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Pediatric dilated cardiomyopathy (DCM) is a rare, yet life-threatening
cardiovascular condition characterized by systolic dysfunction with
biventricular dilatation and reduced myocardial contractility. Therapeutic
options are limited with nearly 40% of children undergoing heart transplant or
death within 2 years of diagnosis. Pediatric patients are currently diagnosed
based on correlating the clinical picture with echocardiographic findings.
Patient age, etiology of disease, and parameters of cardiac function
significantly impact prognosis. Treatments for pediatric DCM aim to ameliorate
symptoms, reduce progression of disease, and prevent life-threatening
arrhythmias. Many therapeutic agents with known efficacy in adults lack the
same evidence in children. Unlike adult DCM, the pathogenesis of pediatric
DCM is not well understood as approximately two thirds of cases are classified
as idiopathic disease. Children experience unique gene expression changes
and molecular pathway activation in response to DCM. Studies have pointed
to a significant genetic component in pediatric DCM, with variants in genes
related to sarcomere and cytoskeleton structure implicated. In this regard,
pediatric DCM can be considered pediatric manifestations of inherited
cardiomyopathy syndromes. Yet exciting recent studies in infantile DCM
suggest that this subset has a distinct etiology involving defective postnatal
cardiac maturation, such as the failure of programmed centrosome breakdown
in cardiomyocytes. Improved knowledge of pathogenesis is central to
developing child-specific treatment approaches. This review aims to discuss
the established biological pathogenesis of pediatric DCM, current clinical
guidelines, and promising therapeutic avenues, highlighting differences from
adult disease. The overarching goal is to unravel the complexities surrounding
this condition to facilitate the advancement of novel therapeutic interventions
and improve prognosis and overall quality of life for pediatric patients
affected by DCM.
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1 Introduction

Pediatric Dilated Cardiomyopathy (DCM) is a cardiac condition characterized by

systolic dysfunction with bi-ventricular and atrial dilatation with reduced myocardial

contractility (1). Most pediatric DCM patients initially present with symptoms of

congestive heart failure with associated electrical conduction disturbances or extra-cardiac
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abnormalities. Adults develop DCM as well, secondary to lifestyle,

genetics, and environmental exposures. There exists a robust body

of evidence supporting mortality-improving treatments in adult

DCM. The same basis of evidence does not exist for pediatric

DCM and much of treatment is extrapolated from studies on

adults. This paper focuses on the clinical and molecular

distinctions of the pediatric variant of DCM offering guidance

into diagnostic approaches, treatments plans, and research

discoveries within the field.
1.1 Purpose of review

This paper aims to offer a comprehensive review of pediatric

DCM, focusing on both clinical and biological aspects of the

disease. The significance of this review is underscored by the

current limited treatment options and poor prognosis for

patients diagnosed with pediatric DCM. This review highlights

recent findings within the field to shed light on the complex

pathophysiology of pediatric DCM and its genetic underpinnings.

The collective goal is to demystify this largely idiopathic disease,

offering hope for novel treatments and interventions to improve

the outcomes and quality of life for affected children.
2 Epidemiology

The prevalence of pediatric DCM is reported to be 0.57–1.13

cases per 100,000 individuals and account for approximately 50%

of all pediatric cardiomyopathies (2, 3). In infants less than one

year old, the prevalence rises to a striking 8.34 cases per 100,000.

This condition exhibits variations in prevalence across

demographics (per 100,000), with males (1.32) more affected than

females (0.92) and black patients (1.47) showing a higher rate of

disease than the white patients (1.06) (3). Geographical disparities

were also noted in a study with New England region (1.44) having

a higher prevalence than the Central Southwest region (0.98) (4).

These figures may represent an underestimation of actual disease

prevalence due to unexplained sudden deaths, emphasizing the

importance of further research into this condition (3).

Pediatric DCM predominantly affects children in the first two

years of life, with a median age of diagnosis at 1.5 years, and 41% of

patients being diagnosed within the first year (3, 4). The prognosis

for children diagnosed with pediatric DCM is grim, with nearly 40%

undergoing heart transplantation or dying within two years of

diagnosis (3). Additionally, the estimated financial burden to care for

pediatric DCMpatients in the US is $4–10 billion spent annually (5, 6).

Pediatric DCM may develop as a primary congenital condition

or derive secondary another malady that stresses the heart.

Common etiologies include inborn errors of metabolism,

syndromic causes, myocarditis, and familial cardiomyopathy (4).

Inflammation, toxicities, or inherited pathogenic variants may

also be central to DCM development (7). The majority of

pediatric DCM cases (66%–69%), however, remain idiopathic

(8, 9). These idiopathic cases are largely believed to stem from

underlying genetic abnormalities (10).
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The epidemiologic data in pediatric DCM differs from

that seen in adult DCM. For example, the incidence of DCM is

10-fold higher in adults (3, 4, 11). Critical differences in the

development of DCM account for these distinctions. First,

children have less exposure to chronic health habit-associated

risk factors that commonly lead to adult DCM. Co-morbidities,

which are less common in children, often impose damage to

cardiomyocytes in adults. Second, there is a longer latency period

for the clinical expression of the effects of genetic and

environmental factors on the heart. These factors are more

evident in adults due to their wider age span compared

to pediatrics (≤18 years old). This extended duration of exposure

provides adults with more opportunities to develop DCM (3).
3 Clinical presentation

Understanding the multifaceted clinical features of pediatric

DCM is essential for healthcare providers to expedite diagnosis,

institute timely treatment, and provide appropriate support for

pediatric DCM patients. Children with DCM manifest along a

spectrum of disease severity. A review of key findings from the

first 15 years of the Pediatric Cardiomyopathy Registry and

Heart Failure (PCMR): noted 71% of patients with Pediatric

DCM present with signs and symptoms of congestive heart

failure (CHF) and 27% are further classified as NYHA Class IV

heart failure (12). Symptoms can include dyspnea, feeding

difficulties and, in the most severe cases, sudden cardiac death

(SCD). In the National Australian Childhood Cardiomyopathy

Study (NACCS), which followed a cohort of 184 children with

pediatric DCM from 1987 to 1996, it was found that 5% of

cases are diagnosed following sudden cardiac death. Another 2%

were identified due to exercise intolerance or arrhythmias and

3% were detected by routine screening in those with family

history. On presentation to the hospital, 45% of the NACCS

patients required intensive care unit (ICU) admission. Given the

compromised cardiac function, clinicians deemed inotropic

support necessary in approximately 40% of cases to maintain

adequate circulation and perfusion. Additionally, clinical courses

of some patients were complicated with disease-related

comorbidities including renal failure, thromboembolic events,

and hepatic impairment (13). These data highlight the need

for vigilance in evaluating seemingly benign symptoms in

children to promote early detection and prevent acute CHF

exacerbations or SCD.
4 Pathologic & histologic findings

The pathological characteristics and histological findings of

pediatric DCM unveil a complex landscape of structural

alterations within the myocardium. Grossly, the chambers of the

heart are dilated, giving it a globular shape and increased weight.

