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Abstract

Congenital genetic heart defects are major contributors to pediatric morbidity and mortality,
underscoring the importance of early detection and individualized therapeutic strategies.
This review aimed to summarize current knowledge on a spectrum of inherited cardio-
vascular disorders, with a focus on their genetic etiology, molecular pathogenesis, and
phenotypic presentation in children. Conditions discussed include Marfan syndrome,
Noonan syndrome, various cardiomyopathies, Duchenne muscular dystrophy, DiGeorge
syndrome, and the tetralogy of Fallot. These six conditions were selected to represent the
spectrum of pediatric cardiovascular genetic diseases, encompassing connective tissue
disorders, multisystem syndromes, primary myocardial diseases, neuromuscular cardiac
involvement, and structural congenital defects, thereby illustrating how distinct genotypes
lead to diverse phenotypes. For each disorder, the underlying genetic mutations, associ-
ated molecular pathways, cardiovascular involvement, clinical features, and approaches
to diagnosis and management are examined. Emphasis is placed on the role of timely
diagnosis, genetic counseling, and personalized treatment in improving patient outcomes.
The review concludes by highlighting emerging research directions and novel therapeutic
interventions aimed at enhancing care for these complex pediatric conditions.

Keywords: congenital heart defects; Marfan syndrome; Noonan syndrome; cardiomyopathies;
Duchenne muscular dystrophy; 22q11.2 deletion syndrome; tetralogy of Fallot

1. Introduction
Congenital heart defects (CHDs) are the most prevalent congenital malformations

and represent a leading cause of neonatal and infant mortality worldwide. By 2021, over
4.18 million children under five were living with CHD worldwide, which shows a 3.4%
rise since 1990. Over the same period, CHD-related mortality fell by more than half,
indicating substantial improvements in survival and disease burden [1]. They comprise
a heterogeneous group of structural and functional cardiovascular abnormalities that
originate from mutations critical for cardiac development and function. These mutations
often follow autosomal dominant, autosomal recessive, or X-linked inheritance patterns [2].
Depending on the genetic context, CHDs may present as isolated cardiac anomalies or as
part of syndromic conditions involving multiple organ systems.
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The clinical spectrum of CHDs encompasses a wide range of phenotypes, from subclin-
ical structural abnormalities identifiable only through echocardiography or other advanced
imaging modalities, to critical conditions manifesting with overt signs of congestive heart
failure, severe cyanosis due to impaired oxygen delivery, or sudden cardiac death during
infancy and early childhood. The pathophysiological basis of this heterogeneity lies in
the diverse structural malformations, ranging from septal defects and valvular dysplasia
to complex anomalies involving multiple cardiac chambers and great vessels which can
profoundly disrupt normal hemodynamic function. Furthermore, the early onset of disease,
coupled with marked genetic heterogeneity, incomplete penetrance, and variable expres-
sivity, complicates both prognostication and therapeutic planning. These factors render
CHDs a major clinical challenge, necessitating the integration of genetic, imaging, and
physiological data to optimize diagnostic accuracy, risk stratification, and individualized
management strategies in pediatric cardiology [1–5]. Timely diagnosis and targeted man-
agement are essential for improving clinical outcomes, as early intervention can prevent or
attenuate disease progression and reduce the risk of life-threatening complications. The
incorporation of molecular genetic testing into clinical practice has markedly enhanced the
ability to detect causative variants, allowing for more precise prognosis and personalized
treatment. In addition, early genetic diagnosis enables the initiation of genetic counseling
and family screening, which are essential for risk assessment, reproductive planning, and
preventive strategies.

The aim of this review is to provide a comprehensive overview of main congenital
genetic heart disorders, including Marfan syndrome, Noonan syndrome, hypertrophic
cardiomyopathy, dilated cardiomyopathy with a focus on Duchenne muscular dystrophy,
22q11.2 deletion syndrome, and the tetralogy of Fallot. By examining their genetic etiologies,
molecular mechanisms, cardiovascular manifestations, and pediatric clinical presentation,
this work highlights the clinical heterogeneity of these conditions. Emphasis is placed
on the need for individualized treatment strategies and multidisciplinary management
approaches to optimize outcomes in pediatric patients affected by genetic heart disease.

2. Congenital Genetic Heart Defects
2.1. Marfan Syndrome

Marfan syndrome is an autosomal dominant connective tissue disorder character-
ized by multisystemic involvement, with the most clinically significant manifestations
affecting the cardiovascular, ocular, and musculoskeletal systems. The cardiovascular
system is particularly vulnerable, with progressive aortic root dilation and predisposition
to dissection representing major causes of morbidity and mortality in affected individu-
als. Ocular manifestations include ectopia lentis, myopia, and increased risk of retinal
detachment, while musculoskeletal involvement often presents as disproportionate tall
stature, arachnodactyly, scoliosis, pectus deformities, and joint hypermobility. Importantly,
phenotypic expression is highly variable, even within families carrying the same mutation,
complicating both diagnosis and risk stratification [3,4].

Early recognition in pediatric patients is crucial, as timely diagnosis enables proactive
surveillance of aortic dimensions, implementation of pharmacological therapies such as
β-blockers or angiotensin receptor blockers, and timely surgical intervention when indi-
cated. Given its multisystemic nature, optimal care requires a multidisciplinary approach
integrating cardiology, ophthalmology, orthopedics, and genetics, alongside psychosocial
support for affected children and their families. This comprehensive strategy not only
mitigates life-threatening complications but also improves long-term quality of life and
functional outcomes.
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2.1.1. Genetic Basis and Phenotypic Impact of Inherited Variants

Marfan syndrome (MFS) is predominantly inherited with an autosomal dominant
pattern. The penetrance is variable, and it is estimated to affect between 1 in 3000 and 1 in
5000 individuals [3,4]. Up to 25 percent of MFS cases result from de novo mutations [4,5].

