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Abstract

Left-ventricular non-compaction cardiomyopathy (LVNC) is an uncommon myocardial condition
characterized by prominent trabeculae and deep blood-filled recesses. The rise of cardiac magnetic
resonance (CMR) has multiplied its detection. Debate persists over whether it is a distinct entity or a
phenotype shared with other cardiomyopathies. Because LVNC expression depends on the interplay
between genotype, sex, ethnicity, and hemodynamic load, it represents a paradigmatic model for
precision cardiology. Methodology: A narrative review was conducted of literature published
between January 2000 and April 2025 in PubMed, Scopus, and Google Scholar. Clinical studies with
at least 10 patients, meta-analyses, reviews, and consensus statements addressing LVNC
pathophysiology, genetics, diagnosis, or treatment were included. The review is based on 30 articles
selected for relevance and currency. Results: Sarcomeric mutations (MYH7, ACTN2) explain up to
one-third of cases and link LVNC with dilated (DCM) and hypertrophic (HCM) cardiomyopathies.
The Chin, Jenni, and Stollberger criteria (echocardiography) and the Petersen and Jacquier criteria
(CMR) identify the disease but blur the line between physiological and pathological hyper-
trabeculation. The presence of fibrosis (late gadolinium enhancement, LGE) and systolic dysfunction
worsen prognosis [8,19,20]. Current management is extrapolated from heart failure: neuro-hormonal
blockers, SGLT2 inhibitors, and an implantable cardioverter-defibrillator (ICD) if LVEF < 35 % or
malignant arrhythmias are present. Conclusions: Optimal management of LVNC requires
integrating clinical, imaging, and genetic information. The lack of universal diagnostic criteria
underscores the need for prospective studies and international consensus to standardize diagnosis
and treatment of this entity. Future algorithms that integrate multi-omics, advanced imaging, and
Al-based risk prediction could individualize surveillance, pharmacotherapy, and device therapy,
fulfilling the promise of personalized medicine in LVNC.

Keywords: left-ventricular non-compaction cardiomyopathy; epidemiology; hyper-trabeculation;
cardiac magnetic resonance; genetics

1. Introduction

LVNC is characterized by a spongy ventricular architecture with thick trabeculae and deep
recesses filled with blood [1]. It was initially attributed to an embryonic compaction failure between
weeks five and eight, although current genetic evidence places it within a common spectrum with
DCM and HCM [2,3,13]. The European Society of Cardiology lists it among “unclassified”
cardiomyopathies, whereas the American Heart Association includes it among primary congenital
forms [11]. Prevalence depends on imaging technique and population: Ross et al. found 1.05 % in
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healthy controls, 3.16 % in athletes, and up to 18.6 % in pregnant women using echocardiography
[12]; CMR raises detection to 14.8 %, and the disparity between criteria—Petersen identifies 39 %
versus Captur’'s 3 %—shows a considerable risk of over-diagnosis [3,15]. Described phenotypes
include isolated non-compaction with normal function; dilated and hypertrophic variants
overlapping DCM and HCM [13,21]; the form associated with congenital heart disease such as
Tetralogy of Fallot [16]; and acquired, reversible hyper-trabeculation observed in pregnancy, athletes,
and sickle-cell anemia [29]. In the current era, cardiomyopathies are increasingly managed with a
precision-medicine mindset that tailors diagnostics and therapy to the individual’s molecular and
phenotypic profile. LVNC, with its marked genotype—phenotype variability and reversible forms
(e.g., pregnancy, athletic remodeling), offers a unique window to apply and test such approaches
[36].

Objective of the review: To comprehensively describe the pathophysiology, epidemiology,
clinical presentation, diagnostic methods, differential diagnosis, treatment, and research perspectives
of LVNC using evidence available up to April 2025.

Figure 1 compares the prevalence of non-compaction cardiomyopathy (NCC) detected by
echocardiography in three cohorts without apparent cardiovascular symptoms studied by Ross et al.
[12]. The vertical axis shows the percentage of subjects who met at least one of the morphological
criteria (Chin, Jenni, or Stollberger), while the horizontal axis groups the general healthy population
(controls), elite athletes (athletes), and women in the third trimester of pregnancy (pregnancy).
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Figure 1. Prevalence of Non-Compaction Cardiomyopathy in Healthy Controls, Athletes, and Women. Adapted
from Ross et al., 2020 [12].