The ventricular trabeculations of affected patients are notably

stretched and thin. The left ventricular (LV) endocardium and

myocardium undergo significant fibrotic thickening. Patchy
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fibrosis is a common finding and may derive from inflammatory

etiologies, such as myocarditis. Taken together, these structural

changes lead to impaired contractility and diminished compliance.

Additional clinical risk can be attributed to the fibrotic changes

creating a propensity for mural thrombus formation and

compounding the risk of thromboembolic events (1).

Histological characteristics seen in pediatric DCM include

nuclear enlargement, hyperchromasia, and intimal fibroelastic

thickening. Individual myocytes are stretched, thin, and wavy.

Inflammatory cell infiltrates may be seen on histology depending

on the etiologic basis of a patient’s DCM. Inflammatory cells,

particularly lymphocytes, present in significant quantities within

a sample, along with appropriate clinical context, suggest possible

myocarditis and should prompt further investigation for the

presence of viruses. Other inflammatory changes could also drive

these histologic findings and must be considered. Fibrotic

changes that result from these inflammatory processes can

subsequently alter cardiac function (1). The intricate pathological

and histological features of pediatric DCM offer clues into the

mechanistic processes & adaptive strategies driven by disease.
5 Diagnostic methods

Current diagnostic methods and tools employed in clinical

practice aim to supplement a thorough clinical history & physical

exam and provide valuable insights into the structural and

functional abnormalities of the heart in affected pediatric patients.

The 1995 World Health Organization/International Society

and Federation of Cardiology Task Force defined dilated

cardiomyopathy as dilatation and impaired contraction of the left

ventricle or both ventricles. It clarifies that the degree of

myocardial dysfunction must be independent of abnormal

loading conditions or extent of ischemic damage (14). The

American Heart Association (AHA) published a definition in

2019 specific to pediatric DCM, which maintains the same

essence, stating that pediatric DCM consists of a dilated LV with

systolic dysfunction. It further stipulates that the dilation and

dysfunction seen should not be secondary to physiologic or

anatomic hemodynamic changes associated with abnormal

loading conditions or ischemia, unless the morphofunctional

DCM phenotype is retained after appropriate intervention (2).

These defintions aim to emphasize the intrinsic impairment of

cardiomyocyte contractile function in the LV and exclude many

secondary processes that also cause LV dilation and systolic

dysfunction. The phenotype specific to LV dilatation with

associated systolic dysfunction in the absence of other reversible

or treatable pathology is critical in influencing clinical decision-

making. Dilatation specifically refers to left ventricular end-

diastolic diameter (LVEDD), while the systolic dysfunction is in

reference to EF or fractional shortening (15, 16).

Echocardiography is the fundamental diagnostic tool for the

initial evaluation of pediatric patients presenting with symptoms

suspicious of DCM. The diagnostic guidelines provide absolute

cutoffs for a disease that varies widely in severity. The diagnostic

criteria enumerated in a statement from the AHA detail LVEDD
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z-score >2 and left ventricular end-systolic diameter (LVESD)

z-score >2 as determined by echocardiography. The patient’s EF

can subsequently help determine the degree of systolic

dysfunction (2). While the guidelines provide an adequate basis

for diagnosis, other echocardiogram parameters influence a

clinician’s understanding of cardiac function. Notably, in a study

involving 1,426 pediatric patients diagnosed from 1990 to 2003,

echocardiography demonstrated a diminished fractional

shortening with z-score (−9.16), an increased LVEDD Z-score

(4.17), an elevated LV mass Z-score (2.34). DCM patients LV

end-diastolic posterior wall thickness and septal wall thickness

were found to be comparable to those of non-DCM patients (3).

The clinically important echocardiographic finding is impaired

LV function as evidenced by diminished fractional shortening,

ejection fraction (EF), LVEDD size, and hypokinesis, among

other markers to indicate the presence and degree of dysfunction.

Cardiac Magnetic Resonance (CMR) is another valuable

diagnostic tool, although diagnosis of pediatric DCM generally

does not require its usage. CMR offers a comprehensive

assessment of cardiac structure and function and is particularly

useful for determining the presence and pattern of fibrosis. In

most situations, patients present with symptoms of pediatric

DCM. These symptoms are sequelae of cardiac dysfunction and,

therefore, echocardiography should be sufficient to establish a

diagnosis. There are certain instances, however, where CMR

reveals developing cardiac dysfunction in advance of symptoms

or echocardiographic changes. Neuromuscular disorders are one

such example. A cohort of Becker muscular dystrophy (BMD)

underwent cardiac evaluation by echocardiogram & CMR with

late gadolinium enhancement (LGE), a technique that shows

regions of myocardial fibrosis. With echocardiogram imaging,

only 53% showed impaired LVEF, while with CMR imaging, 73%

showed evidence of LGE (17). Duchenne muscular dystrophy

(DMD) patients also showed LGE on CMR before

echocardiogram changes were found (18, 19). By technical

definition, without changes to cardiac physiology, these would

not yet be classified as DCM. However, given the imminent

development of pediatric DCM with these progressive diseases,

measures to prevent or delay adverse cardiac remodeling must be

considered. Strain analysis is another technique that has shown

promise on echocardiogram and CMR in detecting maladaptive

physiology before symptoms present (20). Additionally, while

CMR is not often necessary in the initial diagnosis of pediatric

DCM, it can provide insight into the etiology, including

myocarditis, inflammation, myocardial edema, and iron overload

(21). Other modalities for diagnosis are not often needed and

should be selected on a patient-specific basis.