In the majority of cases, MFS is caused by a mutation in the fibrillin-1 gene (FBN1) on
chromosome 15. Fibrillin-1 serves as the main structural element of extracellular microfibrils
which are considered essential for the creation and preservation of elastic fibers. In case of
a mutation, the microfibrils are unable to perform their role as a scaffold for elastin and,
consequently, the tissue’s structural integrity is weakened [3,5]. Up to this point, more than
1800 different variants of the fibrillin-1 gene have been recorded. Some of these variants
result in milder phenotypes but still share some characteristics with the classic Marfan
phenotype [4]. In less than 10 percent of patients with the typical Marfan phenotype, no
FBN1 variant is detected through current diagnostic methods [4,5]. The genetic cause and
its pathophysiological consequences are summarized in Figure 1.

Figure 1. Genetic cause and pathophysiology of Marfan syndrome.

2.1.2. Impact on the Heart and Cardiovascular System

MFS exhibits a broad spectrum of clinical findings and can impact either a single
organ system or multiple [4]. Cardiovascular involvement is frequently observed, although,
during early childhood, the symptoms may be subtle and less pronounced. Commonly
affected are the aorta and the heart valves [6]. The most observed cardiac manifestation
in children is aortic root dilatation. Aortic root dissection is an unusual complication in
children under the age of 10 years; it may, however, develop in adolescence [7,8]. Another
common cardiac abnormality is mitral valve prolapses, which may be present with or
without mitral regurgitation, tricuspid valve prolapses, and pulmonary artery dilation.
Distal aortic dilation, primary cardiomyopathy or arrhythmias are less commonly seen in
children [8]. The two most common anatomic anomalies of MFS are illustrated in Figure 2.

2.1.3. Symptoms and Clinical Presentation in Children

The clinical presentation of MFS is highly variable. Lens dislocation (ectopia lentis)
is the most frequently observed ocular finding and bears the risk of superior and tem-
poral lens subluxation. Additional ophthalmologic findings include retinal detachment,
severe myopia, glaucoma, and early cataract formation [9–11]. The musculoskeletal system
represents another commonly affected domain in individuals with Marfan syndrome. Pa-
tients often present with a tall stature, dolichostenomelia, and joint hypermobility. Further
characteristic findings comprise pectus abnormalities, such as pectus excavatum or pectus
carinatum, as well as scoliosis [9].
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Figure 2. Marfan syndrome. The diagram shows a heart with the two anatomic anomalies character-
istic of Marfan syndrome.

2.1.4. Diagnosis and Management

The diagnosis of MFS is usually clinical and relies on the Ghent nosology, revised in
2010. In the absence of any family history, the presence of aortic root dilatation together
with ectopia lentis is sufficient for diagnosing MFS. The diagnosis can also be made if both
aortic root dilatation and FBN1 mutation are present. If there is a positive family history
of MFS the diagnosis can be established either by the presence of ectopia lentis or by the
presence of aortic root dilatation [11–14].

Timely diagnosis and intervention are crucial to prevent progressive aortic root di-
latation and its associated consequences. Pharmacological management involves the use
of beta blockers to slow the progression of aortic root dilatation and to manage arterial
hypertension. The latter is relatively rare in pediatric patients. Commonly used agents
in this class are atenolol and propranolol. Angiotensin receptor blockers (ARBs), such as
losartan, are utilized as an alternative or adjunct to beta blockers in attenuating aortic root
enlargement. In children with MFS, combination therapy using both beta blockers and
ARBs has shown greater effectiveness than either agent alone. In children with an aortic
root diameter exceeding 50 mm, surgical intervention is required, as it remains the only
definite measure to prevent aortic dissection. The main surgical techniques consist of aortic
valve-sparing surgery, which involves replacing only the dilated aortic root, and aortic
valve replacement surgery, where both the aortic root and valve are replaced. In children
the first option is preferred [8,14–16].

2.2. Noonan Syndrome

Noonan Syndrome is a common genetic disorder characterized by significant pheno-
typic variability and multisystem involvement, most notably affecting the cardiovascular,
craniofacial, and lymphatic systems [17,18]. This section outlines the genetic etiology,
molecular mechanisms, and the diverse clinical spectrum of Noonan syndrome in pediatric
patients, with particular emphasis on early recognition, cardiovascular manifestations, and
the importance of a multidisciplinary approach to diagnosis and long-term management.

2.2.1. Genetic Basis and Phenotypic Impact of Inherited Variants

Noonan Syndrome is a heterogenous congenital disease predominantly with an au-
tosomal dominant inheritance pattern, whereas autosomal recessive inheritance has been
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documented only in rare cases. The prevalence is estimated to be between 1 in 1000 and 1
in 2500 individuals [17,18].

In the majority of cases, Noonan syndrome is caused by pathogenic variants in the
PTPN11 gene located on chromosome 12 or the RAF1 gene on chromosome 3. Both genes
are integral components of the RAS/mitogen-activated protein kinase (MAPK) signaling
pathway. Consequently, Noonan syndrome is classified as a ‘RASopathy’ [17–19]. As a
fundamental signaling cascade, the RAS/MAPK pathway plays a central role in regulating
key cellular processes, including cell growth and proliferation, differentiation, survival, and
apoptosis [18,19]. Collectively, the disease-causing mutations result in a hyperactivation of
the RAS/MAPK pathway, disrupting the tightly regulated signaling processes essential for
normal development [19]. An overview of the genetic basis and related pathophysiological
mechanisms is provided in Figure 3.

Figure 3. Genetic cause and pathophysiology of Noonan syndrome.

