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Abstract

Background. Pediatric hypertrophic cardiomyopathy (HCM) is a major cause of
sudden cardiac death in children and represents a clinically and genetically
heterogeneous condition distinct from adult disease. Although advances in adult
HCM have informed management strategies, pediatric-specific evidence remains
comparatively limited, particularly regarding imaging-based risk assessment and
validation of pediatric risk prediction models.

Aim: To assess current diagnostic approaches, genetic insights, and current

challenges in risk stratification in pediatric HCM.
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Methods. A structured narrative review of studies published from 1997 through early
2025 was conducted using major biomedical databases and guideline references.
Priority was given to pediatric cohort studies, population-based registries,
contemporary clinical guidelines, and genetic investigations addressing
epidemiology, etiologic classification, diagnostic evaluation, and risk prediction.

Key Content and Findings. Recent evidence confirms the predominant role of
sarcomeric gene variants beyond infancy, while underscoring the importance of
syndromic and metabolic etiologies in early childhood. Advances in
electrocardiographic risk markers, multimodal imaging including cardiac magnetic
resonance imaging assessment of myocardial fibrosis and next generation genetic
testing have enhanced diagnostic precision and family screening. However,
phenotypic variability, age-dependent penetrance, and limitations in external
validation of pediatric risk prediction tools, including HCM Risk-Kids, continue to
challenge individualized management.

Conclusion. Pediatric HCM remains a prognostically complex and biologically
diverse disease. Refinement of pediatric-specific risk stratification models, improved
integration of imaging and genetic data, and international collaborative research are
essential to optimize early diagnosis and personalized care in affected children.
Keywords: pediatric hypertrophic cardiomyopathy; risk stratification; cardiac
magnetic resonance imaging; genetic testing; sudden cardiac death.
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AHHOTALIUA

BBenenue. Jlerckas runeprpodpuueckas kapauomuonatus (I'KM) sBnsercs
OCHOBHOW MPUYMHON BHE3AIMHOW CEPJICYHON CMEpPTH y JAETeH U MPEACTaBISIET COOOM
KJIIMHUYECKH M T€HETUYECKH I'eTePOTr€HHOE COCTOSHUE, OTIIMYHOE OT 3a00JI€BaHUS Y
B3pocibix. HecmoTps Ha TO, uro noctwkenus B uzydeHun ['KM y B3pocibix
MOBJIMSAJIM HAa CTPAaTETMH JICUEHHUS, JaHHbIE, CHeUu(UUHBIE IS JAETed, OCTalTCs
OTHOCUTEJIBHO OTPaHUYEHHBIMU, OCOOCHHO B OTHOUIEHUHU OLIEHKH PHUCKA HAa OCHOBE

BU3YyaJIU3alMU U BAIUAALMA IPOTHOCTUYECKUX MOJETEH IS IETEH.

]_IEJII)I OI_ICHI/ITB COBPCMCHHBIC TUAIHOCTUYCCKUC IIOAXOAbI, TCHCTUYCCKHUC ACIICKThI

Y TEKyIIHe Mpo0OJieMbl B CTpaTH(UKAIMK pUucka nmpu AeTckoit ['KM.



Metoabl. [IpoBeneH CTPyKTypHpOBAaHHBIN HappaTUBHBIA 0030p HCCICAOBAHHM,
omyonukoBaHHBIX ¢ 1997 roga nmo Hayano 2025 roaa, ¢ UCMOIB30BAHUEM OCHOBHBIX
OMoMeIUIMHCKUX 0a3 JaHHBIX M CCBUIOK Ha pyKoBojcTBA. [Ipuoputer otnaBaiics
MEeIMaTPUYECKUM KOTOPTHBIM  HCCJICIOBAHUSIM, TMOMYJISIUOHHBIM  PErucTpam,
COBPEMEHHBIM KJIMHUYECKUM pYKOBOJICTBAM W TE€HETHYECKUM HCCIEHOBAHUAM,
KaCaroIIMMCS SMHUIEMHOJIOTUH, ITHOJOTUYECKON KiIacCUu(pUKaIMU, JUArHOCTUYECKOM

OOCHKH U IIPOTHO3UPOBAHUSA PHUCKA.

