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BACKGROUND: Left ventricular (LV) hypertrabeculation, formerly termed LV noncompaction, is a heterogeneous myocardial entity 
linked to adverse cardiovascular outcomes. This study evaluated embolic risk in patients with dilated cardiomyopathy (DCM) 
according to the presence of hypertrabeculation and examined its prevalence and prognostic relevance across DCM genotypes.

METHODS: Clinical data from 1160 patients with DCM evaluated by cardiac magnetic resonance imaging and genetic testing 
(n=997 [86%]) were collected from 22 international centers. End points included embolic events, advanced heart failure 
events, and major ventricular arrhythmias.

RESULTS: LV hypertrabeculation was identified in 354 patients (30.5%) by fractal analysis and in 343 (29.7%) according to Petersen 
criteria, with good concordance. After a median follow-up of 5.1 years (interquartile range, 2.8–7.4), embolic events occurred in 
37 patients (3.2%), advanced heart failure in 62 (5.3%), and major ventricular arrhythmias in 136 (11.7%). Hypertrabeculation 
was not associated with increased embolic risk (hazard ratio, 1.5 [95% CI, 0.75–3.00]), even among patients in sinus rhythm with 
LV ejection fraction ≤40% (hazard ratio, 1.89 [95% CI, 0.7–5.5]). In contrast, atrial fibrillation and reduced LV ejection fraction 
were associated with embolic events (both P<0.01). LV hypertrabeculation was not associated with an increased risk of major 
ventricular arrhythmias or advanced heart failure; genotype, LV ejection fraction, and late gadolinium enhancement emerged as 
the main predictors of adverse outcomes. The prevalence of LV hypertrabeculation varied across genotypes, with the highest 
prevalence observed in patients with sequence variants in motor sarcomeric genes (58%), TTN (38%), and genotype-negative 
status (33%), and the lowest prevalence observed among those with variants in cytoskeletal/Z-disk (7%) and nuclear envelope 
(5%) genes. Hypertrabeculation was not associated with adverse outcomes within any genotype.

CONCLUSIONS: Although LV hypertrabeculation is common in DCM, it is not associated with worse outcomes and should not prompt 
differential clinical management. The embolic risk in patients with DCM and hypertrabeculation is low, including in those with 
reduced LV ejection fraction without atrial fibrillation, and does not support prophylactic anticoagulation in these patients.
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Left ventricular (LV) hypertrabeculation, previously 
termed LV noncompaction, is a heterogeneous 
entity characterized by prominent LV trabeculae, 

deep intertrabecular recesses, and a thin, compacted 
myocardial layer.1

LV hypertrabeculation historically has been associated 
with a high risk of heart failure (HF), ventricular arrhyth-
mias, embolic events, and mortality, leading to more 
aggressive use of certain therapies. The high thrombo-
embolic risk reported in early series has led some groups 
to recommend anticoagulation in patients with LV hyper-
trabeculation and reduced ejection fraction (LV ejection 
fraction [LVEF] ≤40%) in the absence of atrial fibrillation 
(AF) or other indications.2–4

Nonetheless, recent advances in cardiac imag-
ing, particularly the widespread adoption of cardiac 
magnetic resonance imaging (CMR), have led to a 
substantial increase in the detection of hypertrabec-
ulation. This newly recognized high prevalence has 
raised important questions about the prognostic value 
of hypertrabeculation and sparked concerns regard-
ing potential overdiagnosis and overtreatment. Despite 
its increasing recognition, LV hypertrabeculation in the 
setting of dilated cardiomyopathy (DCM) remains a 
poorly defined entity with uncertain clinical and prog-
nostic significance.

We evaluated embolic risk in patients with DCM 
according to the presence of hypertrabeculation and 

assessed the prevalence and prognostic impact of 
hypertrabeculation in a contemporary cohort of patients 
with genetically characterized DCM evaluated by CMR.

METHODS
Study Design
This is an international, multicenter, retrospective, observational, 
and longitudinal study of consecutive patients with DCM evalu-
ated by CMR and recruited from 22 European hospitals from 
The Netherlands and Spain. DCM was defined as the presence 
of LVEF <50% on CMR in the absence of abnormal loading 
conditions, coronary artery disease (by coronary angiography 
or computed tomography), excessive alcohol consumption, or 
any other identifiable cause.5 The study was approved by the 
Hospital Universitario Puerta de Hierro ethics committee and 
conformed to the principles of the Helsinki Declaration. The 
authors from each participating center guarantee the integrity 
of data.

Participants
Participating individuals were consecutive patients with non-
ischemic DCM who underwent CMR between 2003 and 2023 
at participating centers. Genetic testing was conducted accord-
ing to local practice and results were collected if they fulfilled 
the study requirements. Genetic testing was performed using 
targeted next-generation sequencing panels including >50 
cardiomyopathy-associated genes in probands, or by Sanger 
sequencing to detect known pathogenic or likely pathogenic 
variants previously identified in family members with DCM. 
Genetic testing was performed at participating institutions or 
an accredited genetics laboratory. CMR studies and genetic 
testing results were centrally evaluated at the coordinating 
center by experts in genetics and CMR.

Clinical outcomes were ascertained through systematic 
review of electronic medical records at each participating cen-
ter, including hospital discharge summaries, outpatient clini-
cal documentation, and, when available, device interrogation 
reports. Events were defined according to prespecified criteria, 

Clinical Perspective

What Is New?
• In a large, contemporary, genotyped dilated cardio-

myopathy cohort evaluated with cardiac magnetic 
resonance imaging, left ventricular hypertrabecula-
tion is common (≈30%), but not associated with 
disease severity or adverse clinical outcomes.

• The prevalence of hypertrabeculation varies across 
genotypes, but does not confer increased risk 
within any genotype.

• Hypertrabeculation is not associated with embolic 
risk in patients with dilated cardiomyopathy, includ-
ing those in sinus rhythm with severe systolic 
dysfunction.

