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ORIGINAL RESEARCH

Novel Approach to Risk Stratification in 
Left Ventricular Non-Compaction Using 
A Combined Cardiac Imaging and Plasma 
Biomarker Approach
Jay Ramchand , MBBS, BMedSci; Pooja Podugu, BA; Nancy Obuchowski, PHD; Serge C. Harb, MD; 
Michael Chetrit, MD; Alex Milinovich , BA; Brian Griffin, MD; Louise M. Burrell , MBChB, MD; 
W. H. Wilson Tang , MD; Deborah H. Kwon, MD; Scott D. Flamm , MD, MBA

BACKGROUND: Left ventricular non-compaction remains a poorly described entity, which has led to challenges of overdiag-
nosis. We aimed to evaluate if the presence of a thin compacted myocardial layer portends poorer outcomes in individuals 
meeting cardiac magnetic resonance criteria for left ventricular non-compaction .

METHODS AND RESULTS: This was an observational, retrospective cohort study involving individuals selected from the Cleveland 
Clinic Foundation cardiac magnetic resonance database (N=26 531). Between 2000 and 2018, 328 individuals ≥12 years, with 
left ventricular non-compaction or excessive trabeculations based on the cardiac magnetic resonance Petersen criteria were 
included. The cohort comprised 42% women, mean age 43 years. We assessed the predictive ability of myocardial thinning 
for the primary composite end point of major adverse cardiac events (composite of all-cause mortality, heart failure hospi-
talization, left ventricular assist device implantation/heart transplant, ventricular tachycardia, or ischemic stroke). At mean 
follow-up of 3.1 years, major adverse cardiac events occurred in 102 (31%) patients. After adjusting for comorbidities, the risk 
of major adverse cardiac events was nearly doubled in the presence of significant compacted myocardial thinning (hazard 
ratio [HR], 1.88 [95% CI, 1.18‒3.00]; P=0.016), tripled in the presence of elevated plasma B-type natriuretic peptide (HR, 3.29 
[95% CI, 1.52‒7.11]; P=0.006), and increased by 5% for every 10-unit increase in left ventricular end-systolic volume (HR, 1.01 
[95% CI, 1.00‒1.01]; P=0.041).

CONCLUSIONS: The risk of adverse clinical events is increased in the presence of significant compacted myocardial thinning, an 
elevated B-type natriuretic peptide or increased left ventricular dimensions. The combination of these markers may enhance 
risk assessment to minimize left ventricular non-compaction overdiagnosis whilst facilitating appropriate diagnoses in those 
with true disease.
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Left ventricular non-compaction (LVNC) is de-
scribed as a distinct myocardial disorder charac-
terized by the presence of a bilayered myocardium: 

a thin, compacted myocardium on the epicardial side, 
and a thicker trabeculated endocardial layer.1,2 The 
American Heart Association considers LVNC to be a 

genetic cardiomyopathy,3 while the European Society 
of Cardiology considers LVNC an unclassified cardio-
myopathy.4 In adults, LVNC can occur as an isolated 
entity, which in some may relate to a genetic predis-
position, though it can also occur in the presence of 
additional cardiac or syndromic diseases.5
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Since the initial descriptions, there are at least 6 
unique criteria proposed to diagnose LVNC with vary-
ing methodologies depending on the imaging mo-
dality used and the phase of the cardiac cycle where 
measurements are taken.6–8 With the increasing use 
of cardiac imaging as part of cardiovascular health 
assessment, LVNC is increasingly described even in 
those without apparent history of cardiovascular dis-
ease9 leading to controversy on whether this phenotype 
is truly an isolated disease entity, spectrum of disease, 
or in some cases a normal variant. This difficulty re-
lates to the lack of an established definition of LVNC 
as a clinical entity. Despite myriad published data, the 
prognostic value of LVNC in adults remains unclear as 
many experience a benign clinical course.10 In others, 

however, the prognosis appears not as benign, being 
similar to dilated cardiomyopathy with regards to out-
comes such as thromboembolism and ventricular ar-
rhythmias.11 Refined imaging and biochemical criteria 
may be advantageous to identify patients at high risk 
of adverse events.