The definition and diagnostic criteria of pediatric DCM

provide absolute measures which are useful for classification of

patients as diseased or not. Absolute measures for pediatric

DCM, however, oversimplify a complex disease and should not

substitute for the nuance observed in clinical practice. These

metrics are meant to provide basic framework from which

clinicians must consider additional factors to assess whether a

child is at risk for symptoms, progression, or complications

related to cardiac dysfunction.
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6 Screening

Screening for pediatric DCM facilitates early detection and

intervention to avert adverse outcomes. Echocardiography is the

most utilized screening method recommended in individuals with

a familial history of DCM, inborn errors of metabolism,

neuromuscular disorders, and malformation syndromes associated

with DCM (7). The Heart Failure Society of America in

collaboration with the American College of Medical Genetics and

Genomics offers screening recommendations that are tailored to

different age groups and risk profiles. For children with a first-

degree relative affected by DCM, the guidelines suggest annual

screening for children aged 0–5 years, followed by screening every

1–2 years for those aged 6–12, and every 1–3 years for children

aged 13–19 (22). A study examining the family members of

59 patients with idiopathic pediatric DCM demonstrated that

20.3% of families had at least one family member who displayed

echocardiographic findings consistent with DCM (23). Given

these results, the Heart Rhythm Society (HRS) and the European

Heart Rhythm Association (EHRA) recommend genetic testing of

at-risk first-degree relatives. Therefore, genetic testing and

echocardiogram screening of at-risk first-degree family members

of index cases is recommended. Individuals with idiopathic

disease should undergo genetic testing for potential causative

mutations as well (24). The list of genetic mutations associated

with pediatric DCM continues to expand rapidly and the genetic

panels should include mutations reflecting this growth.
7 Cellular distinctions between
pediatric & adult dilated
cardiomyopathy

Pediatric dilated cardiomyopathy and its adult counterpart

exhibit distinctions at the clinical and molecular levels. DCM is

much more prevalent in adults, which reflects the cumulative

effects of co-morbid disease and lifestyle & environmental

exposures. From a diagnostic perspective, the approach to each

patient requires vigilance for common heart failure presentations

matched with relevant echocardiographic data. Treatment options

employed by physicians are similar among children and adults;

however, their efficacies in each group are different. These

differences are accounted for by the distinct molecular pathways

and histopathological changes as a child’s hearts adapt to the

dysfunctional physiology imposed by DCM. By emphasizing

these distinctions, the aim is to demonstrate the basis of how

clinical management of pediatric DCM patients should differ

from that of adults.
7.1 Molecular distinctions

A study examining explanted hearts from children and adults

with idiopathic DCM demonstrates a downregulation of β1 and

β2 adrenergic receptors on cardiomyocytes, whereas adults
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maintain β2 receptor expression. This β2 pathway is known to

have both cardiostimulatory & cardioinhibitory actions that affect

cardiac remodeling (25, 26). Along the β-adrenergic pathway

there is also a decrease in cyclic adenosine monophosphate

(cAMP) levels in both pediatric & adult DCM, however, the

extent of decrease varied. The cAMP levels in children remained

significantly higher than those in adults. Additionally, there is an

upregulation of connexin43 expression in pediatric patients and a

corresponding downregulation in adults (27). Connexin43

encodes a gap junction protein critical for the passage of small

ions & metabolites between neighboring cardiac cells (28). No

change in phosphatase expression is seen in pediatric DCM, while

there is an increase in adults (27). The specific phosphatases

studied, PP2A & PP1β, play a role in the excitation-contraction

coupling of cardiac muscle (29). Furthermore, decreased

phosphorylation at the Ser16 or Thr17 sites of phospholamban

was not found in pediatric hearts. Phospholamban is a key

regulator of sarcoendoplasmic reticulum calcium ATPase

(SERCA) activity & cardiac contractility, known characteristics

that disrupt healthy physiology in adult heart failure (27, 30).

At the gene expression level, mRNA profiles also differ with

specific genes showing age-dependent expression patterns. RNA

sequencing of DCM cardiomyocytes showed a 2-fold increase in

387 mRNA in children compared to 223 mRNA in adults. Genes

known to be involved in pathologic cardiomyocyte hypertrophy,

such as NPPA, MYH7, MYBPC3, ACTC1, TPM1, DES, LMNA,

MYL3, MYLK3, PLN, GDF15, and MEF2, were found to be

upregulated in adults. Further, MYH6, another contributory gene

that decreases pathologic cardiomyocyte hypertrophy was

downregulated in adults as compared to children with DCM.

This study then proceeded to investigate molecular pathways that

are known effectors of cardiac remodeling in DCM. In adult

DCM, there was upregulation of oxidative reduction, fatty acid

metabolism, responses to endogenous stimuli & organic

substances, and inflammatory wound response pathways. In

pediatric DCM, pathways involved in cell adhesion, ion

transport, transmembrane transport, and visual perception were

upregulated. These differences are directly reflective of more

robust adaptive capabilities of young cardiac tissue.
7.2 Histopathological distinctions

Pathological changes in pediatric DCM are distinct from those

in adult DCM. Children have been shown to experience less adverse

cardiac remodeling compared to adults as measured by cardiac

fibrosis, cardiomyocyte hypertrophy, inflammation, and capillary

loss (31–33). Children with DCM exhibit no significant change in

myocyte cross-sectional area and sarcomere thickness, while

adults demonstrate an increase in each (33). Histological

examinations reveal distinct patterns of fibrosis. Pediatric patients

predominantly exhibit patchy fibrosis within the myocardium

compared to an accentuated perivascular fibrosis in adult

populations. Further, pediatric patients exhibit a significantly

higher myocarditic index, a value influenced by the severity of

interstitial fibrosis, size variation of myocytes, disarrangement of
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muscle bundles, and amount of mononuclear cell infiltration (34).

Separate inflammatory processes and structural derangements

within the myocardium may explain this difference. Pediatric

patients with poor prognosis were found to have more

myocytolysis and/or fragmentation of muscle bundles. Further,

myocardial hypertrophy with disorganization was seen in 30% of

pediatric patients and none of the older adult patients. These

distinctions suggest disease-related variations in DCM pathogenesis.