What Are the Clinical Implications?
• The low embolic risk observed does not support 

routine anticoagulation in patients with dilated 
cardiomyopathy with hypertrabeculation, including 
those with left ventricular ejection fraction ≤40%.

• Within the dilated cardiomyopathy spectrum, left 
ventricular hypertrabeculation should be regarded 
as a phenotypic trait associated with certain geno-
types and should not prompt changes in therapeu-
tic management or surveillance.

Nonstandard Abbreviations and Acronyms

AF	 atrial fibrillation
AHF	 advanced heart failure
CMR	 cardiac magnetic resonance imaging
DCM	 dilated cardiomyopathy
FD	 fractal dimension
HF	 heart failure
HR	 hazard ratio
IQR	 interquartile range
LGE	 late gadolinium enhancement
LV	 left ventricular
LVEF	 left ventricular ejection fraction
MVA	 major ventricular arrhythmia
NYHA	 New York Heart Association
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and all outcomes were independently adjudicated by investiga-
tors blinded to hypertrabeculation status.

Demographics, symptoms, and 12-lead ECG data were col-
lected from clinical records at each participating center using 
uniform methodology. DCM was classified as familial if at least 
1 relative in addition to the proband had DCM during life or at 
postmortem examination. Sporadic DCM was defined by the 
absence of a family history of DCM and no evidence of DCM 
in relatives who underwent screening. Infiltrative cardiomyopa-
thies were excluded if the phenotype was suggestive.

Cardiac Magnetic Resonance
Patients underwent CMR on 1.5 or 3.0 T magnetic resonance 
scanners. Steady-state free precession cine images were 
acquired in short-axis and long-axis views. Late gadolinium 
enhancement (LGE) images were obtained using a segmented 
inversion-recovery gradient-echo technique in long- and short-
axis images 10 to 15 minutes after intravenous administra-
tion of 0.15 mmol/kg gadolinium contrast. Inversion time was 
adjusted to null the signal from normal myocardium.

Images from all centers were analyzed centrally by 2 CMR 
experts (N.R.-L., G.C.-M.) blinded to genotype and outcomes 
using dedicated software (cvi42; Circle Cardiovascular Imaging 
Inc). Disagreements were resolved by consensus, with adju-
dication by a senior expert (J.G.M.) when necessary. LV vol-
ume, LV mass, and LVEF were measured from short-axis cine 
stacks using standard methods6 and the presence of LGE was 
assessed visually. A total of 34 patients were excluded due to 
CMR studies with poor image quality that made fractal analysis 
unfeasible.

Assessment of LV Hypertrabeculation by CMR
LV hypertrabeculation was assessed using 2 methods: the 
Petersen ratio and fractal dimension (FD) analysis (Figure 1). 

For the primary analysis of the study, patients were consid-
ered to have hypertrabeculation based on the FD criterion. A 
secondary analysis was performed according to the Petersen 
criterion.

For the identification of LV hypertrabeculation using the 
Petersen method, all segments (excluding segment 17) 
were evaluated on end-diastolic cine CMR images in the 3 
standard long-axis views. A noncompacted/compacted ratio 
>2.3 was considered diagnostic for LV hypertrabeculation, 
as described by Petersen et al.7 FD analysis was performed 
using a prototype version of cvi42 software (version 6.0), a 
semiautomatic tool to quantify the degree of hypertrabecu-
lation. An apical maximum FD ≥1.30 was considered diag-
nostic for LV hypertrabeculation, based on criteria previously 
proposed by Captur et al.8 Details about the technical speci-
fications of fractal analysis and the Petersen criterion are 
provided in the Supplemental Material.

Genotype
Genetic variants were centrally classified as positive (patho-
genic or likely pathogenic variant), inconclusive (variants of 
uncertain significance that could not be excluded as poten-
tially contributing to the development of the phenotype), or 
negative (no genetic variant, benign or likely benign variants, 
or variants of uncertain significance not associated with the 
phenotype). Classification was performed through a system-
atic review by a cardiologist specialized in cardiovascular 
genetics (J.P.O.) using modified criteria from the American 
College of Medical Genetics and Genomics,9 as detailed in 
the Supplemental Material.

To assess the impact of hypertrabeculation within specific 
genetic subgroups, genes were clustered into functional cat-
egories based on shared biologic roles, involvement in common 
cellular processes, subcellular localization, and other properties 

Figure 1. Assessment of hypertrabeculation by fractal analysis and the Petersen method.
NC/C indicates noncompacted/compacted ratio.
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supported by consolidated evidence from the literature and 
biologic databases.10 Due to its high prevalence and unique 
characteristics in DCM, TTN was considered as a separate 
category. The functional gene groups included (1) structural 
cytoskeleton/Z-disk, (2) desmosomal, (3) nuclear envelope, 
(4) motor sarcomeric, (5) TTN, and (6) other genes. To ensure 
a conservative analytic approach, individuals with inconclusive 
results (n=93 [8.0%]) and those harboring >1 pathogenic or 
likely pathogenic variant (n=6 [0.52%]) were excluded from the 
functional gene group analysis. In addition, a gene-specific sub-
analysis was performed for DCM-causing genes with at least 
10 individuals harboring DCM-causing variants in the cohort.

Outcomes
The primary end point was the occurrence of embolic events, 
according to the presence or absence of LV hypertrabeculation. 
Embolic events were defined as clinically documented throm-
boembolic events, including ischemic stroke, transient ischemic 
attack, or systemic embolism.

Secondary end points included the prevalence of hyper-
trabeculation across genetic subgroups and the association 
of hypertrabeculation with advanced HF (AHF) and major 
ventricular arrhythmias (MVA). The AHF end point included 
ventricular assist device implantation for refractory HF, heart 
transplant, and AHF-related mortality. AHF-related mortality 
was defined as death occurring in the context of advanced 
HF, based on review of the medical records and adjudicated 
by the study investigators. MVA included sudden cardiac 
death or aborted sudden cardiac death, sustained ventric-
ular tachycardia, and appropriate implantable cardioverter 
defibrillator interventions. Only appropriate implantable car-
dioverter defibrillator shocks to terminate ventricular tachy-
cardia or ventricular fibrillation episodes were considered for 
the purpose of this study (antitachycardia pacing therapy was 
not considered).

