arrhythmias and sudden cardiac death in HCM [54]. The ability
to quantify the extent and location of fibrosis through late gadolinium enhancement (LGE) makes CMR an
invaluable tool for risk stratification and prognostic assessment.

In addition to fibrosis, CMR provides superior spatial resolution for evaluating left ventricular wall
thickness, aiding in the identification of apical or other non-typical patterns of hypertrophy that may not be fully
visualized on echocardiography. CMR can also assess the presence and degree of left ventricular outflow tract
obstruction and detect thrombi in the left atrium, which are important considerations for patients with atrial
fibrillation or other high-risk features [55].

While CT is less commonly used in the routine evaluation of HCM due to its lower soft tissue contrast
and radiation exposure, it can be useful in cases where MRI is contraindicated, such as in patients with pacemakers
or ICDs. CT angiography can also be used to assess coronary artery anatomy, especially in individuals with
anginal symptoms or in those undergoing evaluation for surgical interventions [56].

Molecular diagnostic approaches

The role of genetic testing in the diagnosis of hypertrophic cardiomyopathy has expanded significantly
with advances in molecular diagnostics. Genetic testing provides a definitive diagnosis in patients with pathogenic
mutations and assists in the identification of at-risk family members. Current guidelines recommend genetic
testing for all individuals diagnosed with HCM, particularly those with a family history of the disease or a history
of sudden cardiac death in a first-degree relative [57].

Next-generation sequencing (NGS) has become the preferred method for HCM genetic testing, enabling
the rapid sequencing of multiple genes associated with the condition. Targeted gene panels typically include
MYH7, MYBPC3, TNNT2, TNNI3, and other sarcomeric genes known to be implicated in HCM. In some cases,
whole exome sequencing (WES) or whole genome sequencing (WGS) may be employed to capture additional
variants in individuals with atypical presentations or negative results on targeted panels [58].

The identification of specific gene mutations in HCM patients facilitates more personalized risk
assessment and enables cascade genetic testing for relatives, allowing for early detection and intervention.
Although the interpretation of variants of unknown significance (VUS) remains a challenge, molecular diagnostic
advancements are continuously improving our ability to discern the pathogenicity of novel variants, enhancing
the utility of genetic testing in clinical practice [59].

Treatment approaches
Pharmacological management

The pharmacological treatment of hypertrophic cardiomyopathy (HCM) primarily aims to alleviate
symptoms, reduce left ventricular outflow tract (LVOT) obstruction, and prevent adverse cardiac events, such as
arrhythmias and sudden cardiac death (SCD). Beta-blockers are considered the first-line therapy for symptomatic
relief in HCM patients, particularly in those with exertional angina, dyspnea, or palpitations. Beta-blockers
decrease heart rate and myocardial oxygen demand, allowing for enhanced diastolic filling and reducing outflow
obstruction [60]. Commonly prescribed beta-blockers include propranolol, metoprolol, and atenolol, which have
shown efficacy in improving exercise tolerance and reducing symptoms.

Calcium channel blockers, particularly non-dihydropyridines such as verapamil and diltiazem, are also
effective in HCM. These agents help by reducing heart rate and improving myocardial relaxation, which is
beneficial in alleviating LVOT obstruction and associated symptoms [61]. Verapamil, in particular, has been
shown to improve symptoms in patients who do not tolerate or respond to beta-blockers, although its use is
cautioned in individuals with severe LVOT obstruction due to the risk of hypotension and heart failure [62].

Disopyramide, a class Ia antiarrhythmic agent with negative inotropic effects, is another pharmacological
option for patients with obstructive HCM. Disopyramide has demonstrated efficacy in reducing LVOT obstruction
and associated symptoms in patients who are refractory to beta-blockers and calcium channel blockers. It is often
used in combination with beta-blockers to maximize efficacy and reduce potential proarrhythmic risks [63].

In addition to these mainstays, novel agents such as myosin inhibitors are showing promise in clinical
trials. Mavacamten, a selective cardiac myosin inhibitor, has demonstrated substantial improvement in LVOT
gradient, symptoms, and quality of life in patients with symptomatic obstructive HCM. By directly modulating
sarcomeric function, mavacamten offers a targeted approach to reduce hypercontractility and obstruction without
affecting heart rate [64]. Ongoing research into such agents highlights the potential for disease-modifying
therapies that could transform the pharmacological management of HCM in the future.