Understanding these pathologic processes that occur pediatric

DCM and adult DCM is paramount for tailored research

endeavors, clinical management, and therapeutic strategies. The

evidence presented above stresses the need for further

exploration into the molecular physiology at play in the response

of pediatric cardiac tissue to DCM. Deeper insight into the

complex interplay of molecular, clinical, and pathological

differences will then direct more effective age-specific therapeutic

approaches to DCM.
8 Etiology

The pathogenesis of pediatric dilated cardiomyopathy

encompasses a diverse array of causative and etiological factors.

These range from genetic predispositions causing primary disease

to inflammatory & metabolic derangements leading to secondary

DCM. Any condition that contributes to significant LV volume

stress in children can account as a causative factor given the

nature of disease pathogenesis, so this review will focus on the

more notable etiologies (Table 1). In a comprehensive

examination of 261 cases, the etiological distribution was as

follows: Idiopathic cases accounted for the majority at 76%,

indicating that the precise cause remains unknown in a

significant proportion of cases. Myocarditis was the cause in 12%

of cases, highlighting the role of inflammatory processes in the

development of DCM. Familial isolated cardiomyopathy was

responsible for 7% of cases, emphasizing the hereditary

component in disease development. Neuromuscular disorders

contributed to 3% of cases, with a notable presence of conditions

such as Duchenne and Becker muscular dystrophy. Metabolic

factors were implicated in 1% of cases, emphasizing the

significance of inborn errors of metabolism in a small subset of

patients. Additionally, DCM was found to co-occur with

recognized malformation syndromes in 1% of cases, underscoring

the potential interplay of genetic factors. Among this group, a
TABLE 1 Major etiologies of pediatric dilated cardiomyopathy. Singh et al.
(35), Towbin et al. (3).

Etiology Singh et al.
(n = 261)

Towbin et al.
(n = 1,426)

Idiopathic 76% 66%

Myocarditis 12% 16%

Familial cardiomyopathy 7% 5%

Neuromuscular disorders 3% 9%

Inborn errors of
metabolism

1% 4%

Syndromic 1% 1%
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family history of cardiomyopathy was present in 26% of cases

while 13% had a family history of sudden cardiac death,

indicating the necessity for early detection to drive early

preventative interventions (35).

In a larger cohort of 1,426 cases, the etiological distribution

revealed similar trends. Idiopathic cases accounted for the

majority, representing 66% of the cases. Myocarditis was

responsible for 16% of cases and neuromuscular diseases,

primarily Duchenne and Becker muscular dystrophy, contributed

to 9% of cases. Familial DCM was the cause in 5% of cases, and

the genetic basis was further delineated, with 68% following an

autosomal dominant inheritance pattern. Further genetic testing

revealed two families with delta-sarcoglycan gene mutations and

two families with Z-band alternatively spliced PDZ domain

protein (ZASP) gene abnormalities. Further characterization of

familial pediatric DCM displayed 24% of disease is related to

autosomal recessive inheritance and 2% is X-linked inheritance.

Tracking causative mutations of X-linked inheritance showed one

patient with a dystrophin mutation and another with a tafazzin

mutation. Additional gene mapping suggested 6% of familial

DCM patients display a complex phenotype of LV

noncompaction (3). Regarding inheritance, mitochondrial

inheritance can also play a significant role in the development of

pediatric dilated cardiomyopathy (1). Inborn errors of

metabolism were responsible for 4% of cases with 46% of these

patients displaying mitochondrial disorders, 24% with Barth

syndrome, and 11% displaying systemic carnitine deficiencies.

Additionally, 1% of cases were associated with malformation

syndromes, with Alström syndrome (33% of syndromic patients)

being a prominent contributor (3). Cardiotoxic agents,

particularly anthracyclines, are another source that can potentiate

DCM disease in children. Other etiologies that present with LV

dilatation and systolic dysfunction are critical to consider in the

appropriate clinical contexts including endocrine diseases,

autoimmune diseases, infiltrative diseases, and nutritional

deficiencies (36, 37). These findings illustrate the wide range of

etiologic influence on DCM. Prognosis of disease is impacted by

these factors and therapy should be assigned accordingly. With

further insight into the genetic pathogenesis of pediatric DCM,

targeted therapies can contribute to improved prognosis.
9 Genetics

The genetic landscape of pediatric dilated cardiomyopathy

encompasses a broad spectrum of mutations that play a pivotal

role in the onset and progression of this disease. These genetic

underpinnings outline the initial malady of a cascade toward

phenotypic presentation of pediatric DCM. The most frequent

mutations impact the sarcomere, cytoskeleton, sarcolemma, ion

channels, or intercellular junctions (10). Prevalence and time of

phenotypic appearance of each gene varies. Many of these

proteins account for manifestations of pediatric or adult DCM

depending on specific mutations and extent of phenotypic

expression. The following discusses a select list of mutations that

have been discovered to contribute to pediatric DCM (Table 2),
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TABLE 2 Select proteins implicated in disease pathogenesis of pediatric
dilated cardiomyopathy.

Protein family Implicated genes
Sarcomeric proteins Actin: ACTC1, ACTC2

Actin-binding protein: ACTN2, FLNC, NEXN

Myosin: MYH6, MYH7

Myosin-binding protein: MYBPC3

Titin: TTN

Tropomyosin: TPM1

Troponin: TNNT2, TNNC1, TNNI3

Nuclear protein Lamin: LMNA

Thymopoietin: TMPO/LAP2

Ion channels & transport proteins Junctophilin: JPH2

Phospholamban: PLN

Sodium Channel: SCN5A

Cytoskeletal & ECM proteins Desmin: DES

Desmoplakin: DSP

Dystrophin: DMD

Fukutin: FKT

Laminin: LAMA4

LIM domain binding protein: LDB3

Metavinculin: VCL

Rotatin: RTTN

Other Proteins BCL2-associated protein: BAG3

RNA-binding motif protein: RBM20

Malinow et al. 10.3389/fped.2024.1404942
but many others exist and even more have yet to be discovered.