Patients had planned reviews at participating centers every 
6 to 12 months or more frequently if clinically indicated. The 
follow-up for each patient was calculated from the date of their 
CMR study to the occurrence of a study end point, death from 
another cause, or the date of their last evaluation.

Statistics
Continuous variables are expressed as mean±SD or median 
(interquartile range [IQR]), as appropriate. Linearity of continu-
ous covariates was assessed before model fitting. When evi-
dence of nonlinearity was observed, restricted cubic splines 
were used. Groups were compared using Student t test or the 
Mann-Whitney U test, or 1-way ANOVA or the Kruskal-Wallis 
test when comparing >2 groups. Categorical variables are 
expressed as counts (percentages) and were compared using 
the Pearson χ2 or Fisher exact test, as appropriate. Survival 
curves were estimated using the Kaplan-Meier method, and the 
log-rank test was used to compare them. Median follow-up was 
estimated through the reverse Kaplan-Meier method.

The associations between hypertrabeculation and MVA and 
AHF were assessed using standard Cox proportional hazards 
models with an unspecified baseline hazard, with hypertra-
beculation as the primary variable of interest. These models 
were adjusted for genotype, LVEF, New York Heart Association 

(NYHA) functional class, and LGE, based on established clini-
cal relevance for arrhythmic and HF outcomes.

For embolic events, an extended Cox proportional hazards 
model was used, with AF included as a time-dependent covari-
ate. Patients contributed person-time as no AF until the date 
of first documented AF occurrence and as AF-positive there-
after. Follow-up time was measured from the baseline cardiac 
magnetic resonance date, and AF onset corresponded to the 
first documented diagnosis (ECG, Holter monitoring, or medical 
record documentation) during follow-up. The model was also 
adjusted for anticoagulation status and LVEF, as these vari-
ables represent the core established determinants of embolic 
risk. Other covariates with less consistent evidence of associa-
tion were not included to avoid overparameterization given the 
limited number of observed events. Hazard ratios (HRs) along 
with the corresponding 95% CIs were estimated. In all Cox 
analyses, proportional hazards assumption was assessed using 
Schoenfeld residuals.

To assess agreement between the fractal method and the 
Petersen criterion in detecting LV hypertrabeculation, Cohen 
kappa coefficient was calculated. Analyses were conducted 
using Stata Statistics version 18 (StataCorp). Two-tailed P val-
ues <0.05 were considered statistically significant.

Data Sharing
Qualified researchers may submit a request containing the 
research objectives, end points or outcomes of interest, a sta-
tistical analysis plan, data requirements, a publication plan, and 
qualifications of the researchers. Requests will be reviewed by 
the corresponding authors. If approved, information necessary 
to address the research question will be provided under the 
terms of a data sharing agreement. Requests may be submitted 
to the corresponding authors.

RESULTS
Characteristics of the Patients
A total of 1160 patients met inclusion criteria, 978 of 
whom (84.4%) were unrelated index cases and 181 
(15.6%) were relatives. Characteristics of the patients 
are presented in Table 1. Most patients were men 
(65.3%). The median age at CMR was 55.5 years (IQR, 
44.7–65.9 years), and most patients were classified as 
NYHA functional class I or II (76.4%) at baseline. The 
prevalence of AF was 15.0%; left bundle branch block 
was present in 29.9% and low voltages on limb leads 
were found in 12.2%.

The median LVEF at baseline CMR was 36% (IQR, 
26%–44%), and LGE was present in 354 individuals 
(31.0%). LV volume was 121.3 mL/m2 (IQR, 100.9–
147.0 mL/m2), with a median LV mass of 70.3 g/m2 
(IQR, 58.0–82.9 g/m2). Left atrial indexed volumes 
were enlarged to 46.0 mL/m2 (IQR, 34.1–62.8 mL/m2), 
whereas the measurements of the right atrium and right 
ventricle were largely within normal limits.

Regarding baseline medical treatment, 79.3% of 
patients were treated with β-blockers; 82.1% with an 
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Table 1.  Characteristics According to Left Ventricular Hypertrabeculation

Characteristics Total (n=1160) No hypertrabeculation (n=806) Hypertrabeculation (n=354) P value

Demographics

 � Male 757 (65.26) 523 (64.89) 234 (66.10) 0.689

 � Proband 978 (84.38) 674 (83.73) 304 (85.88) 0.353

 � Age, y 55.54 (44.69–65.94) 56.40 (46.03–66.01) 54.13 (40.72–65.86) 0.038

 � White patients 1106 (98.05) 765 (97.83) 341 (98.55) 0.549

 � FH of DCM 445 (40.49) 318 (41.90) 127 (37.35) 0.156

 � FH of SCD, first-degree relative 112 (10.06) 75 (9.77) 37 (10.72) 0.623

 � FH of SCD, non–first-degree relative 186 (16.85) 135 (17.74) 51 (14.87) 0.238

 � Skeletal myopathy 25 (2.41) 15 (2.12) 10 (3.03) 0.372

 � Previous recovered SCD 31 (2.67) 22 (2.73) 9 (2.54) 0.856

 � Hypertension 402 (34.66) 290 (35.98) 112 (31.64) 0.152

 � Dyslipidemia 375 (32.33) 268 (33.25) 107 (30.23) 0.310

 � Diabetes 192 (16.55) 135 (16.75) 57 (16.10) 0.785

NYHA functional class at first evaluation

 � I 468 (42.12) 303 (39.87) 165 (47.01)

 � II 381 (34.29) 273 (35.92) 108 (30.77) 0.160

 � III 225 (20.25) 158 (20.79) 67 (19.09)