2.2.2. Impact on the Heart and Cardiovascular System

The cardiovascular phenotype associated with Noonan syndrome and other RA-
Sopathies is multifaceted, primarily comprising two major categories: congenital heart
disease (CHD) and hypertrophic cardiomyopathy (HCM) [18,20,21]. CHDs are present in
approximately 80% of patients, with pulmonary valve stenosis being the most common,
occurring in an estimated 40% of cases. Less common cardiac anomalies include atrial and
ventricular septal defects, atrioventricular canal defects, and aortic coarctation. HCM is
observed in approximately 20% of patients [21,22].

2.2.3. Symptoms and Clinical Presentation in Children

In addition to its cardiovascular manifestations, Noonan syndrome presents with a
broad spectrum of non-cardiac clinical features involving multiple organ systems. The
most frequently observed clinical characteristics include distinctive craniofacial features
such as hypertelorism, down-slanting palpebral fissures, ptosis, low-set posteriorly rotated
ears, and a webbed neck. These features are typically more pronounced during childhood
and tend to become less apparent with advancing age [23,24]. Growth retardation is a
common feature, typically becoming apparent after the first year of life. It often results
in short stature relative to sex and family growth potential. Neurodevelopmental delay,
particularly affecting motor and speech domains, is variably expressed and may range
from mild intellectual disability that may improve with age to more severe manifestations,
including in rare cases structural brain abnormalities. Characteristic musculoskeletal
anomalies include anterior chest wall deformities, such as superior pectus carinatum
and inferior pectus excavatum [23,24]. Lymphatic abnormalities are common in Noonan
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syndrome, demonstrating a cumulative incidence of approximately 20%. These include
lymphedema, which is the most frequently observed manifestation, as well as chylothorax
and ascites, which occur less often but are often present with greater clinical severity [23,25].
Cryptorchism represents a common genitourinary manifestation in males with Noonan
syndrome, affecting an estimated 60–80% of cases [23].

2.2.4. Diagnosis and Management

The broad phenotypic variability associated with Noonan syndrome highlights the
necessity of a multidisciplinary approach to both diagnosis and long-term management.
Timely diagnosis and appropriate management are crucial to achieving optimal clinical
outcomes. Nonetheless, individuals with milder phenotypic presentations often go un-
diagnosed or experience significant delays in diagnosis [26]. The diagnosis of Noonan
syndrome is based on the presence of characteristic clinical features and is confirmed by
identifying a pathogenic variant in one of the RAS/MAPK pathway genes. The clinical
diagnosis is guided by the presence of major and minor diagnostic criteria. Major crite-
ria include the characteristic craniofacial features of Noonan syndrome, congenital heart
defects—particularly pulmonary valve stenosis and/or HCM -, short stature, anterior chest
wall deformities, mild developmental delay, cryptorchidism in males, lymphatic dysplasia,
and a positive family history of Noonan syndrome [26,27]. A definite clinical diagnosis
can be established when the characteristic facial features are present in conjunction with at
least one additional major diagnostic criterion [26].

Because of its heterogeneous clinical presentation and multisystemic involvement
characteristic of the disorder, the management of Noonan syndrome is multidisciplinary
and individualized. While there is currently no curative therapy, early diagnosis and
coordinated care can significantly improve quality of life and long-term outcomes [26].
Cardiac involvement represents one of the most clinically relevant manifestations of Noo-
nan syndrome and often requires early intervention. Management strategies may involve
catheter-based procedures or surgical correction of valvular lesions, alongside pharmaco-
logical therapy for HCM. Pharmacologic agents typically include beta-blockers, diuretics,
or calcium channel blockers, depending on the severity and clinical course. Regular cardi-
ologic surveillance is recommended, even in individuals without an established cardiac
diagnosis [27,28]. Short stature in individuals with Noonan syndrome may be considered
for treatment with recombinant human growth hormone (rhGH), particularly in those
with confirmed growth hormone deficiency or clinically significant growth impairment.
Initiation of therapy is generally recommended around the age of four years to optimize
growth potential and long-term outcomes [17,27–29]. Cryptorchidism is present in a high
proportion of males with Noonan syndrome and typically requires surgical correction via
orchiopexy in early childhood. Early intervention is recommended to reduce the risk of
infertility and to lower the potential for malignant transformation later in life [27].

2.3. 22q11.2 Deletion Syndrome

22q11.2 deletion syndrome, previously referred to as DiGeorge syndrome, is a common
microdeletion disorder with a broad spectrum of clinical manifestations affecting multi-
ple organ systems. It is characterized by congenital heart defects, immune dysfunction,
hypocalcemia, and distinctive craniofacial features, among others [30].

2.3.1. Genetic Basis and Phenotypic Impact of Inherited Variants

22q11.2 deletion syndrome results from a heterozygous microdeletion at chromosome
22 (22q11.2). In approximately 90% of cases, the deletion occurs de novo, while the
remaining 10% are inherited in an autosomal dominant manner from a heterozygous parent.
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The syndrome exhibits variable expressivity and is estimated to occur in approximately 1
in 3000 to 1 in 4000 live births [30–32].

The microdeletion occurs in the long arm of chromosome 22 (22q11.2), most com-
monly encompassing a ~3 megabase region that includes approximately 40 genes. Among
these, TBX1 is considered to be a key contributor to the core phenotypic features associ-
ated with the syndrome [30,32]. TBX1 is critical for embryogenesis and plays an essen-
tial role in the development of the heart, thymus, parathyroid glands, and craniofacial
components [30,31,33]. The genetic cause and its clinical consequences are schematically
presented in Figure 4.

Figure 4. Genetic cause and pathophysiology of 22q11.2 Deletion Syndrome.