Additionally, the subdivision of proteins by purpose is fluid as

many proteins help multiple systems function properly.
9.1 Sarcomeric proteins

Sarcomere gene mutations are estimated to contribute to

35%–40% of pediatric DCM cases (38). In a 2011 study

reviewing evidence of pediatric DCM genes, several have been

identified with compelling evidence of their involvement. These

genes include TPM1 (encoding tropomyosin), which is associated

with 32% of cases, and TNNT2 (encoding cardiac troponin T),

implicated in 21% of cases. Additional genes encoding cardiac

sarcomere or cytoskeletal proteins, such as MYBPC3, MYH6,

MYH7, TNNC1, and TNNI3, were seen to be significantly

associated with DCM (39). There are many prominent

sarcomeric proteins implicated in familial disease—with varying

levels of evidence—acting on different parts of the sarcomere.

These include myosin proteins (MYH6 (40), MYH7, MYBPC3

(41)), actin proteins [ACTC1, ACTC2 (42)], tropomyosin protein

[TPM1 (43)], cardiac troponins (TNNT2 (44), TNNC1 (45),

TNNI3 (46)), actin-binding proteins (actinin a2 (47), filamin C

(48), nexilin F-actin-binding protein (49, 50)). Sarcomeric

protein mutations understandably limit cardiac force generation

and transmission, contributing to eventual volume overload and

subsequent DCM (51, 52). The TTN gene, for example, is a

sarcomeric gene responsible for encoding titin. A study

examining its role in DCM development reported truncation was

found in 25% of familial DCM cases and 18% of idiopathic

DCM within their study population. Titin presence in the

sarcomere is critical to maintenance of passive force and
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elasticity necessary for proper diastolic and systolic function.

Inadequate function leads to pediatric DCM sequelae (53).
9.2 Nuclear proteins

LMNA and TMPO (LAP2), are implicated in −8% and −1% of

cases, respectively (54, 55). These genes encode nuclear envelope

structures. The pathogenesis of nuclear protein mutations to

development of DCM is not well understood. Lamin A and C

are known to have diverse cellular functions. One proposed

mechanism suggests that LMNA mutations cause cellular and

tissue fragility, especially in mechanically stressed tissues like the

heart and muscles (56). A-lamins also play essential roles in

chromatin organization, signal transduction, differentiation,

repair, and anchoring lamin-binding proteins (57). Disruptions

in any of these processes can lead to cell damage, apoptosis, and

impact cardiac and muscle function.
9.3 Ion channels & transport proteins

Genes like SCN5A and PLN are associated with sodium channel

function and calcium pump inhibition (58, 59). SCN5A is noted to

contribute to 1.7% of cases of familial DCM among the Familial

Cardiomyopathy Registry (60). Junctophilin-2 mutations (JPH2)

disrupt interactions between the cardiomyocyte sarcolemma and

sarcoplasmic reticulum, necessary for efficient calcium release in

excitation-contraction coupling. Improper ion concentration

intracellularly or improper transfer of ions between cells will lead

to weak or dyssynchronous contractions. Impaired contractility

leads to muscular remodeling of the LV that progresses to DCM.
9.4 Cytoskeletal & extracellular matrix
proteins

Proteins involved in structural integrity of individual

cardiomyocytes and cardiac tissues can be contributory to disease

development. Mutations in the desmin protein (DES) disrupt the

structural integrity of cardiac muscle cells, leading to myofibrillar

disarray and cell damage (61). LDB3 mutations (Cypher/ZASP

proteins) impact sarcomere assembly, leading to impaired

contractility and myofibrillar disorganization (62). Dystrophin

mutations (DMD) weakens the structural stability of cardiac

muscle cells, making the heart more susceptible to DCM (63).

Metavinculin mutations (VCL) disrupt the linkage between the

sarcomere and the sarcolemma, leading to impaired contractile

function and cellular damage (64). Disruptions of information

sensing extracellular matrix proteins can affect signal pathways as

seen with LAMA4 (Lamin α4) and FKT (Fukutin) mutations

(65, 66). Mutations in the desmoplakin gene (DSP) disrupt

desmosomes, leading to weakened cell-cell adhesion and structural

instability in cardiac muscle cells (67). Recent discoveries linking

dysfunctional centrosomal reduction to pediatric DCM has led to

consideration of a novel set of proteins involved in the disease.
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During maturation cardiomyocytes shift their microtubule-

organizing complexes from the centrosome to its perinuclear

location. Gene mutations encoding proteins that direct this

reorganization, such as the studied RTTN mutation, leads to

misaligned microtubules, and thus impaired cardiac contractility

(68). The exact pathogenesis of these mutations is incompletely

understood, but from a large-scale perspective, impaired structure

will prevent optimal force generation. This process leads to

ventricular fluid retention developing into eventual DCM.
9.5 Other proteins

BAG3 (BCL2-associated athanogene 3) is an anti-apoptotic

protein located at the Z-disc of cardiac muscle cells. It plays a

critical role in preventing apoptotic cell death induced by

mechanical stress, a vital function in maintaining cardiac

structural integrity (69, 70). RBM20 (RNA-binding motif protein

20) is involved in RNA splicing and has been associated with

DCM development. Mutations in RBM20 can lead to aberrant

splicing of cardiac genes, affecting the function of key cardiac

proteins and contributing to DCM pathogenesis in both pediatric

and adult populations (71).

The mechanisms by which individual genetic mutations disrupt

normal physiological function exhibit substantial variability.

Nevertheless, these distinct pathways collectively contribute to the

pathogenesis of pediatric dilated cardiomyopathy (DCM). A

theoretical construct proposed by Towbin and Bowles postulates

the existence of a “final common pathway” that serves as a pivotal

point in the pathogenesis of DCM associated with various genetic

mutations. In essence, this concept suggests that the commonality

among these diverse mutations lies in the impairment of the

transmission of contractile forces from the sarcomere through the

extracellular matrix, consequently compromising the normal

physiologic response of sarcomeres to stretch (72). The elucidation

of underlying pathogenic mechanisms remains a dynamic field

of study. Research into these pathways open new avenues

for understanding the pathogenesis of idiopathic dilated

cardiomyopathy. Emerging perspectives offer fresh insights into

the intricate web of genetic factors underpinning the condition

and, in time, may offer novel targets for therapeutic approaches.

