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ABSTRACT

Left ventricular noncompaction (LVNC) is a rare, morphologically and genetically heterogeneous form of cardiomyopathy,
the pathogenesis, classification, and clinical significance of which remain subjects of ongoing debate. The aim of this review
is to present the current state of knowledge regarding the classification, pathophysiology, diagnostics, genetic determinants,
clinical presentation, and therapeutic management of LVNC. The European Society of Cardiology (ESC) classifies LVNC
as an unclassified cardiomyopathy, whereas the American Heart Association (AHA) considers it a genetically determined
cardiac disorder. The characteristic morphology arises from abnormal compaction of the left ventricular trabeculae during
embryogenesis, although an acquired or adaptive origin of these changes is also possible. Diagnostic evaluation relies
primarily on echocardiography and cardiac magnetic resonance imaging; however, the lack of uniform morphological criteria
contributes to both overdiagnosis and underdiagnosis. From a genetic perspective, sarcomeric gene mutations predominate
and are associated with more severe clinical outcomes. Clinical manifestations include heart failure, arrhythmias, and
thromboembolic complications, with reduced left ventricular ejection fraction being the principal prognostic factor.
Therapeutic management follows general heart failure treatment strategies, thromboembolism prevention, and implantation
of cardiac devices; in advanced cases, heart transplantation or mechanical circulatory support may be considered. An
integrated diagnostic approach and the MOGE(S) classification system may serve as a foundation for future standardization.
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Classification and Epidemiology of Left Ventricular Noncompaction

Left ventricular noncompaction (LVNC) is a disorder of left ventricular wall maturation. According to
the ESC classification, it is categorized as an unclassified cardiomyopathy [1], whereas the AHA includes it
among genetically determined cardiomyopathies [2]. The clinical and genetic presentations of LVNC exhibit
marked heterogeneity [3]. Some authors—including Monserrat— emphasize that LVNC may represent a
phenotypic variant of other cardiomyopathies, such as hypertrophic, restrictive, or dilated forms, and that
currently used diagnostic criteria often overlap [4].

The description of this morphology has a long history. As early as 1926, Grant noted the characteristic
structure of the myocardial wall [5], and in 1932, Bellet and Gouley provided the first post-mortem description
[6]. A major milestone occurred in 1984, when Engberding and Bender documented the first
echocardiographically confirmed case in an adult woman [7]. The term “isolated non-compaction left
ventricular myocardium” was later popularized by Chin [5].

The prevalence of LVNC remains difficult to determine precisely. Echocardiographic studies have
reported rates ranging from 0.014% to 0.24% [1,8]. A Swiss cohort from 1984—-1998 found a prevalence of
0.014%, which is now considered underestimated, particularly among patients with symptoms of heart failure
[9]. In populations with reduced ejection fraction, the frequency of diagnosis increases: up to 3.7% in
individuals with LVEF <45% [10] and as high as 8.7% with LVEF <35% [11]. In a series by Ronderos
comprising 10,857 echocardiographic examinations, 26 cases of LVNC were identified (0.24%); the mean age
was 52.6 years, women predominated (16/10), and isolated LVNC was found in 24 patients, while two had
concomitant ASD II. Among asymptomatic individuals with preserved LVEF, the prevalence was only 0.05%,
whereas in patients with idiopathic DCM it reached as high as 24% [12]. Despite differences among studies,
overall LVNC is observed more frequently in men (56—82%) [13].
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Structural Morphology of LVNC

The phenotype of LVNC is characterized by a two-layered structure within the affected segments of the
left ventricular wall: an inner, trabeculated (endocardial) layer containing deep recesses that communicate with
the ventricular cavity, and an outer, thin, compacted (epicardial) layer. Together, these features produce a
characteristic “spongy” appearance [14]. The abnormalities most commonly involve the apex, as well as the
apical and mid-ventricular segments of the inferior and lateral walls. The left ventricle may be enlarged, with
evidence of hypertrophy and both systolic and diastolic dysfunction [15]. The morphological spectrum is broad
and heterogeneous [16]. Additional findings reported in some cases include facial dysmorphism (prominent
forehead, strabismus, low- set ears, mandibular hypoplasia) and coexisting Wolff—Parkinson—White
syndrome—primarily in pediatric patients, as it is rare in adults [17,9].