 � IV 37 (3.33) 26 (3.42) 11 (3.13)

Baseline ECG

 � Atrial fibrillation or flutter 174 (15.00) 134 (16.63) 40 (11.30) 0.019

 � QRS duration, mm 106 (92–140) 106 (91–140) 105 (92–140) 0.753

 � LBBB 343 (29.88) 230 (28.89) 113 (32.10) 0.274

 � Low QRS voltage limb leads 128 (12.18) 94 (13.24) 34 (9.97) 0.129

Baseline CMR

 � NC/C ratio 1.9 (1.4–2.5) 1.7 (1.2–2) 2.7 (2.3–3.2) <0.001

 � LGE 354 (31.00) 269 (33.71) 85 (24.71) 0.003

 � LVEF, % 36.15 (26.10–44.34) 34.85 (25.63–43.91) 38.19 (27.5–45.21) 0.015

 � LVEDV, mL 228 (188.2–286) 234.2 (190–289.8) 217.75 (176.8–274.8) 0.003

 � LV mass, g 133 (108.2–160) 133.75 (109–160) 131 (108–160.5) 0.479

 � RVEDV, mL 155 (123.8–195) 156 (126.3–200.7) 150.9 (118.6–186) 0.002

 � RV mass, g 31 (23.9–40.65) 30.1 (23–39.7) 33.6 (25–42.3) 0.005

 � LA maximum volume, mL 87 (64.6–117) 87.7 (65–119.1) 85 (63–112.5) 0.209

 � RA maximum volume, mL 67.7 (51.1–91) 69 (52.8–94) 63.15 (48.2–80.65) <0.001

 � LVEDV index, mL/m2 121.3 (100.9–147.0) 123.5 (103.5–148.9) 115.1 (96.9–141.0) 0.004

 � LV mass index, g/m2 70.3 (58.0–82.9) 70.3 (58.2–82.4) 70.2 (57.5–83.3) 0.770

 � RVEDV index, mL/m2 82.5 (67.7–100.0) 83.9 (68.6–102.5) 79.6 (63.7–95.9) 0.001

 � RV mass index, g/m2 16.7 (13.0–21.6) 16.4 (12.5–21.5) 17.7 (13.7–21.8) 0.011

 � LA maximum volume index, mL/m2 46.0 (34.1–62.8) 46.6 (35.0–63.1) 45.3 (33.0–61.9) 0.252

 � RA maximum volume index, mL/m2 35.5 (27.5–46.4) 36.7 (28.5–47.2) 33.1 (24.7–42.6) <0.001

Drug treatment at baseline

 � β-blocker 919 (79.29) 635 (78.78) 284 (80.45) 0.519

 � ACEI/ARB/ARNI 951 (82.05) 656 (81.39) 295 (83.57) 0.373

 � MRA 473 (40.81) 330 (40.94) 143 (40.51) 0.890

 � SGLT2i 60 (5.18) 43 (5.34) 17 (4.82) 0.710

 � Ivabradine 77 (6.65) 54 (6.71) 23 (6.52) 0.904

 � Diuretics 426 (36.85) 303 (37.69) 123 (34.94) 0.374

(Continued)
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angiotensin-converting enzyme inhibitor, angiotensin 
II receptor blocker, or angiotensin receptor/neprilysin 
inhibitor; 40.8% with a mineralocorticoid receptor antag-
onist; and 5.2% with a sodium-glucose cotransporter 
type 2 inhibitor. At the last follow-up, 87.9% of patients 
were receiving β-blockers; 90.1% an angiotensin- 
converting enzyme inhibitor, angiotensin II receptor blocker, 
or angiotensin receptor/neprilysin inhibitor; 63.2% a min-
eralocorticoid receptor antagonist; and 44.0% a sodium-
glucose cotransporter type 2 inhibitor. In relation to device 
therapy, 376 patients (32.4%) received an implantable car-
dioverter defibrillator during follow-up and 174 (16.3%) a 
cardiac resynchronization therapy device.

LV Hypertrabeculation
LV hypertrabeculation was identified in 354 patients 
(30.5%) based on the FD analysis and in 343 patients 
(29.65%) according to Petersen criteria. An agreement 
rate of 84.79% was observed between the 2 meth-
ods. The Cohen kappa coefficient was 0.638 (95% CI, 
0.590–0.687), indicating substantial agreement. Among 
patients with hypertrabeculation according to the Pe-
tersen criterion, the median NC/C ratio was 2.7 (IQR, 
2.3–3.2).

Clinical characteristics of patients regarding the pres-
ence or absence of LV hypertrabeculation are described 
in Table 1. Patients with hypertrabeculation were younger 
(54.1 versus 56.4 years [P=0.038]), had higher LVEF 
(38.2% versus 34.9% [P=0.015]), and showed a lower 
prevalence of LGE (24.7% versus 33.7% [P=0.003]) 
and AF (11.3% versus 16.6% [P=0.019]). Regarding 
treatment, no significant differences were observed in 
baseline therapy; however, at last follow-up, patients with 
hypertrabeculation were less frequently receiving diuretics 

(29.8% versus 39.8% [P=0.002]), and less frequently had 
cardiac resynchronization therapy (12.0% versus 18.3% 
[P=0.010]), despite similar rates of left bundle branch 
block at baseline (32.1% versus 28.9% [P=0.274]).

Genotype
A DCM-related pathogenic or likely pathogenic disease-
causing variant was identified in 329 individuals (28.4%) 
in the cohort. A complete list of the disease-causing vari-
ants can be found in the Supplemental Material.

Among the 329 individuals with 1 pathogenic or likely 
pathogenic variant, the most frequently involved gene was 
TTN, identified in 122 individuals (37.1%), followed by 
DSP (n=31 [9.4%]), FLNC (n=28 [8.5%]), BAG3 (n=23 
[7.0%]), MYH7 (n=21 [6.4%]), LMNA (n=20 [6.1%]), and 
RBM20 (n=17 [5.2%]). The distribution of genes accord-
ing to the functional gene group is listed in Table S1.