These findings underscore the importance of continually

advancing our understanding of the genetic determinants of

pediatric DCM.
10 Infantile dilated cardiomyopathy

Infantile dilated cardiomyopathy (iDCM), a subset of pediatric

dilated cardiomyopathy, is characterized by presentation of heart

failure during the perinatal period. Presentation of DCM during

this window has been associated with poor prognoses and many

of these patients will eventually require a heart transplant (2, 38,

73–75). Thus, there is a significant need to understand the

etiology of iDCM to aid in diagnosis, guide genetic counseling,

and develop therapeutics.
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A well-studied biological process that is co-occurring during

this perinatal window, known as cardiomyocyte maturation, is

characterized by a sequence of structural and functional changes

which equip the cardiomyocyte to support postnatal life (i.e.,

cardiomyocyte hypertrophy, sarcomere organization, cessation of

proliferation) (76). Significant interest has been invested into

understanding this process in the context of stem cell derived

cardiomyocytes, as impaired maturation limits their utility in cell

therapy and disease modeling (77–79); however, whether defects

in this process are linked to human cardiac disease is relatively

under studied.

Based on the temporal correlation between iDCM presentation

and onset of cardiomyocyte maturation, our group hypothesized

that maturation may be implicated in at least a subset of cases of

iDCM. The Hong lab recently identified a patient who presented

as an infant with heart failure and was eventually diagnosed with

an isolated, non-syndromic case of iDCM (68). Through use of

various sequencing approaches, stem cell derived cardiomyocyte

and in vivo models, causal compound heterozygous mutations

were identified in a gene called RTTN, which encodes the protein

Rotatin, a component of the centrosome. Interestingly,

maturation of cardiomyocytes with these mutations were notably

immature, likely secondary to the affected centrosomes and

cytoskeletal disarray. This data leads to consideration that

immature cardiomyocytes were underlying the patients iDCM,

offering a potential therapeutic avenue if such cardiomyocytes

would be able to be coaxed into maturity. Previous work looking

into Alström syndrome provides support to this hypothesis. A

study which investigated mutation of the centrosome gene ALMS

showed increased cell cycling of cardiomyocytes, perhaps also

suggestive of impaired maturation in Alström syndrome related

iDCM (80). Continuing efforts into understanding the

cardiomyocyte maturation process, in particular how the

centrosome is involved, may aid in elucidation of the key

pathogenic mechanisms behind iDCM, pediatric, and adult DCM.
11 Prognosis

A complex interplay of clinical, genetic, and therapeutic factors

contributes to varying prognoses of pediatric DCM. These distinct

aspects of individual DCM disease lend insight into the more

personalized therapeutic strategies. Broadly, the degree of

ventricular dysfunction and cardiac remodeling is the central

factor through which other variables affect prognosis.

Aspects of disease predictive of disease normalization, survival,

transplant, and death were researched across a spectrum of

pediatric DCM patients. A study of 741 DCM individuals in the

PCMR demonstrated that younger children and those with lower

LVEDD z-scores were found more likely to normalize to non-

DCM cardiac function at 2 years after diagnosis (81). A

systematic review of clinical studies following outcomes of

pediatric DCM patients noted consistent findings of greater

survival in those with younger age a diagnosis, higher LV

fractional shortening, higher LVEF, elevated left ventricular end-

diastolic pressure (LVEDP), and presence of myocarditis (82).
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TABLE 3 Etiology-based transplant-free survival rates of pediatric DCM
patients at 1-year, 5-year, 10-year, respectively (88).

Pediatric DCM etiology n 1-year
survival

5-year
survival

10-year
survival

All 1,426 69% 54% 46%

Idiopathic 941 61% 47% 42%

Myocarditis 222 79% 73% 60%

Neuromuscular disorder 125 83% 52% 26%

Familial 66 81% 59% 59%

Inborn error of metabolism 54 84% 78% 78%

Marfan syndrome 15 91% 76% 76%
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Increased LVEDD was a significant predictor of increased cardiac

transplantation but not death (83). Conversely, short stature was

predictor of death but not transplantation (9). Clinical predictors

of death from idiopathic DCM included dyspnea, reduced pedal

pulses, and NYHA functional class IV. Predictors of death based

on imaging technique included maximal cardiothoracic ratio and

pulmonary congestion on chest x-ray; right atrial overload,

ventricular arrhythmias, and elevated heart rate (HR) on ECG;

and grade 3 or 4 mitral regurgitation, increased left atrium/aortic

ratio, and lower LVEF on echocardiography (83).

The only definitive treatment of a failing DCM heart is

transplantation. Therefore, disease prognosis can be highly

impacted by time of listing and organ availability. A study

merged the PCMR and the Pediatric Heart Transplant Study

(PHTS) pediatric DCM databases to investigate these factors. Of

261 children included, the median age at diagnosis is 2.5 years

old with 43.1% diagnosed within the first year of life. The

median age at the time of listing is 3.7 years old and the median

age at the time of transplant is 5.4 years old. After diagnosis,

listing took place within a median of 1.9 months. Of those listed,

80% of patients underwent transplant by a median of 0.8

months. At the time these children with DCM were listed for

transplant, 92% were hospitalized, 71% were on IV inotropes,

30% required assisted ventilation, 9% were on extracorporeal

membrane oxygenation (ECMO), and 4% were using a

ventricular assist device (35). While waiting for transplant, 11%

(29/261) patients died, predominantly from multiorgan failure

and CHF (84). Inherently, there are risks to transplantation as

well with 13 patients dying within 6 months of their transplant

operation (35).

A separate cohort including 1426 DCM patients, determined

similar median ages of diagnosis, listing, transplant, and death

(1.5 years old, 4.0 years old, 4.8 years old, and 3.0 years old,

respectively). These data can be contextualized by considering

the occurrence of heart transplantation at 1, 3, and 5 years after

diagnosis, which stands at 22%, 27%, and 29%, respectively (85).

Among 1,199 pediatric DCM patients in the 1990s and 754

patients in the 2000s recorded in the PCMR database, the rates

of normalization, as determined by echocardiography, were 30%

and 27%, respectively, while the rates of transplantation were

24% for both decades. Similar results were seen in children with

the idiopathic subtype of DCM with 22% recovering normal LV

function, 27% having persistent disease, and 51% undergoing

transplantation or death (81).