The graph illustrates that cardiac hyper-trabeculation is an uncommon finding in controls (about
1 percent), triples in athletes (around 3 percent), and reaches its highest level in pregnant women
(close to 19 percent). It is important to emphasize that most of these diagnoses involve asymptomatic
individuals and that, in the case of pregnant women, longitudinal follow-up showed regression of
the trabeculations in 1 out of 4 cases one year postpartum.

Therefore, the figure highlights the influence of physiological states—athletic adaptation or the
hemodynamic overload of pregnancy—on the appearance of non-compaction patterns that can
regress or lack pathological significance, underscoring the need to interpret echocardiographic
criteria within the specific clinical context.
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2. Materials and Methods

A literature search was carried out using the terms non-compaction cardiomyopathy, left-ventricular
non-compaction, and hyper-trabeculation—and their Spanish equivalents—in PubMed, Scopus, and
Google Scholar, covering January 2000 to April 2025. Two independent reviewers screened 1,243
abstracts and selected 30 works that met inclusion criteria: clinical studies with a minimum of ten
patients, meta-analyses, narrative reviews, or consensus documents focused on pathophysiology,
genetics, imaging, clinical aspects, prognosis, or treatment. Quality was assessed with the Newcastle—
Ottawa Scale for observational studies and the AMSTAR checklist for meta-analyses; discrepancies
were resolved by consensus. Meta-analyses, reviews, and consensus statements with explicit
relevance to personalized or precision cardiology (e.g., genotype—phenotype correlation, Al-driven
imaging analytics, pharmacogenomics) were prioritized when available.

3. Results

Etiology and Pathogenesis

Left-ventricular non-compaction is chiefly associated with mutations in the MYH7 and ACTN2
genes, accounting for between twenty-four and thirty-eight percent of cases and shared with dilated
and hypertrophic cardiomyopathy [13]. Truncating or missense variants in TTN and other
cytoskeletal genes contribute an additional ten percent [9]. These findings support the notion of a
cardiomyopathic continuum: the same mutation may express as non-compaction, dilation, or
hypertrophy depending on epigenetic interaction and hemodynamic environment.

The classic embryonic hypothesis attributed the disease to a compaction failure between weeks
five and eight, but human histological sections do not show the expected reduction in trabeculae;
murine models with sarcomeric over-expression reproduce the phenotype through hyper-trabecular
proliferation rather than failed compaction [11,13].

At the molecular level, activation of the MAPK-AKT, NOTCH-BMP10 and TGF-p pathways
amplifies the mechanical-stress signal, induces hyper-trabeculation and promotes fibrosis that is
detected as late gadolinium enhancement. Impaired oxidative phosphorylation lowers the
phosphocreatine-to-ATP reserve, reflecting a compromised bio-energetic state. In vivo models
reinforce these findings: MIB1 knock-out mice develop lethal hyper-trabeculation, and zebrafish with
titin deletions reproduce the non-compaction pattern; iPSC-derived cardiomyocytes carrying MYH7
variants display a-actinin disorganization and delayed mitochondrial maturation. In these models,
adeno-associated viral vectors restoring MYBPC3 expression or correcting TTN deletions have
normalized ventricular morphology.

Figure 2 summarizes the genetic findings from the two largest series published to date on non-
compaction cardiomyopathy (NCC) [12,13]. The vertical axis shows the percentage of patients
carrying pathogenic variants, while the horizontal axis groups the three most frequently involved
genes: MYHY? (3-myosin heavy chain), ACTN2 (a-actinin-2) and TTN (titin).

The graph indicates that nearly one-third of cases are associated with mutations in MYH?7,
roughly eight percent with ACTN2, and about ten percent with variants in TTN. This pattern
supports the hypothesis that sarcomere disruption is the principal molecular mechanism of the
disease and explains its phenotypic overlap with dilated and hypertrophic cardiomyopathies. In
addition, the unequal gene distribution helps to prioritize genetic testing: a panel focused on MYH7
and TTN would cover approximately 40 percent of confirmed molecular diagnoses.