2.3.2. Impact on the Heart and Cardiovascular System

Cardiovascular anomalies are among the most prevalent and clinically significant
manifestations of 22q11.2 deletion syndrome, affecting approximately 70–80% of individu-
als with 22q11.2 deletion syndrome [34]. Congenital heart defects are the most frequently
observed cardiovascular anomalies and exhibit a broad spectrum of severity [35]. The most
characteristic cardiac malformations involve the conotruncal region, including the tetralogy
of Fallot and persistent truncus arteriosus. In addition, individuals with 22q11.2 deletion
syndrome may present with other congenital cardiac anomalies, including ventricular
septal defects, interrupted aortic arch type B, aortic arch abnormalities, such as right-sided
aortic arch or double aortic arch, pulmonary atresia, and hypoplastic right heart syndrome.
Less commonly, patients may exhibit aortic root dilation, which may occur with or without
the presence of congenital heart defects [32,34–37].

2.3.3. Symptoms and Clinical Presentation in Children

22q11.2 deletion syndrome presents with a wide spectrum of clinical manifestations in
the pediatric population. The variability in phenotype contributes to delayed or missed
diagnoses, particularly in cases with milder features. Facial dysmorphisms, although
often subtle and evolving with age, are characteristic of 22q11.2 deletion syndrome and
can aid in clinical recognition. Common features include a prominent nasal bridge, hy-
poplastic alae nasi, dysplastic ears, hypertelorism, a small mouth, micrognathia and/or
retrognathia [38,39].

Thymus aplasia or hypoplasia is another frequently observed feature and may lead to
variable degrees of T-cell immunodeficiency [39]. This immunologic impairment predis-
poses affected individuals to recurrent infections and poor vaccine responses. Additional
extracardiac manifestations include cleft palate—ranging from overt clefting to submucosal
clefts and velopharyngeal insufficiency—as well as hypocalcemia, which occurs frequently
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secondary to parathyroid hypoplasia [38]. The acronym CATCH has been commonly used
to summarize the core clinical features of 22q11.2 deletion syndrome, encompassing Cardiac
anomalies, Abnormal facies, Thymic hypoplasia or aplasia, Cleft palate, and Hypocalcemia.
While this mnemonic captures several hallmark manifestations, it does not reflect the
full phenotypic spectrum now recognized in affected individuals [39]. Several clinical
manifestations are not captured by the acronym, including neurodevelopmental disorders,
psychiatric conditions, renal anomalies, hearing loss, and skeletal abnormalities [32,38,39].

2.3.4. Diagnosis and Management

The diagnosis of 22q11.2 deletion syndrome is typically guided by clinical suspicion
based on characteristic phenotypic features and is confirmed through molecular genetic
testing. Clinical indicators that should prompt evaluation include congenital heart defects
and the extracardiac manifestations mentioned above. The presence of multiple system
involvement, especially when affecting the cardiac, immune, and endocrine systems concur-
rently, significantly increases the likelihood of an underlying 22q11.2 deletion. Molecular
confirmation of 22q11.2 deletion syndrome typically involves one of three diagnostic ap-
proaches: fluorescence in situ hybridization (FISH), chromosomal microarray analysis
(CMA), or multiplex ligation-dependent probe amplification (MLPA). These tests are usu-
ally performed on DNA from peripheral blood [40,41]. MLPA demonstrates a detection rate
approaching 100% for 22q11.2 deletions, surpassing FISH, which identifies approximately
95% of cases [41].

The management of 22q11.2 deletion syndrome requires a comprehensive, multidis-
ciplinary approach due to the condition’s broad phenotypic variability and multi-organ
involvement. Cardiac anomalies often require early cardiologic intervention, as they remain
the leading cause of mortality in children, accounting for approximately 87% of deaths [34].
Management typically involves catheter-based or surgical correction of structural defects,
particularly conotruncal malformations. Long-term cardiologic follow-up is recommended,
even in children without overt congenital heart disease [42]. Immunodeficiency, resulting
from thymic hypoplasia or aplasia, necessitates immunologic assessment, including T-cell
counts and function. Live vaccines should be given with caution, depending on the de-
gree of T-cell immunodeficiency. Routine immunizations, including pneumococcal and
influenza vaccines, are generally recommended and should be considered to reduce the
risk of severe infections [41,42]. Palatal anomalies, such as cleft palate or velopharyngeal in-
sufficiency, often require surgical intervention and coordinated care from speech-language
pathologists and otolaryngologists. Serum calcium levels should be closely monitored,
as hypocalcemia is a common finding. Calcium and vitamin D supplementation may be
required intermittently or on a long-term basis, especially in cases of inadequate dietary
intake or persistently low serum calcium concentrations [42]. Additional care may involve
the management of hearing loss, renal anomalies, and neurodevelopmental and psychi-
atric care. Given the syndrome’s complexity, ongoing coordination between specialists in
cardiology, immunology, endocrinology, neurology, psychiatry, and genetics is critical for
optimal care.

2.4. Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a myocardial disease characterized by ventricular
dilation and consequent enlargement. It predominantly affects one or both ventricles, most
commonly the left ventricle, leading to impaired cardiac function. The diagnosis of DCM
is established by the presence of left ventricular systolic dysfunction, typically defined as
a left ventricular ejection fraction (LVEF) below 40%, in the absence of abnormal loading
conditions such as hypertension or valvular disease. This section will discuss the clinical
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features of DCM with a particular focus on its manifestation in patients with Duchenne
muscular dystrophy [43].