OcHoBHOe coJep:kaHHe M pe3yabTarbl. HemaBHue [naHHBIE MOATBEPXKIAIOT
npeo0Iaallyl0 pojib BApUAHTOB T'E€HOB CapKOMEPOB IOCIE MIIAJIEHYECKOTrO
BO3pacTa, MOAYEPKUBAs MPU 3TOM BaXKHOCTb CHHIPOMAJBHBIX M METa0OIUYECKHUX
ATHOJIOTUI B paHHEM JeTCTBE. JJOCTHKEHUSI B 00JIACTH AJIEKTPOKapANOTrpaduiecKix
MapKepoB  pUCKA, MYJIbTUMOJAIbHOM  BHU3yalM3alluM,  BKJIKOYAas  OLCHKY
MUOKApAUAIbHOrO (GuOpo3a ¢ MOMOIIBIO MarHUTHO-PE30HAHCHOW TOMOrpaduu
cepaua, U TeHETHYECKOro TECTHUPOBAHMSI HOBOT'O IMOKOJIEHUS MOBBICHIIM TOYHOCTH
IMArHOCTUKM W CKpuHUHTA ceMmed. OpHako (eHoTunmueckas BapuabETbHOCTD,
BO3pacTHAs MEHETPAHTHOCTh M OTPAHMUYEHUS BHEIIHEH BalWAAllMd MHCTPYMEHTOB
MPOTHO3UPOBaHUsl pucka B mnenuarpuu, Bkimodas HCM Risk-Kids, mpomomkaroT

COo3aaBaTb TPYAHOCTH AJIAA MHAWNBHUAYAJIU3HUPOBAHHOI'O JICUCHHA.

3akiouenue. Jlerckas ['KM ocraercs 3a007€BaHUEM CO CIIOKHBIM MPOTHO30M H
OMOJIOrMYECKUM pa3HOOOpa3ueM. Y COBEPILIEHCTBOBAaHUE MPOTHOCTUUECKUX MOJIEIEH,
cneuu(UUHBIX I JAETe, yJIydlleHWe HMHTErpaluy JaHHbIX BHU3YyaJU3alUU U
IFeHETUYECKUX JaHHBIX, a TaKKe MEXKIYHAPOJHbIE COBMECTHBIE HCCIIEIOBAHUS
HEOOXOIUMBI ISl ONTHMHU3ALMKA pPAaHHEH JAMAarHOCTUKM M TEePCOHATIU3UPOBAHHOIO

yXo4da 3a IopaKCHHbIMU JACTbMH.
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Introduction

Pediatric hypertrophic cardiomyopathy (HCM) is the second most common
cardiomyopathy in children and an important cause of sudden cardiac death (SCD)
[1, 2]. It is defined by left ventricular hypertrophy (LVH) occurring in the absence of
abnormal loading conditions and is frequently associated with myocardial disarray
and fibrosis [3].

Although HCM has been extensively investigated in adults, pediatric disease
remains comparatively underrepresented in clinical trials and registries. Importantly,
pediatric HCM differs from adult forms in its etiologic spectrum, with a higher
proportion of syndromic and metabolic causes, as well as age-dependent phenotypic
expression and variable penetrance [4]. These differences complicate early diagnosis,
risk stratification, and long-term management.

This narrative review summarizes current advances in the epidemiology,
clinical presentation, diagnostic strategies, and genetic determinants of pediatric
HCM, with emphasis on pediatric-specific considerations and implications for

individualized care.

Methods

This narrative review synthesizes contemporary evidence on pediatric HCM. A
structured literature search was conducted using PubMed/MEDLINE and Embase
databases, supplemented by manual screening of reference lists from relevant articles
and international clinical guidelines. Studies published between 1997 and early 2025
were considered.

Priority was given to peer-reviewed original research, large pediatric cohort

studies, population-based registries, contemporary international guidelines, and
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genetic investigations with direct relevance to pediatric populations. Studies focusing
exclusively on adult cohorts without pediatric-specific analysis were excluded unless
they provided mechanistic or methodological insights applicable to children.

No formal systematic review protocol or meta-analytic approach was applied.
Instead, evidence was selected based on methodological rigor, clinical relevance, and
contribution to advancing understanding of epidemiology, etiologic heterogeneity,
diagnostic strategies, imaging-based risk assessment, and genetic testing in pediatric
HCM. Findings were synthesized thematically to provide a critical overview of

current knowledge and remaining challenges in pediatric risk stratification.

Epidemiology of pediatric hypertrophic cardiomyopathy

HCM accounts for approximately 40% of cardiomyopathies in children [5]. In
contrast to the well-established adult prevalence of approximately 1:500 [6], the true
prevalence of pediatric HCM remains uncertain. Population-based studies from North
America, Australia, and Europe estimate an annual incidence ranging from 0.24 to
0.47 per 100,000 children [7-9].