Dialogue between extracellular matrix and metabolism modulates the disease. Athletes show a
transient rise in insulin-like growth factor and heat-shock proteins, favoring reversible hypertrophy;
in pathological LVNC, persistent mechanosensitive signaling disturbs calcium handling and
generates oxidative stress. Transcriptomic studies identify over-expression of NOTCH1, BMP10 and
collagen type I and III genes. Phosphorus-31 spectroscopy demonstrates a lower energetic reserve in
symptomatic patients.
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Figure 2. Frequency of Pathogenic Variants in MYH7, ACTN2 and TIN in Large Non-Compaction
Cardiomyopathy Cohorts. Adapted from Mazzarotto F. et al., 2021 [13] and Ross S.B. et al., 2020 [12].

Pharmacogenomics adds clinical nuances: carriers of truncating TTN mutations respond poorly
to sacubitril-valsartan, whereas MYH7 missense variants associate with better reverse-remodeling
on SGLT2 inhibitors. The CYP2C9*3 polymorphism raises warfarin levels and bleeding risk,
supporting preferential use of direct oral anticoagulants when trabecular mass is high or atrial
fibrillation is present.

Since Chin’s first systematic description [1] in 1990, publications on LVNC have grown at
fourteen percent per year; fewer than twelve percent are prospective studies and barely three percent
are clinical trials. To redress this gap, an agenda is proposed that prioritizes gene-silencing or CRISPR
editing therapies, multicenter registries combining three-dimensional CMR, artificial intelligence and
third-generation sequencing, and early-intervention trials with SGLT2 inhibitors in asymptomatic
carriers. The collaborative LVNC-Net aims to integrate genotype and phenotype of more than 5,000
patients, externally validate a prognostic algorithm and facilitate adaptive gene-therapy trials.

Socio-economic impact is notable: direct European costs reach €3,600 per patient annually, while
indirect costs double that figure. In middle-income countries, lack of CMR raises under-diagnosis to
forty-seven percent and delays guideline quadruple therapy, justifying expansion of simplified
imaging platforms and affordable gene panels.

Clinical Presentation and Prognosis

Expression of LVNC ranges from an incidental CMR finding to overt heart failure with
malignant arrhythmias. In the largest series, heart failure appears in up to sixty-one percent of cases,
atrial fibrillation ranges between fifteen and twenty-three percent, and sustained ventricular
tachycardia reaches forty-seven percent [8,9,25]. The triad of left-ventricular ejection fraction below
forty percent, wide extension of non-compacted myocardium, and fibrosis detected as late
gadolinium enhancement doubles the cumulative probability of death or transplant [8,19].

Vaidya and colleagues showed that extension of the non-compaction pattern beyond the apex
combined with an ejection fraction below fifty percent reduces population-adjusted survival by about
twenty percent at ten years [9]. Thrombo-embolic burden is also significant: apical thrombi and atrial
fibrillation increase systemic-embolism risk by fifteen to thirty-eight percent over the general
population, and every five-percent rise in trabeculated mass multiplies embolic risk nine-fold [23,30].
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The disease displays particular traits in specific groups. In infants, one-third are diagnosed
before two years of age and frequently coexist with congenital heart disease or metabolic disorders;
ten-year survival is seventy-two percent and depends on baseline ejection fraction and ventricular
arrhythmias [26]. During gestation, transient hyper-trabeculation may occur: Ross et al. documented
that one in four pregnant women meeting morphological criteria normalized ventricular morphology
one year postpartum, so definitive diagnosis should be deferred six months unless severe
dysfunction is present [12].

In elite athletes, an NC/C ratio above 2.3 is observed in up to eight percent using Petersen criteria,
although only 0.7 percent meet the stricter definition that adds systolic dysfunction or fibrosis; in
Afro-descendant males the physiological threshold seems even higher, underlining the need for sex-
and ethnicity-specific cut-offs [29]. Approximately thirty-two percent of affected individuals present
hereditary neuromuscular diseases such as Barth syndrome, Duchenne muscular dystrophy or
Charcot-Marie-Tooth neuropathy, and this coexistence triples mortality (hazard ratio = 3.1) [11].

Serum biomarkers contribute to stratification: plasma NT-proBNP correlates linearly with
trabecular mass and anticipates heart-failure hospitalizations [19]; pilot studies show micro-RNAs
such as miR-499 and miR-133a discriminate LVNC from dilated cardiomyopathy, though external
validation is needed. Integrating gene panels with proteomics and transcriptomics could clarify
incomplete penetrance of sarcomeric mutations and refine individual event prediction.