Outcomes
After a median follow-up of 5.10 years (IQR, 2.77–7.44 
years), embolic events occurred in 37 patients (3.2%), 
AHF in 62 (5.3%) and MVA in 136 (11.7%). The inci-
dence rates were 0.55, 0.94, and 2.03 per 100 person-
years, respectively (Table 2).

Event rates during follow-up according to the pres-
ence of hypertrabeculation are presented in Table S2 
(FD criterion) and Table S3 (Petersen criterion).

Hypertrabeculation and Embolic Events
A total of 13 patients with hypertrabeculation (3.7%) had 
embolic events, compared with 24 (3.0%) without hyper-
trabeculation. Incidence rates were 0.6 and 0.5 per 100 

Characteristics Total (n=1160) No hypertrabeculation (n=806) Hypertrabeculation (n=354) P value

 � Anticoagulation 253 (21.81) 168 (20.84) 85 (24.01) 0.229

 � Aspirin 153 (13.54) 97 (12.39) 56 (16.14) 0.089

Treatment at last evaluation

 � β-blocker 942 (87.87) 653 (86.84) 289 (90.31) 0.110

 � ACEI/ARB/ARNI 964 (90.09) 671 (89.47) 293 (91.56) 0.293

 � MRA 671 (63.18) 471 (63.31) 200 (62.89) 0.898

 � SGLT2i 427 (44.02) 311 (45.53) 116 (40.42) 0.143

 � Ivabradine 106 (9.94) 67 (8.97) 39 (12.23) 0.104

 � Diuretics 390 (36.76) 295 (39.76) 95 (29.78) 0.002

 � ICD 376 (32.41) 270 (33.50) 106 (29.94) 0.234

 � CRT 174 (16.28) 133 (18.27) 41 (12.02) 0.010

Values are n (%); continuous variables are expressed as median (interquartile range). ACEi indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin 
receptor blocker; ARNI, angiotensin receptor/neprilysin inhibitor; CMR, cardiac magnetic resonance imaging; CRT, cardiac resynchronization therapy; DCM, idiopathic 
dilated cardiomyopathy; FH, family history; HF, heart failure; ICD, implantable cardioverter defibrillator; LA, left atrial; LBBB, left bundle branch block; LGE, late gadolinium 
enhancement; LV, left ventricular; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; NC/C, 
noncompacted/compacted ratio; NYHA, New York Heart Association; RA, right atrial; RV, right ventricular; RVEDV, right ventricular end-diastolic volume; SCD, sudden 
cardiac death; and SGLT2i, sodium-glucose cotransporter type 2 inhibitor.

Table 1.  Continued
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patient-years in the nonhypertrabeculated and hypertra-
beculated DCM groups, respectively (P=0.730). Of the 37 
patients with embolic events, 15 (40.5%) had document-
ed AF or atrial flutter before the event, and in 6 additional 
patients (16.2%), AF was first identified at the time of the 
embolic event or within the following 6 months.

In multivariable analysis, hypertrabeculation did not 
show association with an increased risk of embolism 
(HR, 1.50 [95% CI, 0.75–3.00]; P=0.249), whereas 
the presence of AF or atrial flutter (HR, 3.26 [95% CI, 
1.47–7.23]; P=0.004) and lower LVEF (HR, 1.04 per 1% 
decrease [95% CI, 1.01–1.08]; P=0.005) were associ-
ated with embolic events (Table 3 and Table S6).

Embolic Risk in Patients with LVEF ≤40% and Sinus 
Rhythm
Among the 1160 patients included in the study, 174 
(15.0%) had a history of AF or atrial flutter, 109 (11.1%) 
were receiving anticoagulation therapy for other indica-
tions, and 466 (40.2%) had LVEF >40%. Among the 496 
patients in sinus rhythm, not receiving anticoagulation, 
and with LVEF ≤40%, 14 patients (2.8%) experienced 
embolic events during follow-up. These events occurred 
in 8 patients (2.2%) without hypertrabeculation and in 
6 patients (4.4%) with hypertrabeculation (P=0.205). 
Among patients in sinus rhythm with LVEF ≤40%, the 
presence of hypertrabeculation did not show association 
with embolic events (HR, 1.89 [95% CI, 0.66–5.46]).

Hypertrabeculation and MVA
MVA occurred in 103 patients (12.8%) without hypertra-
beculation and in 33 patients (9.3%) with hypertrabecu-
lation. Patients with hypertrabeculation showed a lower 
incidence of MVA compared with those without hyper-
trabeculation (log-rank 0.036; Figure 2A).

The HR for MVA regarding the presence of hypertra-
beculation was 0.64 (95% CI, 0.42–0.97; P=0.037). How-
ever, in the multivariable analysis (adjusted for genotype, 
LGE, NYHA functional class, and LVEF), hypertrabecula-
tion lost the association with the occurrence of arrhythmic 
events (HR, 0.93 [95% CI, 0.59–1.48]; P=0.769).

In the multivariable analysis, carrying a variant in 
nuclear envelope genes was associated with MVA (HR, 
4.4 [95% CI, 2.0–9.8]), along with LGE (HR, 3.1 [95% 
CI, 2.1–4.8]) and lower LVEF (HR, 1.03 [95% CI, 1.01–
1.05]; Tables S4 and S7).

Hypertrabeculation and AHF
AHF events occurred in 49 patients (6.1%) without hy-
pertrabeculation and in 13 patients (3.7%) with hyper-
trabeculation. Patients with hypertrabeculation showed 
a lower incidence of AHF compared with those without 
hypertrabeculation (log-rank 0.046; Figure 2B).