Diagnostic Methods and Diagnostic Criteria

The diagnosis of LVNC is primarily based on transthoracic echocardiography (TTE) and cardiac
magnetic resonance imaging (CMR), with computed tomography (CT), transesophageal echocardiography
(TEE), contrast-enhanced echocardiography, and, less frequently, ventriculography or intracardiac
echocardiography (ICE), serving as supplementary tools [18—21]. Echocardiographic abnormalities are present
in all patients with LVNC [22].

Classical Echocardiographic Criteria

Chin (1990):

Presence of a bilayered myocardial structure (a compacted epicardial layer and a non-compacted
endocardial layer), with an X/Y ratio < 0.5 (X — distance from the epicardial surface to the base of the
intertrabecular recess; Y — distance from the epicardial surface to the apex of the trabeculations).
Measurements should be obtained in the parasternal short-axis view during late diastole (PSAX) [17].

Jenni:

Measurements should be performed in end-systole in the parasternal short-axis view. A non- compacted to
compacted layer ratio (N/C) > 2 must be present, along with color Doppler evidence of blood flow into the
intertrabecular recesses and the absence of other structural cardiac abnormalities in cases of isolated LVNC [23].

Stollberger/Finsterer:

These authors proposed criteria based on the presence of at least three trabeculations located apically to
the papillary muscles, exhibiting echogenic characteristics identical to the myocardium, with visible blood
flow between them. Additionally, a non-compacted to compacted layer ratio (N/ C) > 2 in late diastole is
required. Evaluation is recommended primarily in apical views, with the use of additional projections permitted
to improve image quality [24].

Limitations of Echocardiography

Echocardiographic criteria for LVNC were developed on small patient cohorts and differ in
measurement timing and imaging projections; concordance among these criteria is poor. In heart

failure (HF) populations, 24% of patients met at least one definition, whereas only 30% fulfilled all
three. Chin’s criteria were the most sensitive but also yielded the highest rate of false positives. Up to 8% of
healthy individuals (predominantly Black participants) met at least one criterion, suggesting potential
overdiagnosis in this population [25,26].

Echocardiography is operator-dependent; imaging planes that are not orthogonal to the left ventricular
axis tend to overestimate trabeculation, and interobserver agreement is approximately 67% [27]. No definitive
“gold standard” exists, and the risk of both overdiagnosis and underdiagnosis remains significant [28].

Advances in Echocardiographic Imaging

Assessment of left ventricular (LV) function in patients with excessive trabeculation is crucial, and
modern echocardiographic techniques—such as ultrasound contrast agents, three-dimensional (3D) imaging,
tissue Doppler imaging, strain analysis, speckle-tracking echocardiography, and evaluation of LV twist
mechanics—provide significant diagnostic support [29]. Contrast agents enhance visualization of
intertrabecular recesses, particularly in the apical region, and require harmonic imaging with a high frame rate
and a moderate mechanical index (MI = 0.3) [30].

Under normal conditions and in dilated cardiomyopathy (DCM), the LV base rotates clockwise while
the apex rotates counterclockwise. In contrast, in LVNC both segments rotate in the same direction, which
may facilitate diagnosis [31,32]. Rudolecka demonstrated that the degree of apical rotation correlates with
systolic function, and that its reduction—assessed using speckle-tracking techniques—may aid in both
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diagnosis and risk stratification [33]. Compared with hypertrophic cardiomyopathy, patients with LVNC
exhibit more severely impaired longitudinal strain in apical segments and reduced apical rotation [34].

An additional distinguishing criterion is a compacted myocardial layer thickness < 8§ mm in systole
within segments exhibiting non-compaction, which improves differentiation between LVNC and conditions
such as aortic stenosis or nonspecific endocardial hypertrabeculation [35].

Cardiac Magnetic Resonance (CMR)

CMR provides superior visualization of all myocardial segments and is recommended when
echocardiographic image quality is poor or when false-negative results are suspected (e.g., in young patients
with left bundle branch block, LBBB) [36,37].