Surgical interventions

In patients with symptomatic obstructive HCM who do not respond adequately to pharmacological
therapy, surgical intervention is often necessary. Septal myectomy is considered the gold standard surgical
treatment for severe LVOT obstruction and involves removing a portion of the hypertrophied interventricular
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septum to alleviate obstruction. This procedure effectively reduces symptoms and improves long-term outcomes,
with low surgical mortality rates at experienced centers [65]. Myectomy is particularly recommended for patients
with a resting LVOT gradient of >50 mmHg who experience significant symptoms despite maximal medical
therapy [66].

Alternatively, alcohol septal ablation (ASA) is a less invasive procedure that creates a controlled infarct
in the septal wall by injecting alcohol into the septal perforator arteries. This results in localized septal thinning
and reduction of LVOT obstruction. While ASA is effective in symptom relief, it carries a risk of complications
such as arrhythmias, and there is ongoing debate regarding its long-term efficacy compared to myectomy [67].
ASA is often reserved for patients who are not ideal candidates for surgical myectomy due to age, comorbidities,
or other factors.

The choice between myectomy and ASA depends on patient-specific factors, including age, comorbidity
profile, and the anatomy of the hypertrophied myocardium. For younger patients, myectomy is generally preferred
due to its more durable and complete relief of obstruction. Both myectomy and ASA are associated with
significant symptomatic relief and improved exercise capacity, underscoring the importance of a tailored approach
to HCM management [68].

Non-surgical options

For patients who are not candidates for pharmacological or surgical interventions, non-surgical options
such as dual-chamber pacing (DCP) and implantable cardioverter-defibrillator (ICD) implantation may be
considered. DCP, although not commonly first-line, has been shown to reduce LVOT gradients and improve
symptoms in certain cases, particularly in elderly patients with contraindications to surgery [69].

ICD implantation is essential in preventing sudden cardiac death (SCD) in high-risk HCM patients.
Patients with a history of ventricular arrhythmias, prior SCD, unexplained syncope, or significant family history
of SCD are often considered for ICD placement based on established risk criteria [70]. The ICD is effective in
terminating life-threatening arrhythmias and has been shown to significantly reduce mortality in appropriately
selected HCM patients [71]. Ongoing risk assessment is critical to determining which patients will benefit most
from ICD therapy, as this device is central to the management of arrhythmogenic risk in HCM.

Recent advances in gene therapy and precision medicine
Emerging gene therapy approaches

As our understanding of the genetic basis of hypertrophic cardiomyopathy advances, gene therapy has
emerged as a promising frontier in the treatment of this disease. Unlike conventional treatments that manage
symptoms, gene therapy targets the underlying genetic mutations responsible for disease pathogenesis. One
approach involves the use of viral vectors, such as adeno-associated virus (AAV), to deliver corrected copies of
defective genes directly into cardiomyocytes [72]. Preclinical studies have shown success in targeting specific
mutations in sarcomeric genes, leading to improved myocardial structure and function in animal models [73].

One promising target for gene therapy in HCM is the MYBPC3 gene, where loss-of-function mutations
result in truncated myosin-binding protein C, contributing to sarcomeric dysfunction. Researchers are exploring
gene-editing technologies, such as CRISPR/Cas9, to correct these mutations at the DNA level. Early studies have
demonstrated the feasibility of CRISPR-based gene editing in cardiac tissues, but challenges remain, particularly
concerning the safe and precise delivery of these technologies to human hearts [74].

In addition to gene replacement and editing, antisense oligonucleotides (ASOs) are being investigated to
modulate gene expression in HCM. ASOs are short, synthetic nucleic acid strands that can bind to mRNA
transcripts of mutated genes, preventing their translation and thereby reducing the production of defective proteins
[75]. ASOs targeting MYH7 and MYBPC3 have shown potential in early studies to alleviate hypercontractility
and reduce myocardial hypertrophy, though further research is needed to translate these findings into clinical
therapies [76].

Precision medicine and personalized treatment strategies

Precision medicine, which involves tailoring medical treatment to the individual characteristics of each
patient, is particularly relevant in HCM due to the genetic and phenotypic diversity observed in this disease. A
key aspect of precision medicine is the use of genetic testing to identify pathogenic mutations in sarcomeric and
non-sarcomeric genes associated with HCM. This genetic information allows clinicians to stratify risk, anticipate
clinical progression, and design individualized management plans [77].