The HR for AHF regarding the presence of hyper-
trabeculation was 0.54 (95% CI, 0.29–0.99); P=0.049. 
However, in the multivariable analysis (adjusted by geno-
type, LGE, NYHA functional class, and LVEF), hypertra-
beculation was not associated with AHF (HR, 0.82 [95% 
CI, 0.43–1.57]; P=0.550), whereas the remaining vari-
ables were (Tables S5 and S8).

Association Among Hypertrabeculation, 
Genotype, and Outcomes
Hypertrabeculation varied across functional genetic 
groups. By gene group, patients with variants in motor 
sarcomeric genes showed the highest prevalence of 
hypertrabeculation (30 of 53 individuals [56.6%]), fol-
lowed by those with TTN variants (46 of 122 [37.7%]) 
and genotype-negative individuals (186 of 567 [32.8%]). 
In contrast, hypertrabeculation was rare among patients 
with variants in nuclear envelope genes (1 of 20 [5.0%]) 
and cytoskeleton/Z-disk genes (3 of 41 [7.3%]). When 
considering individual genes, the genes most frequently 
associated with hypertrabeculation were MYH7 (15 of 
21 individuals [71.4%]) and MYBPC3 (6 of 11 [54.6%]), 
whereas hypertrabeculation was uncommon in LMNA (1 
in 20 [5.0%]) and FLNC (2 of 28 [7.1%]). The prevalence 
of hypertrabeculation across the different genetic groups 
and individual genes are summarized in Figure 3, Table 
S9, and Figure S2.

Although hypertrabeculation differed between func-
tional genetic groups, the presence of hypertrabecula-
tion was not associated with an increased risk of AHF, 
MVA, or embolic events within any genotype, suggesting 
again that the presence of hypertrabeculation does not 
entail prognostic significance (Table 4).

DISCUSSION
In this large international multicenter cohort of patients 
with DCM evaluated by CMR, we found that hypertra-
beculation was a common finding that did not correlate 

Table 2. Incidence Rates of Events According to Hypertrabeculation

Events Total (n=1160) No hypertrabeculation (n=806) Hypertrabeculation (n=354) P value 

Embolism 0.55 (0.39–0.76) 0.51 (0.34–0.77) 0.61 (0.36–1.06) 0.730

Composite MVA 2.03 (1.70–2.42) 2.30 (1.88–2.81) 1.47 (1.02–2.11) 0.036

Composite AHF 0.94 (0.73–1.20) 1.10 (0.83–1.45) 0.60 (0.35–1.04) 0.046

Incidence rates are reported as events per 100 patient-years (95% CI). AHF indicates advanced heart failure; and MVA, major 
ventricular arrhythmias.
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with disease severity and was not associated with a 
worse prognosis. Of note, patients with DCM with hy-
pertrabeculation did not exhibit increased embolic risk, 

including those with severe systolic dysfunction without 
AF, not supporting prophylactic anticoagulation in these 
patients. Moreover, our study shows that prevalence 

Figure 2. Kaplan-Meier curves for major ventricular arrhythmias and advanced heart failure according to left ventricular 
hypertrabeculation.
A, Major ventricular arrhythmias. B, Advanced heart failure. DCM indicates dilated cardiomyopathy; and HT, hypertrabeculation.

Table 3.  Univariate and Multivariable Cox Analysis of Factors Associated With Embolic Events

Variables

Univariate analysis Multivariable analysis

HR (95% CI) P value HR (95% CI) P value

Hypertrabeculation 1.21 (0.61–2.39) 0.588 1.50 (0.75–3.00) 0.249

Atrial fibrillation 2.98 (1.53–5.79) 0.001 3.26 (1.47–7.23) 0.004

Anticoagulation at baseline* 1.87 (0.93–3.74) 0.077 0.80 (0.35–1.84) 0.601

Left ventricular ejection fraction† 1.04 (1.01–1.07) 0.004 1.04 (1.01–1.08) 0.005

*Atrial fibrillation was analyzed as a time-dependent variable.
†Per 1% decrease.
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of hypertrabeculation varied across functional genetic 
groups, with no association between its presence and an 
increased risk of events within any specific genetic sub-
group. Furthermore, prognosis in these patients was pri-
marily determined by genotype, LVEF, and the presence 
of LGE, whereas hypertrabeculation was not associated 
with adverse outcomes. Overall, these findings support 
hypertrabeculation as a phenotypic trait within the DCM 
spectrum rather than a distinct cardiomyopathy and high-
light that the presence of hypertrabeculation in patients 
with DCM should not modify their therapy and follow-up.

Hypertrabeculation and Thromboembolic Risk
Treatment recommendations for patients with hypertra-
beculation with impaired LVEF mirror those for DCM, 
with the exception of anticoagulation, which is often ad-
vised based on older, small-scale studies suggesting an 
elevated thromboembolic risk.2–4

This approach is partly driven by the known hyperco-
agulable state in patients with HF, which increases the 
risk of thromboembolic events.11 In addition, LV hyper-
trabeculation has been suggested to carry an intrinsic 
embolic risk, potentially due to blood stasis within the 
intertrabecular recesses, which may lead to intraven-
tricular thrombus formation. Notably, an increased preva-

lence of AF has been reported among patients with LV 
hypertrabeculation12, with reported prevalence reaching 
29%,13 and increased embolic risk.14

Early reports of patients with LV hypertrabeculation 
described a remarkably high incidence of thromboem-
bolic events, with rates reported as high as 29% and 
24% in initial studies.15,16 More recent and larger series 
have shown a variable incidence, ranging from 3% to 
15%.3,17–23 However, these studies are limited by their 
relatively small sample size and by inclusion of primarily 
patients referred for echocardiographic assessment. In 
many cases, the underlying cause of the thromboembolic 
event was not reported, and key clinical data (such as 
the presence of concomitant AF or the use of antico-
agulant therapy) were frequently absent. Moreover, given 
the periods during which these studies were conducted, 
it is likely that a considerable proportion of patients with 
AF were either not anticoagulated or were receiving 
solely antiplatelet agents, reflecting common practices 
of earlier decades. These limitations hinder the accurate 
assessment of thromboembolic risk in patients with LV 
hypertrabeculation and highlight the need for contem-
porary, well-characterized cohorts with comprehensive 
clinical and therapeutic data.