Data from the Pediatric Cardiomyopathy Registry (PCMR) reported an
incidence of 0.47 per 100,000 children in selected regions of the United States, with
incidence peaks during infancy and adolescence [7]. Reported differences across
studies likely reflect variations in genetic background, diagnostic criteria, case
ascertainment, and study periods. Moreover, most available epidemiological data
originate from high-income countries, while population-based data from developing
regions remain scarce. This highlights the need for broader international registries
and standardized diagnostic criteria to better define the global burden of pediatric
HCM.

Table 1 summarizes data from major population-based pediatric
cardiomyopathy registries, indicating the total number of cardiomyopathy cases and
the proportion diagnosed with HCM.



Table 1. Characteristics of epidemiological studies on pediatric pediatric
hypertrophic cardiomyopathy (data extracted from references) [7-9]
Tadaumma 1. XapakTepuCTUKU HSNUACMHUOJOTHYECKUX HCCICIOBAHUM JIETCKOM

TUNepTPOPUIECKON KapIUOMHONATHH (JaHHBIC, W3BJICYCHHBIC W3 JIMUTEPATYPHBIX

UCTOYHHUKOB) [7—9]

. Study TOt'fﬂ pediatric . No. of : Incidence (per
Region/Study period cardlclr;};c;pathy Chﬂ%rgf\/[ with | Percentage 100,000 children)
Study in Finland 1980-1991 118 44 37% 0.24
Is\lszh%leilta?lgcgﬁ/m) 19961999 467 196 42% 0.47
National studyin 1 19g7 1996 314 80 25% 0.32
Australia

Note: The column “Total number of pediatric cardiomyopathy patients included in the study” refers
to the overall number of pediatric cardiomyopathy cases enrolled in each population-based registry
or study, from which HCM cases were identified.

Despite advances in diagnosis, mortality remains significant, and
epidemiological data from low- and middle-income countries are still limited,
underscoring the need for broader international registries.

Recent large cohort analyses published in 2025 have further highlighted the
heterogeneity of clinical trajectories in pediatric HCM, demonstrating that outcomes
vary significantly according to etiologic subgroup and age at presentation, reinforcing

the importance of etiologic classification in prognostic assessment [10].

Etiologic Spectrum of pediatric hypertrophic cardiomyopathy



Pediatric HCM encompasses a heterogeneous group of disorders with variable

clinical expression. In contrast to adult HCM, pediatric cases show a broader

etiologic spectrum, including both sarcomeric and non-sarcomeric causes (Figure 1)

[11, 12].

Pediatric HCM

Familial / Genetic

Non-familial / Non-genetic
(rare in pediatrics)

Sarcomeric mutations
1 (e.9., MYH7, MYBPC3,
TNNT2)

Hereditary metabolic
diseases (e.g., GSD, LSD,
FAOD)

Mitochondrial diseases
(e.9., MELAS, MERRF,
| KSS)

Malformation syndromes
L1 (e.g., RASopathies)

Neuromuscular diseases
— (e.g., FA)

Fig. 1. Etiological classification of pediatric hypertrophic cardiomyopathy
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Sarcomeric gene variants remain the most frequent cause beyond infancy and
are typically inherited in an autosomal dominant manner with age-dependent
penetrance.

Age-dependent penetrance represents a key feature of sarcomeric Pediatric
HCM. Genotype-positive children may remain phenotypically negative for prolonged
periods, underscoring the importance of longitudinal clinical and imaging
surveillance in at-risk individuals [11, 13].

The most commonly implicated genes include MYH7, MYBPC3, TNNT2, and
TNNI3 [14, 15]. Recent registry data have demonstrated that sarcomeric disease in
children may be more common than previously recognized and can be associated
with significant morbidity [16].

Non-sarcomeric causes are particularly relevant in infancy and early childhood
and include metabolic disorders (e.g., glycogen storage diseases), mitochondrial
diseases, RASopathies such as Noonan syndrome (NS), and neuromuscular
conditions [1, 17]. These etiologies often present earlier and may be associated with
systemic manifestations and less favorable outcomes.

Accurate etiologic classification is essential for prognosis, genetic counseling,

and family screening.