For example, patients with MYH?7 mutations are often at higher risk for severe hypertrophy and adverse
outcomes, including SCD. These individuals may benefit from earlier and more aggressive intervention, including
ICD placement and consideration of gene-targeted therapies as they become available [78]. Conversely, patients
with MYBPC3 mutations, which tend to manifest later in life and with less severe hypertrophy, may be managed
conservatively, with careful monitoring and pharmacological treatment as needed [79].
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Pharmacogenomics, the study of how genetic variations influence drug response, is also an emerging
area of interest in HCM. Certain HCM patients may respond differently to beta-blockers, calcium channel blockers,
or other medications depending on their genetic profile. By understanding these variations, clinicians can optimize
drug selection and dosing to improve efficacy and minimize adverse effects, further personalizing treatment
approaches in HCM [80].

Another aspect of precision medicine involves the use of advanced imaging and biomarker analysis to
monitor disease progression and response to therapy. Cardiac MRI with late gadolinium enhancement (LGE) is a
powerful tool for detecting myocardial fibrosis, a marker of disease severity and arrhythmic risk in HCM patients.
Patients with extensive fibrosis may be prioritized for more intensive monitoring and therapeutic intervention,
aligning with the goals of precision medicine to improve outcomes through individualized care [81].

Future directions and challenges in gene therapy and precision medicine

Despite the potential of gene therapy and precision medicine in HCM, several challenges remain. The
delivery of gene therapy agents to the heart, particularly with high specificity and minimal off-target effects, is an
ongoing technical hurdle. Viral vector-based approaches carry risks of immune responses and insertional
mutagenesis, which can complicate their clinical application [82]. Gene-editing techniques such as CRISPR/Cas9
also require careful refinement to ensure accuracy, as off-target edits could potentially cause unintended
consequences in other genes.

Additionally, the cost and accessibility of genetic testing and gene therapy are significant barriers,
particularly in resource-limited settings. As these therapies progress toward clinical implementation, ensuring
equitable access to genetic diagnostics and personalized treatments will be essential to address the needs of all
HCM patients [83].

Research is ongoing to develop non-viral delivery systems and improve gene-editing precision, which
may one day allow safe and effective gene therapy for HCM. Collaborative efforts between researchers, clinicians,
and pharmaceutical companies will be crucial in overcoming these challenges and advancing the field toward a
future where HCM can be managed with curative, gene-based approaches rather than merely symptomatic
treatments [84].

Lifestyle modifications and patient monitoring
Lifestyle modifications

Lifestyle adjustments play a critical role in the management of hypertrophic cardiomyopathy (HCM),
helping to reduce symptom burden and minimize risk factors associated with disease progression and adverse
cardiac events. Regular physical activity is beneficial for cardiovascular health; however, in HCM patients, high-
intensity and competitive sports are generally discouraged due to the increased risk of sudden cardiac death (SCD)
associated with extreme exertion [85]. Low-to-moderate intensity aerobic exercises, such as walking, cycling, and
swimming, are generally recommended, as they promote fitness and weight control without imposing significant
hemodynamic stress on the heart [86].

Patients are advised to avoid dehydration and excessive alcohol intake, as these can exacerbate symptoms
of HCM, such as dizziness and syncope, by reducing preload and increasing LVOT obstruction. Staying well-
hydrated, especially during exercise or in hot weather, is essential for maintaining adequate blood volume and
minimizing the risk of symptomatic hypotension [87]. Furthermore, patients should limit their caffeine intake, as
high doses of caffeine can trigger palpitations and arrhythmias, which are common concerns in HCM [88].

Smoking cessation is another crucial lifestyle modification. Smoking increases the risk of coronary artery
disease (CAD) and contributes to atherosclerosis, which can worsen HCM outcomes by adding ischemic burden
to an already stressed myocardium. Smoking cessation interventions, along with dietary adjustments to reduce
salt and saturated fat intake, help in managing hypertension, a comorbidity that can exacerbate HCM symptoms
[89].

Stress management is also important for patients with HCM, as emotional stress can exacerbate cardiac
symptoms. Relaxation techniques such as meditation, deep breathing exercises, and mindfulness practices can
help patients manage anxiety and improve quality of life [90]. Counseling and support groups offer additional
resources, providing patients with emotional support and information on coping strategies, which is particularly
beneficial for individuals dealing with the psychosocial impacts of living with a chronic cardiac condition [91].