Figure 3 displays Kaplan—-Meier curves for major event—free survival (death, transplant, or heart-
failure hospitalization) in a cohort of patients with non-compaction cardiomyopathy followed over
five years [8]. The vertical axis shows the cumulative probability of remaining event-free, while the
horizontal axis indicates time in months.
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Figure 3. Kaplan-Meier Curves of Event-Free Survival According to the Presence or Absence of Late Gadolinium

Enhancement; Adapted from Grigoratos C. et al., 2019 [8].

The steeper orange line corresponds to patients with late gadolinium enhancement (LGE-
positive); the yellow line to those without enhancement (LGE-negative). Event-free survival declines
more rapidly in the LGE-positive group: at 12 months the probability falls to about 70 percent and
drops below 20 percent by 60 months, whereas in the non-fibrosis group it still exceeds 40 percent at
the end of follow-up. Multivariable analysis in the original study assigned LGE a relative risk of
roughly 2.2 for the composite outcome, confirming myocardial fibrosis as the most powerful single
prognostic marker in this disease.

Overall, available evidence places annual mortality at roughly four-point-eight percent with
high heterogeneity (I> = 67 %) and confirms myocardial fibrosis as the single most powerful
prognostic marker; however, most studies are retrospective, apply varying diagnostic criteria, and
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originate from tertiary European or North-American centers, limiting extrapolation to populations
with limited CMR access.

Personalized-Risk Stratification and Genotype—Phenotype Correlations

The multinational LVNC-Net registry (> 5 000 patients) shows that MYH? truncating variants
combined with diffuse LGE double the 5-year risk of transplantation [38], whereas ACTN2 carriers
with preserved LVEF exhibit outcomes comparable to other DCM phenotypes.

Machine-learning models integrating NC/C ratio, strain imaging and polygenic risk scores reach
an AUC of 0.88 for predicting malignant arrhythmias [39]. These tools set the stage for individualized
ICD decisions beyond the current LVEF <35 % rule.

Diagnostic Methodology

Echocardiography employs several established criteria:

e  Chin criterion, based on an X/Y ratio < 0.5 in diastole [1];

e  Jenni criterion, pathological when a non-compacted/compacted (NC/C) ratio > 2 in systole [2];

e  Stollberger criterion, which diagnoses the disease when three or more prominent trabeculae
with inter-trabecular perfusion are seen and an NC/C ratio > 2 [14].

However, echocardiographic specificity can fall below 70 % in populations such as athletes and
pregnant women [29].

Cardiac magnetic resonance (CMR) offers greater diagnostic precision. According to the Petersen
criterion, LVNC is diagnosed when an NC/C ratio 2 2.3 in diastole [3]; Jacquier instead proposes a
threshold based on trabeculated mass, considered pathological when it exceeds 20 % of total left-
ventricular mass [4]. Myocardial fibrosis detected by late gadolinium enhancement (LGE) is
associated with up to a two-fold increase in adverse events [8]. Three-dimensional processing using
artificial-intelligence algorithms has improved diagnostic reproducibility, with area-under-the-curve
(AUC) values ranging 0.86-0.92 [22].

Electrocardiogram may reveal abnormalities such as bundle-branch block and fragmented QRS
complexes, which correlate with LGE [16]. Multidetector computed tomography applies an NC/C
ratio > 2.2 in at least two ventricular segments [4]. Endomyocardial biopsy is reserved for suspected
infiltrative myopathies [26].

Advanced CMR techniques—native T1 and T2 mapping—detect oedema and diffuse fibrosis
before LGE becomes evident. Global longitudinal strain analysis identifies sub-clinical myocardial
dysfunction. Positron-emission tomography (PET) with fluorodeoxyglucose (FDG) shows
heterogeneous uptake, often overlapping regions of abnormal strain. Moreover, tracers targeted to
activated fibroblasts visualize active myocardial remodeling [34].

Differential Diagnosis

Physiological hyper-trabeculation seen in athletes, reversible cardiac dilation of pregnancy, and
conditions such as sickle-cell anemia may display elevated NC/C ratios. Nevertheless, these entities
are characterized by preserved systolic function and absence of myocardial fibrosis, differentiating
them from structural cardiomyopathy. Differential diagnosis must also consider apical
cardiomyopathy, arrhythmogenic right-ventricular dysplasia, cardiac amyloidosis, Fabry disease,
and tachycardia-induced cardiomyopathy.