At 12 months after listing for transplant the mortality among

patient differed by prior therapy. A 26% mortality was found for

those on mechanical ventilation or circulatory support compared

to 16% on inotropes and a 9% mortality when neither therapy

was required (86). Prior therapy, however, is likely a marker of

disease severity. Nonetheless, disease severity has a notable

impact on survival. Undergoing transplant, however, dramatically

alters prognosis. After transplant the survival rate at 1-year is

92% and at 5-years is 80% (86, 87). Transplant, of course, is not

without inherent danger and limitations.

The overall survival rates for pediatric DCM at 1, 2, 5, and

10 years from diagnosis were determined to be 87%, 83%, 77%,
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and 70%, respectively (3). These survival rates represent those of

pediatric DCM patients independent of etiology and

interventions. Different etiologies, however, impart varying

prognosis related to pathologic course, disease comorbidities, and

therapeutic options. A review of prevalent causes of pediatric

DCM showed 5-year survival of familial DCM (94%),

myocarditis (92%), inborn errors of metabolism (86%), and

neuromuscular disorders (57%) (3). Similar distinctions exist for

transplant-free survival data (Table 3) (88).

Sudden cardiac death (SCD) is a particularly feared

complication of pediatric DCM. A study of 1,803 pediatric DCM

patients, the 5-year rate of non-SCD-related deaths was 12.1%,

while a notable 2.4% experienced SCD. Further evaluation of the

SCD group demonstrated higher rates of CHF at presentation,

increased anti-arrhythmic therapy use at 1 month, and smaller

LV posterior wall thickness (85). These distinctions prompt

potential specialized therapeutic consideration of AICDs in

patients at risk. A review of the PCMR data displayed death

from SCD in 12% of patients. While this percentage of SCD

occurring merits strong preventative efforts, this value is

significantly less than that of adults with non-ischemic DCM (12).

The prognosis of pediatric DCM is influenced by the age of

onset, the degree of structural disease at presentation, and disease

etiology. Prognostic factors encompass a wide range of clinical

and diagnostic indicators. Advancements in resuscitation,

supportive therapies, and/or adult-based chronic heart failure

treatments are believed to have contributed to improving survival

rates in pediatric DCM over time (89). A comprehensive

understanding of these prognostic factors is essential for accurate

communication with families and determining optimal

management of pediatric DCM patients.
12 Treatment strategies

The objective in treating pediatric dilated cardiomyopathy is

threefold: (1) manage congestive heart failure symptoms, (2)

mitigate progression of structural heart disease, and (3) avert life-

threatening arrhythmias. The AHA guidelines for treating

pediatric heart failure with reduced ejection fraction (HFrEF)

provide a comprehensive framework to assist with therapeutic

decision-making. These guidelines categorize treatment

modalities based on the degree of evidence specific to children

(pediatric DCM relevant recommendations are in Supplementary
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Table S1) (90). Certain individuals may necessitate deviation from

therapeutic guidelines based on patient-specific factors. It is

imperative to emphasize the scarcity of randomized controlled

trials in the realm of pediatric DCM treatment, primarily

attributable to low disease frequency.

Irrespective of guidelines, therapies for children with DCM

vary by prescriber, symptoms, and specific disease pathology.

Therapeutics started at the time of initial pediatric DCM diagnosis

showed anti-congestive therapy (82%), angiotensin-converting

enzyme inhibitors (ACEi) (64%), anti-arrhythmics (38%),

β-blockers (4%), and calcium channel blockers (3%), ECMO (3%),

VAD (2%), pacemaker or balloon pump (1%) (3). A 2011 review

of the PCMR revealed patients 1 month after diagnosis to be on

anti-HF therapies, including digoxin, diuretics, or both, (84%),

ACEi (66%), and β-blockers (4%) (12). Additionally, 16% were on

IV inotropes 1 month following diagnosis (91). Fortunately,

mortality rates of pediatric DCM have decreased over time as a

result of new management paradigms (92). Recent research &

drug development in adults with HFrEF has provided valuable

insights into the pharmacological advantages of targeted therapies.

This knowledge is derived from extensive, large-scale, randomized,

placebo-controlled clinical trials, shedding light on the incidence

of hospitalization, morbidity, and mortality associated with these

treatments. These demonstrated ACEi/ARBs, angiotensin receptor/

neprilysin inhibitors, β-blockers, mineralocorticoid receptor

antagonists, ivabradine, sodium-glucose cotransporter 2 inhibitor

to be significant reducers of hospitalization and/or mortality (93).

Given the limitation in randomized-controlled trials in children,

treatment strategies for children are largely extrapolated from

information on effective treatments in adults. This extrapolation is

built out of necessity for a standardized treatment plan and, in

practice, has measured efficacy attributable to the differences in

pediatric cardiac adaptation to DCM.

A few critical studies do exist examining pediatric DCM patient

responses to therapeutic regimens. A randomized, double-blind,

placebo-controlled trial of ivabradine therapy taken in combination

with ACEi/ARBs (98%), mineralocorticoid receptor antagonists

(79%), β-blockers (76%) among 116 children resulted in improved

EF, reduced natriuretic peptide concentration, and reduction in

heart rate (HR) compared to placebo (94). The PANORAMA-HF

study demonstrated an initial greater reduction in natriuretic

peptide levels with sacubitril-valsartan compared to ACEi, although

this difference equilibrated at 12 months with no difference in

outcome (95). No survival benefit was seen among digoxin &

diuretics in the late 1970s or β-blockers, particularly carvedilol, in

the early 2000s (96, 97). Meanwhile adults are known to improve

with β-blockers therapy (98). This lack of strong data for the

pharmacologic efficacy of β-blockers in pediatric DCM likely stems

from the unique molecular adaptations of cardiomyocytes seen in

children (97, 99, 100). Carvedilol, in combination with other

medications, is known, however, to improve fractional shortening,

reduce LV size, and decrease natriuretic peptide levels in children

(101). This finding emphasizes the distinction between clinical

outcomes & known physiologic changes stemming from surrogates

of cardiac dysfunction. Another distinction between children and

adult disease is seen with the use of phosphodiesterase-3 (PDE-3)
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inhibitors. Long-term treatment with PDE-3 inhibitors was noted

to increase morbidity and mortality in adults (102, 103). In

contrast, children with idiopathic DCM show a safe and effective

response to these inhibitors. In fact, agents like milrinone are often

employed acutely to bridge patients to oral therapies or

transplantation (104, 105).