2.4.1. Genetic Basis and Phenotypic Impact of Inherited Variants

Duchenne muscular dystrophy (DMD) is a progressive neuromuscular disorder caused
by X-linked recessive mutations in the dystrophin gene, resulting in the absence of func-
tional dystrophin protein. The lack of dystrophin compromises the structural integrity of
muscle cells, leading to progressive degeneration and weakness of both skeletal and cardiac
muscle tissue [44]. The dystrophin gene mutation responsible for DMD is located on the
Xp21 region of the X chromosome, which usually involves more than one exon. The major-
ity of mutations (70–80%) are frameshift deletions or duplications, while nonsense (point)
mutations account for approximately 20–30%. These genetic alterations often introduce
premature stop codons, resulting in the lack of dystrophin [45–47]. In most cases, DMD
is inherited in an X-linked recessive manner, typically transmitted from carrier mothers.
Additionally, de novo mutations can occur. Female carriers are often asymptomatic but may
exhibit varying degrees of cardiac involvement, attributed to insufficient X-chromosome
inactivation or chromosomal abnormalities [48]. Consequently, affected individuals are
usually male, inheriting the mutated X chromosome from their carrier mothers [49]. At the
molecular level, the location and specific type of the mutation are significantly correlated
with the severity and onset of cardiac manifestations in DMD. For instance, deletions
involving exons 48–49 have been associated with earlier-onset DCM, whereas mutations
affecting exons 51–52 may have a relative cardioprotective effect [46]. A case report has
described a deletion of exon 55 linked to very early-onset DCM by age 3 [49]. Moreover,
DMD variants involving dystrophin exons with percent spliced-in scores > 90, indicative of
high expression in cardiac muscle frequency, are correlated with more severe cardiomy-
opathy [50]. Furthermore, polymorphisms in modifier genes such as LTBP4 and ACTN3
have been shown to increase susceptibility to DCM in affected individuals [51]. Figure 5
schematically outlines the genetic basis and its consequences for the cardiovascular system.

Figure 5. Genetic cause and pathophysiology of Duchenne Muscular Dystrophy.

2.4.2. Impact on the Heart and Cardiovascular System

Cardiovascular involvement in DMD primarily manifests as DCM with variable sever-
ity. DMD presents with left ventricular dysfunction, myocardial fibrosis, arrhythmias, and
the risk of heart failure [52]. Severe complications, including ventricular arrhythmias and
sudden cardiac death, are particularly prevalent in individuals with rapid ventricular dila-
tion or extensive myocardial fibrosis. Dystrophin is a cytoskeletal protein encoded by one of
the largest human genes spanning approximately 2.4 Mb and comprising 79 exons [50,53].
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It plays a critical role in stabilizing muscle cell membranes by connecting intracellular actin
filaments to the extracellular matrix through the dystrophin-glycoprotein complex (dystro-
glycan). Due to its large size, the dystrophin gene is highly susceptible to mutations [45,54].
The lack of functional dystrophin disrupts membrane integrity and cellular signaling, lead-
ing to muscle fiber necrosis and subsequent replacement by adipose and connective tissue,
which manifests clinically as muscle weakness and pseudohypertrophy [55].

In cardiomyocytes, dystrophin deficiency impairs dystrophin-associated protein com-
plexes, resulting in sarcomere destabilization, calcium overload, myocardial fibrosis, and
the progression of DCM [50,56].

2.4.3. Symptoms and Clinical Presentation in Children

Cardiac involvement in DMD is often not diagnosed during early childhood, as
echocardiography and magnetic resonance imaging typically detect left ventricular dys-
function only after significant progression [57]. However, severe cases, such as those with
exon 55 deletions may present with clinical manifestations as early as toddlerhood. The
onset of DMD typically occurs between the ages of 2 and 5 years, with variability in clinical
presentation. Children commonly develop symptoms such as fatigue, muscle weakness,
and exercise intolerance around school age, corresponding with the heart’s diminishing
ability to compensate, often reflected by a decline in left ventricular ejection fraction [49].
Patients typically develop signs of congestive heart failure and arrhythmias at a later
stage, requiring careful monitoring and early detection to prevent fatal complications and
improve quality of life [46,49,58].

2.4.4. Diagnosis and Management

The diagnosis of DMD typically involves biochemical blood tests revealing elevated
creatine kinase and serum aldolase levels, alongside genetic testing methods such as
MLPA, gene panels, and structural assays to identify mutations in the dystrophin gene
and determine exon involvement. In cases where genetic testing is inconclusive, a muscle
biopsy may be performed. The heart is usually examined by magnetic resonance imaging
and echocardiography to detect and control cardiomyopathy [48].

The management of DMD primarily involves supportive care, including physical
therapy, respiratory support, orthopedic interventions, and corticosteroid treatment [48].
Recent research has introduced exon-skipping antisense oligonucleotide therapies that aim
to partially restore dystrophin function [52,59]. Cardiac treatment focuses on prophylactic
use of angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor-neprilysin
inhibitors (ARNi) to delay left ventricular dysfunction, alongside beta-blockers [52,60].
Additionally, arrhythmia management and implantable cardioverter-defibrillator (ICD)
should be considered in high-risk patients presenting with severe rhythmic disturbances or
myocardial fibrosis [52].

2.5. Hypertrophic Cardiomyopathy

Hypertrophic Cardiomyopathy (HCM) is a genetic heart disease which is characterized
by an unexplained thickening of the myocardium, especially seen in the left ventricular wall
and the interventricular septum that cannot be explained by coexisting disease. HCM symp-
toms can range from asymptomatic to severe heart failure and sudden cardiac death [61].