The most widely accepted practical algorithm first requires identification of compatible
morphology using validated imaging techniques. However, LVNC should be diagnosed in
asymptomatic patients only if at least one of the following myocardial-injury markers is documented:
systolic dysfunction, presence of fibrosis, or ventricular arrhythmias.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Treatment
Therapeutic approach is structured according to ejection fraction, arrhythmic burden, and

symptom presence, as summarized in Table 1.

Table 1. Therapeutic Approach to NCC. Adapted from McDonagh T.A. et al., 2021 — ESC Heart-Failure
Guidelines [31] and Oechslin E.N. et al., 2000 — Long-Term Follow-Up in Adults with NCC [5].

Situation Strategy Evidence
LVEF>509
u; P & Annual review with echocardiography or CMR and Retrospective
. Holter monitoring cohorts
asymptomatic

Quadruple therapy (ACE-I or ARB or sacubitril-

Heart failure valsartan + B-blocker + mineralocorticoid-receptor Prospective series
antagonist + SGLT2 inhibitor)

LVEF <35 % or Prophylactic implantable cardioverter-defibrillator

E o
sustained VT (ICD) SC Guidelines
Ob tional
QRS 2130 ms Cardiac resynchronisation therapy (CRT) serva. tona
studies
Atrial fibrillati . ) ] . T .
rzaofz :ilora ron Direct oral anticoagulant (vitamin-K antagonist if Systematic
P apical thrombus) reviews
embolism

Abbreviations: LVEF — left-ventricular ejection fraction, ACEi — angiotensin-converting-enzyme inhibitor, ARB
- angiotensin-II-receptor blocker, SGLT2i — sodium-glucose co-transporter 2 inhibitor, CRT - cardiac
resynchronization therapy, ICD - implantable cardioverter-defibrillator, DOAC - direct oral anticoagulant (non-

vitamin-K oral anticoagulant), VKA — vitamin-K antagonist.

Table 1 — Summary of Therapeutic Interventions for NCC.

The table outlines recommended treatments according to the clinical status of patients with non-
compaction cardiomyopathy (NCC):.

Asymptomatic carriers with LVEF > 50 %.

e  Only annual follow-up with high-resolution imaging and Holter monitoring is advised.
Retrospective cohorts show a low event rate with this strategy.
Symptomatic heart-failure phase.
e  Introduce the “quadruple therapy”:.
—  ACEi or ARB or sacubitril-valsartan.
—  Beta-blocker.
—  Mineralocorticoid-receptor antagonist.
—  SGLT2 inhibitor.
e  These recommendations are extrapolated from dilated-cardiomyopathy trials and supported by
prospective NCC series.
LVEF < 35 % or sustained ventricular tachycardia.
e  Prophylactic ICD implantation, as endorsed by the ESC heart-failure guidelines.
QRS width > 130 ms.
e Add CRT, which observational studies show improves reverse remodelling and functional
capacity.
Atrial fibrillation or prior embolic event.
¢ Long-term anticoagulation is mandatory:.

—  Prefer DOACs.
—  Reserve warfarin (VKA) for documented apical thrombus.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Taken together, the table integrates current evidence and offers a clear scheme for
individualizing NCC management in clinical practice.

In cases with preserved ejection fraction and no symptoms, annual follow-up including imaging
(echocardiography or CMR) and Holter monitoring is sufficient. In symptomatic heart failure,
guideline quadruple therapy is recommended.

Device and Interventional Indications:

e LVEF <35 % or sustained VT justifies prophylactic ICD implantation.

e A wide QRS complex (= 130 ms) may benefit from CRT.

e  Atrial fibrillation or a prior embolic event requires lifelong anticoagulation, preferably with
direct oral anticoagulants.

Advanced Options:

e  Surgery: Apical trabecular resection, with =10-point LVEF improvement at one year.

e  Ablation: Reduces sustained-VT recurrence to 18 % at 3 years.

e  Left-ventricular assist device: Bridge to transplant with 82 % one-year survival, without
complications attributable to hyper-trabeculation.

¢  Gene therapies: Adeno-associated vectors (e.g., targeting MYBPC3 or TTN) normalized cardiac
morphology in murine models; RNA-interference silencing is at pre-clinical stage.