The current study shows a low incidence of embolic 
events, with no significant differences between patients 

Figure 3. Prevalence of hypertrabeculation according to functional gene group.
DCM indicates dilated cardiomyopathy.
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with or without hypertrabeculation. Likewise, prevalence 
of AF was similar in patients with or without hypertra-
beculation. Of note, the AF rate found among patients 
with hypertrabeculation is consistent with those reported 
in large contemporary DCM cohorts.24,25

Several clinical trials have evaluated anticoagula-
tion strategies in unselected patients with HF in sinus 
rhythm. Some studies have shown a reduction in isch-
emic events,26,27 but this benefit was offset by a higher 
incidence of major bleeding. Therefore, current guide-
lines do not recommend routine prophylactic anticoagu-
lation in this population.28

In the context of LV hypertrabeculation, the high inci-
dence of embolic events reported in early studies led 
several authors to recommend long-term prophylactic 
anticoagulation in all patients with hypertrabeculation 
and systolic dysfunction, regardless of the presence of 
intracardiac thrombus or AF. Despite more recent stud-
ies reporting lower embolic risk,22,23 this recommendation 
persists in several reviews and clinical guidelines.2–4,29 
Our findings challenge this recommendation and do 
not support the use of prophylactic anticoagulation in 
patients in sinus rhythm based solely on the presence of 

hypertrabeculation, even among those with LVEF ≤40%. 
Given the low embolic risk observed, comparable to that 
of contemporary DCM cohorts,24,25 such a strategy may 
result in overtreatment without proven benefit and poten-
tially associated with negative side effects.

LV Hypertrabeculation: A Phenotypic Trait or a 
Distinct Cardiomyopathy?
Advances in cardiac imaging, particularly the widespread 
use of CMR, have led to increased detection of LV hyper-
trabeculation in adults,30 with reported prevalence rates 
of up to 43% in healthy individuals31 and up to 36% in 
patients with DCM.22 In our study, hypertrabeculation was 
present in ≈30% of patients, using both the Petersen 
and FD criteria.

Despite its frequent identification, there is no uni-
versally accepted gold standard for the diagnosis of LV 
hypertrabeculation, and there is controversy whether it 
represents a distinct cardiomyopathy or a phenotypic trait. 
The American Heart Association classifies LV hypertra-
beculation as a primary cardiomyopathy32; the European 
Society of Cardiology considers it a phenotypic trait.33

Table 4.  Outcomes by Functional Gene Group According to Left Ventricular Hypertrabeculation

Outcomes Patients No hypertrabeculation Hypertrabeculation P value

Advanced heart failure

 � Genotype-negative 567 15/381 (3.94) 7/186 (3.76) 0.920

 � Cytoskeleton/Z-disk 41 4/38 (10.53) 0/3 (0.00) 1.000

 � Desmosomal 35 2/28 (7.14) 1/7 (14.29) 0.499

 � Nuclear envelope 20 3/19 (15.79) 1/1 (100.00) 0.200

 � Motor sarcomeric 53 2/23 (8.70) 3/30 (10.00) 1.000

 � TTN 122 8/76 (10.53) 0/46 (0.00) 0.024

 � Others 58 5/43 (11.63) 1/15 (6.67) 1.000

Malignant ventricular arrhythmias

 � Genotype-negative 567 48/381 (12.60) 17/186 (9.14) 0.225

 � Cytoskeleton/Z-disk 41 5/38 (13.16) 0/3 (0.00) 1.000

 � Desmosomal 35 8/28 (28.57) 1/7 (14.29) 0.648

 � Nuclear envelope 20 8/19 (42.11) 1/1 (100.00) 0.450

 � Motor sarcomeric 53 2/23 (8.70) 5/30 (16.67) 0.685

 � TTN 122 9/76 (11.84) 4/46 (8.70) 0.765

 � Others 58 3/43 (6.98) 3/15 (20.00) 0.172

Embolism

 � Genotype-negative 567 9/381 (2.36) 8/186 (4.30) 0.204

 � Cytoskeleton/Z-disk 41 1/38 (2.70) 0/3 (0.00) 1.000

 � Desmosomal 35 1/28 (3.57) 0/7 (0.00) 1.000

 � Nuclear envelope 20 1/19 (5.56) 1/1 (100.00) 0.105

 � Motor sarcomeric 53 1/23 (4.35) 2/30 (6.67) 1.000

 � TTN 122 3/76 (3.95) 0/46 (0.00) 0.290

 � Others 58 1/43 (2.33) 0/15 (0.00) 1.000

Values are expressed as n/N (%).
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Diagnosis of LV hypertrabeculation relies primarily 
on cardiac imaging, with a focus on morphologic crite-
ria that evaluate the relationship between compacted 
and noncompacted myocardial layers. Among the most 
commonly used criteria in CMR are the Petersen criteria, 
which define hypertrabeculation as a noncompacted to 
compacted myocardial ratio >2.3 at end-diastole.7 How-
ever, this approach is limited by manual measurement, 
interobserver variability, and the inability to capture the 
3-dimensional complexity of myocardial trabeculation. 
Fractal analysis has emerged as a more objective and 
reproducible alternative, providing a quantitative assess-
ment of trabecular complexity.8 In the current study, both 
diagnostic approaches demonstrated good concordance; 
however, neither showed predictive value for adverse 
events after adjustment for other well-established prog-
nostic factors and functional measures (LVEF, functional 
class, LGE, and genotype).