2.5.1. Genetic Basis and Phenotypic Impact of Inherited Variants

HCM is most commonly inherited in an autosomal dominant pattern. However, cases
of autosomal recessive, X-linked and mitochondrial inheritance have also been reported [62].
Current genetic insights suggest that mutations in at least 29 different genes are associated
with HCM, most commonly affecting sarcomeric protein genes such as MYH7 (encoding
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the β-myosin heavy chain) and MYBPC3 (encoding myosin-binding protein C) [63]. The
affected gene is linked to the clinical picture of severity. Sequence variations that encode
the MYBPC3 gene are usually present with a later onset and milder hypertrophy [64].
The MYBPC3 gene, located on chromosome 11, plays a crucial role in the regulation and
structural integrity of thick filaments within cardiac sarcomeres [64,65]. In contrast, MYH7,
located on chromosome 14 and encoding the β-myosin heavy chain, is frequently affected
by missense mutations that are associated with earlier disease onset and a more severe
HCM phenotype [65–67].

These mutations typically lead to disorganized myocyte architecture and impaired car-
diac contractility [68]. Since the mutations are linked to variable penetrance and expressivity,
the range of symptoms is wide. Furthermore, HCM is linked to zygosity. Homozygosity
or compound heterozygosity in HCM-related genes is associated with earlier onset, more
pronounced hypertrophy, and worse clinical outcomes compared to heterozygosity [69].
An overview of the genetic and clinical aspects of HCM is presented in Figure 6.

Figure 6. Genetic cause and pathophysiology of hypertrophic cardiomyopathy.

2.5.2. Impact on the Heart and Cardiovascular System

The clinical presentation of HCM ranges from asymptomatic to severe manifestations
such as heart failure and sudden cardiac death. In advanced cases, it may lead to dynamic
left ventricular outflow tract (LVOT) obstruction [70]. Particularly in patients with the non-
obstructive form of HCM, symptoms are often absent at rest and may only become apparent
or worsen under conditions of physical exertion, dehydration, or upon administration of
certain medications such as diuretics, ACE inhibitors or angiotensin receptor blockers [71].

2.5.3. Symptoms and Clinical Presentation in Children

Clinical manifestations may include dyspnea, palpitations, dizziness up to syncope,
angina pectoris, cardiac arrhythmias, and in rare cases, sudden cardiac death [72]. Ad-
ditionally, mitral valve abnormalities and myocardial fibrosis are frequently observed in
patients with HCM. On physical examination, a systolic ejection murmur is frequently
detected, which intensifies during the Valsalva maneuver, standing, or with inotropic
agents, and diminishes with passive leg elevation or the use of medications that reduce
cardiac contractility [73,74].

All of these pathophysiological abnormalities significantly increase the risk of heart
failure, stroke, and sudden cardiac death, particularly in young individuals [75–78].

The timing of diagnosis is often correlated with the severity of the disease. HCM
diagnosed in childhood is more frequently associated with adverse outcomes, such as heart
failure or sudden cardiac death. Early diagnosis of HCM in neonates has been consistently
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associated with worse survival outcomes [79]. Children with HCM may present with a
broad spectrum of symptoms or may remain asymptomatic [80]. Children typically exhibit
symptoms comparable to adults, but may also present with impaired growth [81,82]. As
a compensation and a body’s natural way to increase systemic resistance some children
adopt squatting behavior and thus lower their left-to-right pressure gradient [74,83].

2.5.4. Diagnosis and Management

HCM is often diagnosed insidiously because of its early asymptomatic course [84].
Diagnostic tools include echocardiography, which may reveal wall thickness exceeding 15
mm or the presence of left ventricular outflow tract obstruction (LVOTO). Additionally,
electrocardiography (ECG) typically shows signs of left ventricular hypertrophy (LVH)
and may also detect arrhythmias [85,86]. Cardiac magnetic resonance imaging is done to
understand morphology and fibrosis [87]. Moreover, genetic testing and family screening
of first-degree relatives are essential due to the hereditary nature of HCM [88].

The management of HCM primarily focuses on symptom relief, prevention of compli-
cations, and the implementation of lifestyle modifications [89]. Patients should avoid dehy-
dration, alcohol, strenuous activity, and heat exposure [90]. An implantable cardioverter-
defibrillator (ICD) is recommended, particularly for patients at high risk of sudden cardiac
death (SCD), especially those with a history of symptomatic events such as arrhythmias or
cardiac arrest [91,92]. Symptomatic patients are treated with the aim of reducing symptoms,
primarily using beta-blockers; verapamil may be considered as a second-line option if
beta-blockers are not well tolerated [89,93]. Other medications, such as digoxin, nitrates,
ACE inhibitors and high-dose diuretics, should be avoided in obstructive HCM due to their
potential to exacerbate symptoms and worsen clinical outcomes [77]. Invasive interven-
tions, including septal myectomy or alcohol septal ablation, are typically considered when
pharmacological therapy fails to achieve sufficient symptom control [94,95]. Dual-chamber
pacemakers may be beneficial in certain cases, while heart transplantation is generally
considered only in end-stage non-obstructive HCM, when other therapeutic options have
been ineffective. Timely consideration of heart transplantation is crucial, as irreversible
complications, such as severe pulmonary hypertension, may develop if the heart is unable
to sufficiently compensate [94,96].

2.6. Tetralogy of Fallot

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart defect in
children with an incidence of 3–5 per 10,000 live births in the United States [97]. TOF
is defined by a combination of four congenital cardiac anomalies: a ventricular septal
defect (VSD), right ventricular hypertrophy, an overriding aorta, and varying degrees of
pulmonary stenosis. The extent of pulmonary outflow obstruction plays an important
role in the development of a right-to-left shunt, thereby influencing the degree of systemic
cyanosis [98,99]. Together, these defects impair effective oxygenation of blood within the
systemic circulation.