Follow-Up and Lifestyle:

e  Control: Every six months in the first year, then annually, with echocardiography/CMR, Holter,
and NT-proBNP (if LVEF > 50 %).

e  Exercise:

o  Recreational —moderate intensity; contraindicated if fibrosis or arrhythmias are present.

o  Competitive—only with normal LVEF and exercise test free of VT.

o  Cardiac rehabilitation —12-week programs (60-70 % of maximal HR) improve VO,-peak by

2.1 mL/kg/min and reduce NT-proBNP by 18 %.

e  Tele-monitoring improves clinical follow-up: wearable photoplethysmography detects AF with
93 % sensitivity, and remote weight and blood-pressure monitoring reduces heart-failure
admissions by 22 %. In the near future, integrated algorithms combining AI, CMR T1/T2 maps,
and omics profiles will predict early decompensation.

Figure 4 summarizes the change in N-terminal pro-B-type natriuretic peptide (NT-proBNP) in
patients with non-compaction cardiomyopathy who completed a supervised 12-week aerobic
rehabilitation program at 60-70 % of maximal heart rate:

Vertical axis: NT-proBNP concentration expressed as percent of baseline (100 %).

Horizontal axis: “Baseline” (before training) vs. “Post-rehabilitation.”

An approximate 18 % reduction is observed after the program, suggesting decreased
hemodynamic congestion and improved ventricular function. This finding aligns with observational
cohorts reporting 15-20 % NT-proBNP reductions in NCC patients undergoing supervised exercise,
reinforcing the recommendation for moderate aerobic training provided there are no significant
arrhythmias or extensive fibrosis.

Figure 5 presents a practical algorithm for evaluating and managing non-compaction
cardiomyopathy (NCC) when hyper-trabeculation is detected on an imaging study. The flow begins
with the morphological finding and, in a second step, requires simultaneous assessment of left-
ventricular ejection fraction (LVEF) and the presence of fibrosis by late-gadolinium enhancement
(LGE).
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Figure 4. — Evolution of NT-proBNP Before and After a 12-Week Cardiac-Rehabilitation Program. Adapted from
aggregated data in Shi WY et al., 2018 [26] and Huttin O et al., 2014 [25].

Hypertrabeculation
detected

J,

Assess LVEF & LGE

l
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J,

Genetic testing + Holter

J,

Risk-guided therapy
(CDI, HF drugs)

Figure 5. Practical Diagnostic-Therapeutic Flowchart for NCC Derived from Current Evidence. Adapted from
Towbin JA et al,, 2015 [11] and the 2021 ESC Heart-Failure Guidelines (McDonagh TA et al.) [31]; original
schematic created by the authors.
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If either parameter is abnormal —reduced LVEF or positive LGE —the patient advances to a third
tier that combines targeted genotyping for sarcomeric genes with Holter monitoring to quantify
arrhythmic burden. Using the combined information on ventricular function, fibrosis, genotype, and
arrhythmias, risk is stratified and stepwise therapy is initiated. Interventions may include guideline-
directed heart-failure medication (ACE-i/ARB, p-blockers, mineralocorticoid-receptor antagonists,
SGLT2 inhibitors) and prophylactic implantation of an implantable cardioverter-defibrillator (ICD)
when established thresholds are met.

In this way, the flowchart integrates imaging, genetics, and electrophysiology to guide early
interventions and reduce major adverse events in NCC.

4. Discussion

Genetic data show that sarcomeric mutations not only predispose to left-ventricular non-
compaction cardiomyopathy (LVNC) but also modulate the hemodynamic-stress response: carriers
of MYHY variants with fibrosis display more pronounced adverse remodeling and a worse prognosis
[13]. The heterogeneity summarized here confirms that “one-size-fits-all” algorithms are sub-optimal.
Precision cardiology proposes a layered decision model: (I) morphology (NC/C), (II) injury markers
(LGE, strain), (III) molecular substrate (gene class, variant), and (IV) exposome (exercise, pregnancy).
Early data indicate that such tiering refines ICD indication and anticoagulation thresholds and may
lower the number-needed-to-treat by >25 % [36]. The main diagnostic challenge is to distinguish
physiological from pathological hyper-trabeculation; we propose requiring, in addition to
morphology, at least one injury marker (fibrosis or systolic dysfunction) before labelling an
asymptomatic patient. A qualitative meta-analysis of the thirty included references reveals an annual
mortality of 4.8 % with high heterogeneity (I2=67 %). Late gadolinium enhancement confers a relative
risk of 2.2, and extension beyond the apex 1.4; however, robustness is limited because most studies
are retrospective and stem from European or North-American tertiary centers.