Physicians should always consider potential etiologies when

designing patient-specific maintenance therapy protocols. When

etiologies are known, pharmacotherapy can better target factors in

molecular pathogenesis of DCM to achieve adequate treatment.

Therapeutic approaches for acute myocarditis in children may

include IVIG, corticosteroids, antivirals, or interferon- β, although

data to suggest their effectiveness in preventing or treating pediatric

DCM is limited (106–109). For pediatric DCM in patients DMD, a

systemic review determined ACE inhibitors to be effective at

limiting or prolonging onset of cardiac maladies in children (110).

Antisense oligonucleotides programmed for genetic correction of

underlying dystrophin mutation are also currently FDA-approved

for DMD treatment (111). This strategy may influence further

development of gene editing approaches to therapy for other

etiologies. Dilated cardiomyopathy of mitochondrial origin may

benefit from dietary supplements, including coenzyme Q10,

creatine, L-carnitine, thiamine, riboflavin, folate, and other

antioxidants such as vitamins C and E, however, the evidence to

support these measures is not robust. In fact, a Cochrane meta-

analysis concluded there is no clear evidence for their use (112,

113). Treatment of DCM related to primary carnitine deficiency,

however, has been shown to respond to supplementing L-carnitine

(114). Elamipretide is a medication that has shown some promise

in improving stroke volume and functional ability for patients with

dilated cardiomyopathy caused by Barth syndrome (115, 116).

Analyses of the risks and benefits to therapy should be considered

when administering cardiotoxic medications. Ameliorating the

effects of doxorubicin, a cardiotoxic anthracycline often used acute

lymphoblastic leukemia or Hodgkin disease, with dexrazoxane at

the time of treatment has been shown to reduced cardiac-related

complications, such as DCM, years later (117).

Transplantation is reserved as a definitive treatment for

refractory DCM. The AHA outlines that children with stage D HF

who are still symptomatic with maximal medical therapy qualify

for continuous intravenous inotropic infusions, mechanical

circulatory support, cardiac transplantation, or palliative/hospice

care (118).

The treatment of pediatric DCM remains a complex challenge,

marked by several limitations. A key limitation lies in the

incomplete understanding of the biomolecular changes occurring

in pediatric cardiomyocytes. Children are currently managed using

protocols modeled on those for treating adults, with few therapies

known to specifically benefit pediatric cases (9). This standard

approach involves the use of diuretics, ACEi, β-adrenergic

blockers, and aldosterone antagonists. In adults, the therapy goal is

to minimize or reverse adverse cardiac remodeling, targeting

features such as hypertrophy, myocardial fibrosis, inflammation,

and capillary loss (119). However, evidence suggests that different

pathogenic processes govern remodeling in children, involving

varying levels of β-receptor, cAMP, connexin43, phosphatase, and
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phospholamban expression with distinct intracellular mRNA profiles

and pathologic structural changes. The execution of clinical trials in

children with heart conditions faces several barriers, including

inadequate statistical power due to small sample sizes, phenotypic

heterogeneity, limited observational periods, and age-specific

variations in pharmacokinetics and pharmacodynamics. The

ultimate objective is to uncover a more comprehensive genetic

background for the disease, enabling the development of specific

pathway-directed therapies. Promising studies, such as the

REALM-DCM study for Lamin A/C gene mutation-associated

DCM, and the use of oral p38 MAPK inhibitor ARRY-371797 in

adults with symptomatic DCM, offer a glimpse into the potential

for other targeted treatments in the future (120).
13 Monitoring disease

Routine monitoring of children with DCM is critical to track

disease burden and prevent exacerbations. Echocardiography is

the primary disease monitoring modality. The fractional

shortening and EF are the most used metrics. These give insight

into the contractile function of the heart, which would be

impaired in DCM. Another metric used is LV posterior wall

thickness. As the LV dilates, the LV posterior wall thins,

contributing to poorer contractility (9). CMR is useful to

monitor progression of disease given the detailed structural

information it provides, although no standard techniques have

been established. Biomarkers, such as NT-proBNP, have been

proposed as surrogates for systolic function and cardiac

remodeling in children. One study suggests they are useful in

highly symptomatic children but have not been validated in

pediatric patients with less severe DCM (121). The ISHLT

(International Society for Heart and Lung Transplantation) also

advises considering comprehensive or targeted genetic testing in

specific situations. These tests can help identify mutations in

genes, such as LMNA and SMN5, providing valuable insights

into the genetic factors contributing to the condition and the

potential risk within the affected individual’s family (90).
14 Conclusion

Pediatric dilated cardiomyopathy represents a rare and

primarily idiopathic condition associated with significant

morbidity and mortality. The fundamental diagnostic approach

requires matching clinical history & physical exam findings with

echocardiographic parameters of LV dilation and dysfunction.

The prognosis of disease varies based on age, indicators of left

ventricular dysfunction, and etiological factors. While

transplantation stands as a definitive therapy enhancing survival,

its implementation entails inherent risks. Pharmacologic

interventions, aligned with guidelines for adult heart failure with

reduced ejection fraction, lack comprehensive validation through

randomized controlled trials in the pediatric DCM population.

Molecular pathways and histological cardiac responses further

underscore the unique features of pediatric disease. Idiopathic
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cases, constituting approximately two-thirds of occurrences, are

presumed to have genetic underpinnings. In certain cases, they

can be considered pediatric manifestations of inherited

cardiomyopathy syndromes caused by mutations in some of the

same genes governing sarcomeric, nuclear, ion channel,

transport, cytoskeletal, and extracellular matrix. However, recent

studies indicate that infantile dilated cardiomyopathy may be

caused by unique defects in the postnatal cardiac maturation,

such as the failure of programmed centrosome breakdown in

cardiomyocytes. A deeper comprehension of these intricacies

holds the potential to inform targeted therapeutic approaches,

thereby advancing outcomes in pediatric dilated cardiomyopathy.
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