Clinical Presentation and Outcomes

The clinical presentation of pediatric HCM is highly variable, ranging from
asymptomatic cases detected during family screening to progressive heart failure
(HF), arrhythmias, and SCD [3, 4]. Many children remain asymptomatic for
prolonged periods, while symptomatic patients may present with exertional dyspnea,
chest pain, syncope, palpitations, or exercise intolerance.

In infancy, pediatric HCM often manifests as congestive heart failure (CHF)
with feeding difficulties, poor weight gain, and respiratory distress, and this age
group carries the highest mortality risk [18, 19]. In older children and adolescents,
symptoms are more frequently related to left ventricular outflow tract (LVOT)

obstruction, diastolic dysfunction, or arrhythmias.



In cases of significant LVOT obstruction, particularly when symptoms persist
despite medical therapy, surgical management—most notably septal myectomy—
represents an important therapeutic option in selected pediatric patients. Recent
studies have highlighted the effectiveness of extended septal myectomy in improving
LVOT gradients and clinical outcomes, including in complex and syndromic forms
such as NS [20, 21].

Syncope may reflect hemodynamic compromise or ventricular arrhythmias and
warrants careful risk assessment [4].

Although overall survival in children with HCM is generally better than in
other forms of pediatric cardiomyopathy, disease progression and the risk of SCD
remain major concerns, requiring regular follow-up and individualized management
[1, 22].

Recent efforts have focused on the development of pediatric-specific risk
prediction tools. The HCM Risk-Kids model represents a major step toward
pediatric-specific risk stratification, integrating clinically relevant variables including
maximal LV wall thickness, left atrial diameter, unexplained syncope, non-sustained
ventricular tachycardia, and family history of SCD [23]. In the original derivation
cohort, the model demonstrated moderate discriminative performance, supporting its
utility in estimating individualized 5-year SCD risk.

However, subsequent external analyses have highlighted variability in model
calibration across different populations, suggesting that predictive accuracy may
depend on cohort characteristics and baseline risk distribution [24, 25]. Importantly,
the derivation dataset was largely composed of patients from tertiary referral centers,
potentially enriching the cohort with more severe phenotypes and limiting
generalizability to lower-risk or community-based settings [23, 26]. In addition,
patients with syndromic or metabolic forms of HCM were underrepresented, raising
concerns regarding applicability across the full etiologic spectrum of pediatric HCM.

These considerations underscore that, while HCM Risk-Kids represents a
significant advance, its performance must be interpreted within clinical context, and

ongoing validation and refinement in diverse pediatric populations remain essential.



1. Diagnostic Evaluation

The diagnosis of pediatric HCM relies on a comprehensive clinical and
multimodal imaging assessment. Evaluation may be initiated by symptoms, detection
of a heart murmur, abnormal ECG findings, or systematic family screening in
relatives of affected individuals [24, 27].

A 12-lead ECG is frequently abnormal and may demonstrate LVH,
repolarization changes, pathological Q waves, or signs of left atrial enlargement
(LAE). Although not specific, ECG abnormalities may precede overt hypertrophy
and contribute to risk assessment in combination with clinical and imaging
parameters [25, 26].

Recent data published in 2025 have further characterized ECG patterns in
RASopathy-associated pediatric HCM, identifying specific electrocardiographic
markers associated with adverse cardiovascular outcomes [28]. In particular,
pathological Q waves, marked repolarization abnormalities with deep negative T
waves, QRS fragmentation, and abnormal frontal QRS axis deviation were
independently associated with major adverse cardiac events in this subgroup [28].
These findings suggest that ECG abnormalities may provide incremental prognostic
information beyond their traditional diagnostic role, particularly in syndromic
pediatric populations.

Transthoracic echocardiography remains the primary diagnostic modality. It
allows precise measurement of ventricular wall thickness, assessment of LVOT
obstruction, and evaluation of systolic and diastolic function [13, 29]. In children,
wall thickness must be interpreted using body-size—adjusted Z-scores to avoid over-
or underestimation of disease severity. Current guidelines recommend periodic
screening in at-risk children, with follow-up intervals adapted according to age,
phenotype evolution, and family history [13, 30].

Cardiac magnetic resonance imaging (MRI) provides complementary structural
and tissue characterization, particularly in cases with suboptimal echocardiographic

windows or suspected atypical patterns of hypertrophy. Late gadolinium



enhancement (LGE) enables detection of focal myocardial fibrosis and has emerged
as a potential marker of disease severity [31, 32].