Most Commonly Used CMR Criteria

Petersen:

Petersen proposed an MRI-based criterion based on the ratio of non-compacted to compacted myocardial
thickness in end-diastole (N/C > 2.3), demonstrating a sensitivity of 86% and specificity of 99% [38].

Jacquier:

Jacquier suggested that the mass of the non-compacted myocardium should exceed 20% of the total LV
mass in end-diastole [39—41].

Stacey:

Stacey developed another set of criteria, based on an NC/C ratio > 2 measured in the short-axis view
during end-systole. This parameter showed better correlation with the risk of heart failure and adverse cardiac
events than end-diastolic measurements or the Petersen and Jacquier criteria [42].

However, studies by Ivanov did not confirm an association between LVNC diagnosed using any of the
existing CMR criteria and the occurrence of adverse clinical events during a 7-year follow-up [43].

Significance of the Extent of Non-Compaction and Late Gadolinium Enhancement (LGE)

The presence of >5 non-compacted segments has been associated with lower right ventricular ejection
fraction (RVEF) and a higher incidence of ventricular arrhythmias [46]. However, other studies indicate that
prognosis is more strongly determined by ventricular dilation and reduction in left ventricular ejection fraction
(LVEEF) than by the mere “extent” of trabeculation. LGE is present in approximately 40% of patients, exhibits
heterogeneous patterns, and correlates with ventricular function and clinical course; it may also reveal
subclinical disease in individuals with preserved LVEF [47-50].

Cardiac MRI has also been used to evaluate longitudinal fiber function in non-compacted myocardium.
Analysis of mitral annular plane systolic excursion (MAPSE) in the medial and lateral segments demonstrated
that impairment of longitudinal fiber contractility significantly contributes to reduced global systolic function
in these ventricles [51].

Computed tomography (CT) serves as an alternative to CMR, primarily in patients with
contraindications to MRI. CT additionally allows assessment of coronary anatomy during the same
examination [19,20].

Diagnostic Perspective

Excessive trabeculation alone does not necessarily indicate abnormal embryogenesis— it may instead
reflect remodeling secondary to hemodynamic overload [52]. Therefore, the diagnosis of LVNC should
integrate morphology and clinical context (symptoms, reduced LVEF), family history, and abnormal ECG
findings to minimize false-positive results. In patients who meet morphological criteria but have normal LV
geometry and function, individualized follow-up is recommended, taking into account variable genetic
penetrance and age-dependent phenotypic expression [53,54].

Etiology

The etiology of LVNC remains incompletely understood. The most widely cited genetic theory proposes
disrupted embryogenesis. In the normally developing heart, trabeculae form a spongy myocardial structure
until the coronary circulation develops (weeks 5—8 of gestation). Myocardial compaction begins around week
10 and progresses from base to apex and from epicardium to endocardium [55]. Abnormal arrest of this process
leads to persistent trabeculation and formation of a bilayered ventricular wall. A genetic basis is further
supported by the frequent coexistence of LVNC with congenital heart defects [56—61].

However, the embryologic hypothesis does not explain acquired and potentially reversible forms of
LVNC. A non-compaction—like phenotype has been described in athletes [62—65]. Gati reported increased
trabeculation in 18.3% of 1,146 athletes, with 8.3% fulfilling diagnostic criteria for LVNC, suggesting an
adaptive response to left ventricular overload [66—69]. An acquired phenotype has also been observed in
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pregnancy: approximately 25% of pregnant women exhibit increased trabeculation, which regresses in 73%
after delivery [70]. Hypertrabeculation has also been documented in chronic kidney disease and sickle-cell
anemia [29,71]. Prenatal and postnatal imaging studies have shown that the LVNC phenotype may develop
only after birth. These findings do not exclude a genetic substrate, as sarcomeric disorders also demonstrate
delayed phenotypic expression, and similar mutations have been identified in HCM, DCM, and LVNC [5].

Non-compaction may coexist with hypertrophic, dilated, or restrictive cardiomyopathy phenotypes [ 72—
74], as well as numerous genetic syndromes, including Emery—Dreifuss muscular dystrophy, and Barth,
Leopard, Noonan, Turner, DiGeorge, and Pierre Robin syndromes, along with various metabolic and
mitochondrial diseases [75—80]. The presence of LVNC in patients with neuromuscular disorders is associated
with worse prognosis [81]. Cases have also been reported of LVNC coexisting with isolated apical hypoplasia,
leading to combined systolic and diastolic dysfunction [82].