2.6.1. Genetic Basis and Phenotypic Impact of Inherited Variants

TOF mostly follows a multifactorial inheritance pattern, where both genetic and envi-
ronmental factors contribute to its development [100,101]. In approximately 80% of cases,
TOF occurs as an isolated, non-syndromic defect. The remaining cases are associated
with genetic abnormalities [102]. The most common genetic abnormality associated with
TOF is 22q11.2 deletion syndrome (DiGeorge syndrome), which affects the TBX1 gene
and impairs cardiac neural crest cell migration, significant for conotruncal heart devel-
opment [103]. Other genetic associations with the tetralogy of Fallot include trisomy 21;
Alagille syndrome, which is linked to mutations in the JAG1 gene; and non-syndromic
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forms involving variants in NKX2.5 and ZFPM2 (FOG2), both of which regulate cardiac
development through interactions with GATA transcription factors [102,104]. Mutations,
such as polyalanine stretch elongations in the TBX1 gene, can reduce transcriptional activity
by promoting protein aggregation [102,103]. Although the familial recurrence rate is low
(2.5–3%), an increased incidence within certain families indicates a genetic predisposition
within the population [98]. Environmental risk factors, such as maternal diabetes, alcohol
exposure, and phenylketonuria, can further increase the risk of TOF [101]. Overall TOF re-
sults from a complex interplay of genetic mutations, epigenetic factors, and environmental
influences. A schematic representation of the genetic and pathophysiological features of
TOF can be found in Figure 7.

Figure 7. Genetic cause and pathophysiology of tetralogy of Fallot.

2.6.2. Impact on the Heart and Cardiovascular System

The clinical variability in TOF is associated with both genetic background and the
degree of right ventricular outflow tract obstruction [99]. In TOF, infants with milder
right ventricular outflow tract (RVOT) obstruction may initially have a left-to-right shunt
through the ventricular septal defect, presenting with little or no cyanosis. As the obstruc-
tion worsens, right-to-left shunting occurs, leading to cyanosis and the development of
Eisenmenger syndrome [105,106]. Moreover, specific associated gene variants can result in
additional structural abnormalities, such as an atrial septal defect. In the context of TOF, the
co-occurrence of an atrial septal defect frequently is observed in Down syndrome, termed
pentalogy of Fallot [107,108]. The combination of the four anatomical defects in TOF results
in significant alterations to cardiac physiology, leading to chronic insufficient oxygenation
of the blood [106]. The VSD allows for the mixing of oxygenated and deoxygenated blood,
while pulmonary stenosis obstructs blood flow to the lungs, leading to right ventricular
hypertrophy due to the increased workload. The overriding aorta receives blood from both
ventricles, which further exacerbates systemic hypoxia. These anatomical and physiological
abnormalities can lead to complications such as arrhythmias, heart failure, and reduced
exercise capacity, which if left untreated may become incompatible with life. The develop-
mental background is based on the structural abnormalities resulting from an anterior and
superior deviation of the infundibular septum during fetal phase, leading to misalignment
of the ventricular septum and an overriding aortic root [98]. The four characteristic cardiac
anomalies are illustrated in Figure 8.
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Figure 8. Tetralogy of Fallot. The diagram shows a heart with the 4 characteristic congenital cardiac
anomalies.

2.6.3. Symptoms and Clinical Presentation in Children

Children with TOF often present with the first symptoms within the first few months
of life. Infants may initially be asymptomatic, depending on the degree of malformation,
but typically develop signs of heart failure by around six months of age. Cyanosis is often
the earliest clinical manifestation in the tetralogy of Fallot, its severity correlating with
the degree of right ventricular outflow tract obstruction. Hypercyanotic spells, commonly
referred to as ‘Tet spells,’ are acute episodes of profound cyanosis precipitated by stres-
sors such as crying, feeding, or agitation. These episodes are characterized by hypoxia,
irritability, and represent one of the most critical complications associated with TOF [105].
These episodes lead to an increase in pulmonary vascular resistance and a simultaneous
decrease in systemic vascular resistance, further exacerbating the right-to-left shunt and
worsening systemic hypoxia [98]. Additional clinical manifestations may include feed-
ing difficulties, dyspnea, failure to thrive, and developmental or growth delays [109,110].
Physical examination commonly reveals a harsh systolic murmur best heard at the left
upper sternal border, corresponding to obstruction within the right ventricular outflow
tract. Chronic hypoxia may result in digital clubbing and features suggestive of right
ventricular hypertrophy may be present upon inspection or palpation [106,111]. Older
children with TOF often adopt a squatting position or flex their knees as a compensatory
mechanism. This posture increases systemic vascular resistance, which in turn diminishes
right-to-left shunting and enhances pulmonary perfusion and arterial oxygenation. Further-
more, patients may present with hyperviscosity of the blood secondary to compensatory
polycythemia and elevated hematocrit levels. This condition increases the risk of serious
complications, including cerebral thrombosis, paradoxical embolism, heart failure, and
cerebral abscesses [106,112].

2.6.4. Diagnosis and Management

The diagnosis of the tetralogy of Fallot typically involves transthoracic echocardiogra-
phy, which allows for visualization of the characteristic anatomical defects and assessment
of the pressure gradients across the right ventricular outflow tract. A chest X-ray may
reveal a ‘boot-shaped’ heart due to right ventricular hypertrophy and an upturned cardiac
apex. Electrocardiography (ECG) often demonstrates right axis deviation, right ventricular
hypertrophy, and signs of right atrial enlargement. Additionally, a hyperoxia test may be
performed to help distinguish cardiac from pulmonary causes of cyanosis. TOF can vary
in its presentation and time of diagnosis depending on the severity of the malformation.
The clinical presentation of TOF varies, ranging from asymptomatic cases in early infancy
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to overt cyanosis at birth; however, symptoms most commonly manifest within the first
weeks to months of life [98]. TOF and other conotruncal abnormalities are often detected
prenatally by fetal echocardiography, especially when routine screening raises concerns,
comprehensive fetal cardiac assessment is done [113].