Patient monitoring

Regular monitoring is essential in HCM management to assess disease progression, evaluate treatment
efficacy, and identify potential complications, such as arrhythmias or heart failure. Echocardiography is typically
performed annually in stable patients and more frequently in those with symptomatic progression, allowing for
assessment of left ventricular hypertrophy, LVOT obstruction, and overall cardiac function [92]. Advanced
imaging techniques, such as cardiac MRI, may also be utilized periodically to evaluate myocardial fibrosis and
scar formation, which are associated with increased arrhythmic risk [93].
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Electrocardiogram (ECG) monitoring, including ambulatory Holter monitoring, is commonly used to
detect arrhythmias such as atrial fibrillation, ventricular tachycardia, and other conduction abnormalities that may
necessitate further intervention, such as antiarrhythmic therapy or ICD implantation [94]. For patients with a
history of arrhythmias or high-risk factors, more frequent ECG monitoring may be warranted to identify
asymptomatic episodes and guide treatment adjustments [95].

Blood pressure management is crucial, particularly in patients with coexisting hypertension. Regular
blood pressure checks, either at home or during clinical visits, help to optimize antihypertensive therapy and
minimize the hemodynamic stress on the heart. In addition, lifestyle counseling and periodic laboratory tests,
including lipid profile and renal function assessments, are important for overall cardiovascular health and may
influence treatment decisions [96].

Genetic counseling and family screening are recommended for first-degree relatives of HCM patients,
as early detection of genetic mutations allows for proactive management and risk stratification. Family members
who test positive for HCM-associated mutations should undergo regular cardiac evaluations to monitor for signs
of disease onset and progression [97].

Continuous patient education is an essential component of effective HCM management. Patients and
their families should be well-informed about the symptoms of potential complications, such as heart failure or
arrhythmias, and the importance of adherence to follow-up appointments and prescribed treatments. Lifestyle
education, including advice on physical activity limits, hydration, and symptom monitoring, empowers patients
to actively participate in their care, leading to improved long-term outcomes [98].

CONCLUSION

Hypertrophic cardiomyopathy (HCM) remains a complex and multifaceted genetic disorder that poses
significant challenges in diagnosis, management, and long-term care. While advancements in genetic research
have provided a deeper understanding of the molecular basis of HCM, the heterogeneity of the disease continues
to complicate treatment strategies. Traditional approaches, including pharmacological management and surgical
interventions, have proven effective in symptom relief and risk reduction for many patients. However, these
treatments do not address the underlying genetic cause of HCM, highlighting the need for innovative therapeutic
solutions that can alter disease progression [99].

The emergence of gene therapy offers promising avenues for addressing the genetic roots of HCM. By
targeting specific sarcomeric gene mutations, gene-editing techniques, such as CRISPR/Cas9, have the potential
to correct or silence pathogenic variants, offering a long-term, possibly curative approach. Although gene therapy
is still in its experimental stages, preclinical studies have shown encouraging results, with ongoing research aimed
at refining these technologies for safe and effective clinical application. As the field progresses, the integration of
gene therapy into HCM management could transform the treatment landscape, potentially offering a cure for select
HCM genotypes [100].

In parallel, the advancement of precision medicine provides a framework for more individualized HCM
management. By leveraging genetic and molecular insights, clinicians can stratify patients based on their specific
genetic mutations, disease phenotype, and risk profile, tailoring interventions to meet the unique needs of each
individual. For example, patients with MYH?7 mutations, who are at higher risk for adverse outcomes, may benefit
from early and intensive monitoring, while those with MYBPC3 mutations may follow a more conservative
management pathway. Precision medicine thus has the potential to optimize therapeutic efficacy and reduce the
burden of adverse events in HCM [101].

Despite these advancements, several challenges remain in the management of HCM. The high cost of
genetic testing and gene therapies may limit accessibility for certain patient populations, underscoring the need
for healthcare policies that promote equitable access to these cutting-edge diagnostics and treatments. Furthermore,
ethical considerations surrounding genetic testing, particularly in asymptomatic family members, require careful
attention to ensure that patients receive appropriate counseling and support [102].

Future research in HCM should focus on refining gene-targeted therapies, enhancing precision medicine
approaches, and developing non-invasive biomarkers for early detection and monitoring of disease progression.
Multidisciplinary collaboration between cardiologists, geneticists, researchers, and policymakers will be essential
in addressing these challenges and advancing HCM care toward a new era of genetically informed, personalized
treatment. With continued innovation and research, there is hope for improved quality of life and long-term
outcomes for individuals with HCM, potentially making curative therapies a reality in the near future [103].
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