Beyond the mere identification of fibrosis, pediatric data suggest that LGE is
associated with ventricular arrhythmias and indicators of disease progression [32].
Longitudinal observations further indicate that increasing LGE burden over time may
reflect progressive myocardial remodeling and a more advanced phenotype [31, 32].
Although quantitative risk thresholds remain less clearly established in pediatric
populations than in adults, greater LGE extent appears to correlate with more severe
clinical presentation and may provide incremental prognostic value when integrated

with clinical, echocardiographic, and rhythm monitoring findings [31].

Genetic Testing Strategies

Genetic testing is a cornerstone of the diagnostic evaluation of pediatric HCM.
Identification of a pathogenic variant confirms the diagnosis in uncertain cases,
facilitates cascade screening of relatives, and contributes to risk stratification and
genetic counseling [33, 34].

Most pathogenic variants involve sarcomeric genes, particularly MYH7 and
MYBPC3, although non-sarcomeric and syndromic causes are more frequent in early
childhood [14, 35]. The main genes associated with pediatric HCM are summarized
in Table 2. These include core sarcomeric genes responsible for the majority of
familial cases, as well as genes implicated in metabolic, syndromic, and

neuromuscular forms of the disease.

Table 2. Major genes associated with pediatric hypertrophic cardiomyopathy
Ta6auuna 2. OCHOBHBIE TEHBI, aCCOIMUPOBAHHBIE C JETCKON THUMEPTPOPUIECKON

KapJIUOMHUOIIaTHEN

Category Representative genes Clinical relevance

Most common causes beyond

infancy; autosomal dominant
inheritance

MYH7, MYBPC3, TNNT2,
TNNI3

Additional sarcomeric / TPM1, ACTC1, MYL2,
structural genes MYL3, TNNC1

Core sarcomeric genes

Less frequent familial forms




GAA, LAMP2, GLA, Often early onset; may present
PRKAG2 with systemic manifestations

RASopathies / syndromic PTPN11, RAFI, SOSI, KRAS Associated w1j[h Noonan
forms spectrum disorders

Mltochondrlal / neuromuscular FXN, DES Multlsystem 1nv01vement;
disorders variable prognosis

Metabolic / storage disorders

Genetic testing strategies have evolved from Sanger sequencing of selected
genes to next-generation sequencing (NGS)—based multigene panels, which are now
considered first-line diagnostic tools due to their broader coverage and cost-
effectiveness [36, 37].

The diagnostic yield of multigene panels in pediatric HCM ranges from
approximately 40% to 60%, depending on age at presentation and family history.
Higher yields are typically observed in familial and early-onset cases, whereas
genotype-negative patients may reflect undiscovered variants, complex inheritance
patterns, or limitations of current testing strategies [35, 38].

Whole exome sequencing (WES) and whole genome sequencing (WGS) may
increase diagnostic yield in selected cases, particularly in patients who remain
genotype-negative after targeted testing. However, these approaches generate a
higher number of variants of uncertain significance (VUS) and require careful
interpretation within clinical context [39, 41].

Overall, genetic testing plays a critical role in etiologic classification, family
screening, and personalized management, although genotype—phenotype correlations

remain incompletely understood.

Emerging Epigenetic Mechanisms

Beyond pathogenic gene variants, epigenetic mechanisms such as DNA
methylation and non-coding RNAs have been increasingly implicated in cardiac
hypertrophy and myocardial remodeling. Experimental and translational studies
suggest that epigenetic modifications may influence gene expression, disease

progression, and phenotypic variability in HCM [42, 43]. However, pediatric-specific



evidence remains limited, and the clinical utility of epigenetic biomarkers in pediatric
HCM is not yet established.

Conclusion

Pediatric HCM remains a prognostically complex and biologically
heterogeneous disease, characterized by substantial etiologic diversity and age-
dependent phenotypic expression. Although advances in electrocardiographic
markers, cardiac MRI-based fibrosis assessment, and next-generation genetic testing
have improved diagnostic precision and family screening, important uncertainties
persist regarding individualized risk prediction in children.

Current pediatric risk stratification models, including HCM Risk-Kids,
represent significant progress but require continued validation across diverse
populations and etiologic subgroups. The integration of clinical, imaging, and genetic
data remains essential to refine prognostic assessment and guide personalized
management strategies.

Future pediatric-focused research and international collaborative registries are
crucial to better define genotype-phenotype correlations, improve external validation

of risk prediction tools, and optimize long-term outcomes in affected children.
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