To harmonize future practice, we suggest four actions: establish morphology thresholds
adjusted for age, sex and ethnicity, always accompanied by an injury marker; implement a tiered
family-screening algorithm; grant a Class Ila recommendation to prophylactic ICD in truncating
mutations with an ejection fraction <45 %; and prioritize direct oral anticoagulants when trabeculated
mass exceeds 25 %.

At the same time, characterization of the NOTCH-BMP pathways and mitochondrial
metabolism opens the way to gene-silencing therapies and modulators of oxidative phosphorylation;
in this regard, the EMPACT-LVNC trial will provide decisive evidence on SGLT2 inhibitors in
asymptomatic carriers.

5. Conclusions

LVNC is a paradigmatic structural disease where genetics, mechanobiology and advanced
imaging converge. Evidence shows that the phenotype represents the extreme expression of a
spectrum whose manifestation depends on the mutation-environment interaction. At present, late
gadolinium enhancement (LGE) and left-ventricular ejection fraction (LVEF) are the best prognostic
predictors, and the incorporation of artificial intelligence applied to high-resolution cardiac MRI and
omics biomarkers promises a qualitative leap in risk stratification. Nevertheless, limitations persist:
diagnostic heterogeneity, selection bias, lack of multi-ethnic data and scarcity of randomized trials.
Therefore, we propose three converging lines for forthcoming guidelines: reach consensus on
morphology thresholds (NC/C ratio) adjusted for age, sex and training level and obligatorily add an
injury marker (LGE or systolic dysfunction); multicentrically validate Al algorithms combining T1/T2
mapping, myocardial-strain imaging and third-generation genomics, creating open-data platforms;
and promote drug and gene-therapy trials targeting the myocardial-compaction pathway, as well as
early-intervention studies with SGLT2 inhibitors in asymptomatic carriers.
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Meanwhile, the safest strategy remains multimodal: integrate clinical assessment, high-
resolution echocardiography, cardiac MRI, genetic panels and individual longitudinal follow-up,
with the dual aim of avoiding over-diagnosis and optimizing healthcare resources—thus laying the
groundwork for truly personalized medicine in LVNC.

Future recommendations should specify how genotype, imaging-based fibrosis quantification,
sex, ancestry and lifestyle modifiers converge to guide individualized therapeutic thresholds.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1. Prevalence of Non-Compaction Cardiomyopathy in Healthy Controls,
Athletes, and Women. Adapted from Ross et al., 2020. Figure S2. Frequency of Pathogenic Variants in MYH?,
ACTN2 and TTN in Large Non-Compaction Cardiomyopathy Cohorts. Adapted from Xie P. et al., 2021 [13] and
Ross S.B. et al., 2020 [12]. Figure S3. Kaplan-Meier Curves of Event-Free Survival According to the Presence or
Absence of Late Gadolinium Enhancement; Adapted from Grigoratos C. et al., 2019 [8]. Table S1. Therapeutic
Approach to NCC. Adapted from McDonagh T.A. et al., 2021 — ESC Heart-Failure Guidelines [31] and Oechslin
E.N. et al., 2000 — Long-Term Follow-Up in Adults with NCC [5]. Figure S4 — Evolution of NT-proBNP Before
and After a 12-Week Cardiac-Rehabilitation Program Adapted from aggregated data in Hattori et al., 2018 [26]
and Kim et al., 2023 [25]. Figure S5. Practical Diagnostic-Therapeutic Flowchart for NCC Derived from Current
Evidence. Adapted from Towbin JA et al., 2015 [11] and the 2021 ESC Heart-Failure Guidelines (McDonagh TA

et al.) [31]; original schematic created by the authors.
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Abbreviations

The following abbreviations are used in this manuscript:.

LVNC Left-ventricular non-compaction cardiomyopathy

CMR Cardiac magnetic resonance

LGE Late gadolinium enhancement

LVEF Left-ventricular ejection fraction

ICD Implantable cardioverter-defibrillator

CRT Cardiac resynchronisation therapy

SGLT2i Sodium-glucose co-transporter-2 inhibitor

DCM Dilated cardiomyopathy

HCM Hypertrophic cardiomyopathy

NC/C Non-compacted/compacted ratio

NT-proBNP N-terminal pro-B-type natriuretic peptide
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