Management of TOF primarily a complete surgical repair with closure of the VSD and
relief of the RVOT obstruction, typically performed within the first six months of life [114].
When the child’s condition and anatomy allow, early complete correction is preferred,
as it offers the best long-term outcomes. In contrast, palliative procedures are reserved
for critically ill neonates or those with very small pulmonary arteries. These include the
modified Blalock-Taussig (BT) shunt, where a surgical graft connects a systemic artery to
a pulmonary artery to increase blood flow to the lungs, and RVOT stenting, a catheter-
based technique that keeps the natural outflow tract open to improve blood flow. These
approaches provide vital short-term support, but do not replace the need for complete
repair [115,116]. The procedure includes closure of the VSD and relief of the pulmonary
stenosis. Before surgery, high doses of prostaglandins are given to maintain patency
of the ductus arteriosus and keep an alternative route for blood flow, hence improving
oxygenation [117]. Postoperative management of TOF requires lifelong follow-up, due
to the risk of late complications such as arrhythmias, pulmonary regurgitation, and right
ventricular dysfunction. Advances in surgical techniques have significantly improved long-
term outcomes, resulting in enhanced life expectancy and quality of life for individuals
with TOF [118].

3. Conclusions
Congenital genetic cardiac diseases in the pediatric population encompass a broad and

diverse spectrum of phenotypic manifestations, shaped by complex interactions between
genotype and environmental factors. Key pediatric cardiac diseases are summarized in
Table 1. The six disorders discussed span from syndromic diseases like Marfan and Noonan
to non-exclusively syndromic isolated cardiomyopathies such as hypertrophic and dilated
forms. Collectively they underline the crucial impact of accurate and early diagnosis,
clinical evaluation and the start of early management in pediatric cardiology.

Table 1. Summary of Key pediatric genetic cardiac diseases.

Disorder Genes Involved Main Cardiac
Features

Diagnostic
Approach Management Highlights References

Marfan
Syndrome

Autosomal
dominant; FBN1
mutations

Aortic root
dilation, mitral
valve prolapse

Ghent criteria;
genetic testing

β-blockers, ARBs,
surgical repair if >50 mm
aortic dilation

[3–16]

Noonan
Syndrome

Autosomal
dominant;
PTPN11, RAF1,
RAS/MAPK genes

Pulmonary
stenosis,
hypertrophic
cardiomyopathy
(HCM)

Clinical features +
gene panel

Cardiac surgery,
β-blockers, GH therapy
in short stature

[17–29]

22q11.2
Deletion
Syndrome

Microdeletion at
22q11.2; affects
TBX1

Conotruncal
defects: TOF,
truncus arteriosus,
VSD

FISH, MLPA, CMA

Surgical correction,
immune and endocrine
monitoring, calcium/
Vitamin D replacement

[30–42]

Duchenne
Muscular
Dystrophy

X-linked; DMD
gene mutations

Dilated
cardiomyopathy
(DCM),
arrhythmias

Genetic testing,
CMR, elevated CK

Steroids, ACE inhibitors,
ARNi, ICDs,
exon-skipping therapy

[43–60]
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Table 1. Cont.

Disorder Genes Involved Main Cardiac
Features

Diagnostic
Approach Management Highlights References

Hypertrophic
Cardiomyopathy

Mostly autosomal
dominant; MYH7,
MYBPC3

Left ventricular
hypertrophy,
LVOT obstruction

Echocardiography,
MRI, genetic
testing

β-blockers, ICD for SCD
prevention, septal
myectomy or ablation

[61–96]

Tetralogy of
Fallot (TOF)

Multifactorial;
linked to 22q11.2,
JAG1, NKX2.5

VSD, RVH,
overriding aorta,
pulmonary
stenosis

Echo, CXR, ECG;
prenatal
ultrasound

Early surgical repair,
prostaglandins pre-op,
lifelong cardiology
follow-up

[97–118]

Early detection is the key in reducing morbidity and mortality as well as ensuring
the improvement of quality of life in all of the mentioned conditions. Routine prenatal
screening for CHDs is typically performed using standard fetal ultrasound. In cases of high-
risk pregnancies, such as those with a family history of CHD, abnormal ultrasound findings,
suspected genetic syndromes, or maternal conditions known to affect cardiac development,
targeted fetal echocardiography is recommended. When a genetic syndrome is suspected,
prenatal genetic testing may be carried out additionally [119,120]. Recent advancements in
molecular and genetic diagnosis, fetal imaging, and surgical interventions have significantly
improved the targeted identification of pathological variants, helping direct prognosis,
surveillance, and therapeutic strategies. However, a comprehensive understanding of
the underlying genetic basis remains essential to further optimize diagnostic precision,
develop targeted therapies and needs to be ongoing to develop further with time. Another
critical component is the role of genetic counseling, in order to help families to understand
and cope properly with the diagnosis, by giving them the opportunity to learn about
inheritance pattern, recurrence risk, and their reproductive options. The management of
these disorders requires an individual and multidisciplinary approach, involving not only
cardiac but also extracardiac manifestations and psychosocial components.

Ongoing research into innovative new surgical interventions, new pharmacologic
therapies, device implantation, and advanced gene-targeted treatments offer promising
outcomes when applied at early stages and with a cohesive therapeutic plan.

Taken together, these advancements will deepen our understanding and enhance the
management of cardiogenic diseases. Future research should prioritize the development of
genotype-specific therapies, the potential application of gene-editing technologies, and long-
term follow-up studies to optimize care and treatment from the prenatal period through
adulthood, offering the potential to significantly alter the course of these diseases. The
incorporation of precision medicine into clinical care of pediatric cardiology will continue
to evolve, providing new opportunities for children born with genetic heart defects and
their families.
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