The high prevalence of hypertrabeculation observed 
in recent studies, combined with its limited prognostic 
value, challenges its clinical significance and raises con-
cerns about potential overdiagnosis and overtreatment. 
Although early studies in adults consistently reported 
a high incidence of ventricular arrhythmias, severe LV 
dysfunction, advanced HF, embolism, and mortality,16,21,34 
more recent cohorts have reported conflicting results, 
often suggesting a more benign course.18,35,36

In our DCM cohort, over a median follow-up of 5.1 
years, arrhythmic events occurred in 12% of patients, 
advanced HF in 5%, and embolic events in 3%, without 
differences between patients with DCM with or without 
hypertrabeculation. These results are in line with those 
of Amzulescu et al,22 who reported an 18% incidence 
of major adverse cardiac events over 3.4 years among 
162 individuals with DCM (58 with hypertrabeculation). 
In contrast, our findings appear to contrast with previ-
ous studies that associated LV hypertrabeculation with 
increased risk of adverse events,37,38 likely due to differ-
ences in methodology and lack of adjustment for key 
clinical variables in these studies.

Previous studies lacked genetic data and most of 
them did not adjust outcomes for other well-established 
prognostic factors, such as LVEF or LGE. In our cohort, 
univariate Cox analysis suggested a lower risk of MVA 
and AHF in patients with hypertrabeculation; however, 
this association was lost after multivariable adjustment. 
Hypertrabeculation did not show association with clini-
cal outcomes and showed no discriminatory capacity for 
adverse events. In contrast, in the multivariable analysis, 
AHF events were predicted by genotype, LGE, NYHA 
functional class, and LVEF, and arrhythmic events were 
strongly associated with nuclear envelope gene variants, 
LGE, and LVEF, in line with previous studies in contem-
porary DCM cohorts.39–42

LV hypertrabeculation is a highly heterogeneous entity 
that encompasses a broad clinical spectrum. Our data 

suggest that the variability observed across different 
cohorts may be largely attributed to differences in under-
lying genetic background, which likely influence both the 
phenotypic expression and clinical outcomes.39,40 Specifi-
cally, genotypes associated with a worse clinical profile 
(such as nuclear envelope gene variants, which carry a 
higher risk of arrhythmias and HF39,43) showed a very low 
prevalence of hypertrabeculation. In contrast, genotypes 
with a more favorable prognosis, such as TTN and geno-
type negativity, exhibited a higher prevalence of hyper-
trabeculation.

Moreover, LV hypertrabeculation is observed in a wide 
range of physiologic and pathologic contexts (including 
other cardiomyopathies,44 neuromuscular disorders,45 
congenital heart diseases,46 athletic training,47,48 and 
pregnancy49), and in healthy individuals,31 without evi-
dence of progressive remodeling or adverse outcomes 
over long-term follow-up.50 This supports the notion 
that LV hypertrabeculation represents a phenotypic trait 
rather than a distinct pathologic entity. It has also been 
suggested that hypertrabeculation may be a reactive 
phenomenon in the context of DCM, in which LV dila-
tion may lead to increased visibility or accentuation of 
trabeculations, or it may reflect structural remodeling 
and altered loading conditions of the left ventricle. How-
ever, in our study, patients with hypertrabeculated DCM 
exhibited less remodeled ventricles, with higher LVEF 
and smaller end-diastolic diameters, not supporting this 
hypothesis.

Taken together, our data suggest that hypertrabecula-
tion in DCM should be regarded more as a phenotypic 
trait, rather than as a distinct cardiomyopathy, in line with 
European Society of Cardiology cardiomyopathy guide-
lines.33 This trait appears to be influenced by genetic 
background and lacks prognostic value.

Clinical Implications
To our knowledge, this is the largest study to assess the 
prevalence and prognostic impact of LV hypertrabecula-
tion in genotyped patients with DCM evaluated by CMR. 
Our findings suggests that the presence of hypertra-
beculation should not prompt changes in therapeutic 
management in these patients beyond standard care for 
DCM.

Accordingly, the low rates of embolic events observed 
do not support the use of anticoagulation in patients with 
LV hypertrabeculation with LVEF ≤40% who are in sinus 
rhythm in the absence of other indications.

Limitations
The study’s limitations stem from its observational nature 
and retrospective design. The low event rates found limit 
statistical power to detect modest differences across 
patients with or without hypertrabeculation but overall 
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support that therapeutic decisions in DCM should not 
be guided by the presence of hypertrabeculation. Gene 
testing was not uniform and next-generation sequencing 
genetic testing panels differed among centers and over 
time, reflecting the evolving understanding of DCM ge-
netics over the past decade. We cannot fully exclude that 
some patients carrying MYBPC3 variants included in the 
study (n=11) had end-stage hypertrophic cardiomyopa-
thy. CMR referral was clinically driven across a prolonged 
study period and multiple sites; therefore, potential refer-
ral bias cannot be excluded. Moreover, participating cen-
ters are centers specialized in inherited cardiac diseases 
and HF, which may result in a higher proportion of pa-
tients with advanced phenotypes. Therefore, the findings 
may not be generalizable to other healthcare settings. 
Although loss to follow-up was minimal, the possibility of 
incomplete follow-up or nonrandom censoring cannot be 
excluded. Some technical limitations of fractal analysis 
include overestimation in the presence of apical throm-
bus or apical displacement of papillary muscles, which 
may be misclassified as trabeculae. In addition, hyper-
trabeculation has been reported to be more prevalent in 
Black individuals, and the predominantly White compo-
sition of our cohort may limit the generalizability of our 
findings across different racial and ethnic populations.

CONCLUSIONS
Hypertrabeculation is a frequent finding in DCM and ap-
pears to vary according to genotype, supporting that LV 
hypertrabeculation represents a phenotypic trait rather 
than a distinct cardiomyopathy. In this cohort, hypertra-
beculation was not associated with adverse outcomes, 
suggesting limited prognostic significance and not sup-
porting differential clinical management. The embolic risk 
of patients with DCM with hypertrabeculation is low and 
does not support the use of prophylactic anticoagulation, 
even in patients with severely reduced LVEF.
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