Genetic Determinants

Left ventricular non-compaction may occur sporadically or in familial forms, most commonly with
autosomal dominant inheritance, and less frequently as X-linked or autosomal recessive; familial occurrence
is estimated at 18—50% [5,83], which justifies screening—primarily via echocardiography—among relatives
of affected individuals [84]. In patients with LVNC, numerous mutations have been described in genes
encoding sarcomeric proteins, cytoskeletal elements, mitochondrial proteins, and Z-line components [85].
Experimental studies (including mouse models with FKBP-12 deficiency) indicate that disturbances in
signaling pathways regulating proliferation and apoptosis may lead to non-compaction [86—88]. Likewise,
mutations in Notch1 signaling genes —both in humans and animal models—result in excessive trabeculation
and abnormal myocardial development [89-91]. However, no single mutation is specific to isolated LVNC.

In a large analysis by van Waning involving 327 patients with LVNC, genetic testing (a 45-gene panel)
distinguished three groups: genetically confirmed cases (30%), likely familial cases (16%), and sporadic cases
(54%) [92]. The most frequent mutations involved MYH7, TTN, and MYBPC3. The presence of pathogenic
variants correlated with impaired systolic function and a higher risk of major adverse cardiac events (MACE);
this association applied to mutation-positive patients but was not observed in sporadic forms. Similar findings
were reported in a Chinese cohort by Li, where mutations (primarily in TTN, MYH7, MYBPC3, and DSP)
were associated with worse ejection fraction and an increased risk of death or heart transplantation (50% vs.
23.5%) [93]. The authors concluded that a positive genotype is an independent predictor of adverse prognosis.

The OMIM registry continually updates the list of gene variants associated with the LVNC phenotype;
however, no mutation has yet been identified as definitively responsible for a pure, isolated form of this
cardiomyopathy without overlap with other phenotypes or congenital defects [94].

Classifications, Taxonomy, and Clinical Types of LVNC

For many years, cardiomyopathies were categorized primarily by their morphological phenotype, a
strategy that from today’s perspective has proven insufficient: phenotype does not always reflect the genetic
substrate, is often of limited value for risk stratification, and does not facilitate early diagnosis in asymptomatic
relatives. Advances in genetic research therefore support an integrated approach that combines the
morphological-functional cardiac profile with information on extracardiac involvement, etiology, and specific
genetic variants. This conceptual framework is encompassed in the MOGE(S) system [95].

In clinical practice, LVNC exists along a continuum—from forms with normal left ventricular
dimensions and preserved systolic function, through genetically determined variants (associated with
chromosomal aberrations, single-gene mutations, or coexisting congenital heart defects or other
cardiomyopathies), to nongenetic or acquired, potentially reversible phenotypes observed in elite athletes,
during pregnancy, and in the context of chronic kidney disease, sickle cell anemia, or hematologic disorders
[69,96,97]. Noncompaction confined to the left ventricle may also coexist with LV dilation and dysfunction,
meet simultaneous diagnostic criteria for DCM/HCM/RCM/

ARVC, or involve the right ventricle. Some authors, such as Stéllberger, question the usefulness of the term
“isolated LVNC”, noting that most patients demonstrate additional cardiac morphological abnormalities [98].

Conversely, Oechslin and Jenni propose that after obtaining a detailed clinical history (syncope, heart
failure symptoms, family history, arrhythmias), ECG analysis, imaging, and genetic testing, patients should be
categorized into one of three groups: cardiomyopathy with LVNC, LVNC associated with pathological
remodeling, or LVNC representing a physiological and reversible adaptive response [99]. Such a narrative,
multidimensional classification better reflects the true phenotypic heterogeneity and—crucially—helps link
the diagnosis to prognosis and therapeutic decision-making.
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Clinical Presentation

Left ventricular noncompaction (LVNC) may remain asymptomatic and can be diagnosed at any age—
from the fetal period to over 90 years of age—most commonly during imaging performed for unrelated
indications, screening examinations, or in patients with heart failure of unclear etiology [8, 9, 100, 101]. The
absence of pathognomonic symptoms means that the interval between the onset of complaints and final
diagnosis may span many months or even years. Three major categories of clinical manifestations predominate:
symptoms of heart failure (dyspnea, fatigue, palpitations, chest pain), arrhythmias—including sudden cardiac
death—and thromboembolic complications [6, 8, 102—104].

The presence of deep intertrabecular recesses, particularly in the setting of reduced LVEF, favors
thrombus formation and systemic embolization; reported rates vary widely (0-38%) [5, 8, 71, 83, 105]. In a
large Japanese cohort (n = 272; median age 55 years, LVEF 35%), all-cause mortality reached 8.1% over 42
months, and the most frequent adverse event was hospitalization for heart failure (21.7%); event rates did not
differ significantly between isolated LVNC and LVNC coexisting with other cardiac conditions [106].

Electrocardiographic abnormalities are detected in approximately 90% of patients, although they are
nonspecific: QRS widening, signs of hypertrophy, repolarization disturbances, and pre-excitation; features
suggestive of Brugada syndrome have also been described (=3%) [107-109]. A positive T wave in aVR is
associated with increased risk of arrhythmias, heart failure hospitalization, and mortality, and constitutes an
independent marker of complex arrhythmic events [110,111]. Myocardial ischemia—assessed, among others, by
SPECT——correlates with worse systolic function, LV dilation, and heightened neurohumoral activation [112].

Ventricular arrhythmias are of particular clinical relevance: they may occur in up to 62% of patients,
often as monomorphic tachycardia, though polymorphic forms are also seen; the incidence of malignant
tachyarrhythmias and aborted cardiac arrest reaches 38—47%, and that of sudden death 13—18% [8, 113—115].
Atrial fibrillation occurs with a frequency comparable to other cardiomyopathies (=13-25%), although device-
based monitoring may detect it far more often (up to 66%); risk increases in the presence of LBBB and
fragmented QRS complexes. However, isolated LVNC has not been consistently demonstrated as an
independent determinant of supraventricular arrhythmias [5, 20, 116-118].

Treatment

No dedicated, disease-specific guidelines for the management of LVNC currently exist; therefore,
therapeutic decisions are guided by the clinical presentation—heart failure, ventricular arrhythmias, and
thromboembolic complications—which informs the choice of pharmacological therapy and implantable
devices. Although prospective trials are lacking, early initiation of guideline-directed

medical therapy for heart failure is recommended in asymptomatic patients with declining systolic
function, as prognosis is determined by LV dysfunction rather than by the noncompaction phenotype itself.
Prevention of thromboembolic events is essential: deep intertrabecular recesses promote thrombogenesis, and
some authors advocate anticoagulation when LVEF <40% [5]. Thromboembolic risk increases in the presence
of atrial fibrillation or impaired systolic function [119]. Anticoagulation is also indicated when intracardiac
thrombus is present, for secondary prevention, and in patients with atrial fibrillation [120,121].

Indications for ICD and CRT follow general cardiomyopathy guidelines. The efficacy of ICD therapy
in LVNC has been demonstrated: in a study of 30 patients, appropriate shocks occurred in 37% over a 40-
month follow-up [122-124]. CRT may improve NYHA functional class in patients with mechanical
dyssynchrony and LVEF < 35% [120]. Procedural risk is low, with lead dislodgement representing the most
common complication [125].

In selected cases, surgical intervention may be considered; successful reconstruction of the left ventricle
and valves has been reported in a patient with severe heart failure and intraventricular thrombi [126]. In
advanced heart failure, referral for heart transplantation may be necessary [127], and mechanical circulatory
support can serve as a bridge to transplant [128—130].

Summary

Left ventricular noncompaction (LVNC) is a heterogeneous entity with diverse genetic, morphological,
and clinical substrates. Despite advances in imaging techniques and molecular genetics, diagnosis remains
challenging due to the absence of unified diagnostic criteria. An integrated approach—encompassing
morphological, functional, genetic, and clinical data—is essential for accurate assessment and optimal
management. Further research is required to standardize diagnostic frameworks, refine classification systems,
and individualize therapeutic strategies for patients with LVNC.
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