In most of the imaging criteria, the role of the thin 
compacted epicardial layer, despite being part of 
the original description of LVNC, is subordinated to 
that of the trabeculated layer thickness.6 The com-
pacted layer can be normal in thickness, effectively 
negating a true diagnosis of LVNC, but still dispro-
portionately thinner than the trabeculated layer. In 
these instances, the trabeculated/compacted ratio 
can reach hypertrabeculation cut-off thresholds,6 
potentially contributing to overdiagnosis of LVNC. 
Indeed, despite many diagnostic criteria that focus 
on the ratio between the trabeculated to compacted 
myocardium, a recent meta-analysis of 28 studies 
found that the degree of relative hypertrabeculation 
did not influence the incidence of adverse cardiovas-
cular events.11

We thus hypothesized that the absence of a thin 
compacted epicardial layer (i.e., the presence of nor-
mal thickness myocardium) would portend a better 
prognosis in one of the largest cohorts of individuals 
meeting the Petersen cardiac magnetic resonance 
(CMR) criteria for LVNC. We also examined the prog-
nostic impact of plasma B-type natriuretic peptide

(BNP), a marker of prognostic importance in indi-
viduals with or at risk of heart failure,12 in identifying 
patients at high risk of long-term complications.

METHODS
Study Population
This was an observational, retrospective cohort study 
involving individuals selected using natural language 
processing from the Cleveland Clinic Foundation (OH, 
USA) CMR database (N=26 531). Between January 
2000 and December 2018, 328 individuals ≥12 years 
of age, with LVNC or excessive trabeculations based 
on the Petersen criteria on CMR were included. 
Individuals meeting the above criteria were excluded 
if they were aged <12 years, did not have adequate 
clinical information or follow-up (>3 months), did not 
have adequate imaging or had an established di-
agnosis of an alternate cardiomyopathy such as is-
chemic or hypertrophic cardiomyopathy (Figure S1). 
Individuals with a history of congenital heart disease 
were not excluded. Pregnancy was not an exclusion 
criterion though there were no pregnant women in 
the final cohort. This study was approved by the 
Cleveland Clinic Foundation institutional review 
board, with a waiver of individual consent. The data 

CLINICAL PERSPECTIVE

What Is New?
•	 With the increasing use of cardiac imaging as 

part of cardiovascular health assessment, left 
ventricular non-compaction is increasingly rec-
ognized even in those without apparent history 
of cardiovascular disease leading to controversy 
on whether this phenotype is truly an isolated 
disease entity, spectrum of disease, or in some 
cases a normal variant.

•	 Refined imaging and biochemical criteria are 
thus needed to identify patients at high risk of 
adverse events.

•	 The present study demonstrates that in patients 
with left ventricular non-compaction, the risk 
of adverse events is increased in the presence 
of biomarkers that include significant com-
pacted myocardial thinning, an elevated B-type 
natriuretic peptide or increased left ventricle 
dimensions.

What Are the Clinical Implications?
•	 The role of novel biomarkers such as the pres-

ence of significant myocardial thinning and 
B-type natriuretic peptide in combination with 
conventional imaging biomarkers has the poten-
tial to minimize left ventricular non-compaction 
overdiagnosis whilst facilitating appropriate di-
agnoses in those with true disease.

Nonstandard Abbreviations and Acronyms

LGE	 late gadolinium enhancement
LVESVi	 left ventricular end-systolic volume index
LVNC	 left ventricular non-compaction
MACE	 major adverse cardiac events
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underlying this article cannot be shared publicly be-
cause of privacy reasons.

CMR Assessment
CMR examinations were performed on 1.5-T or 
3.0-T MR scanners (Sonata and Avanto [Siemens 
Medical Solutions, Erlanga, Germany] for imaging 
between 2002 and 2007, and Achieva or Ingenia 
[Philips Healthcare, Massachusetts, USA] for im-
aging after 2008), using 40 to 45  mT/m maximum 
gradient strength, 200  T/m per second maximum 
slew rate with electrocardiographic gating as previ-
ously described.13,14 For assessment of global car-
diac function, steady-state free precession images 
were acquired (slice thickness 8 mm, 2 mm gap in 
contiguous short-axis images). Biventricular volumes 
(end-diastolic and end-systolic), ejection fraction and 
LV mass were calculated by manually tracing the en-
docardial and epicardial borders on steady-state free 
precession images. Late gadolinium enhancement 
(LGE) images were obtained in 91% (n=295) of study 
participants in long- and short-axis orientations 
15 to 20  minutes after injection of 0.2  mmol/kg of 
Gadolinium chelate. Segmented inversion-recovery 
gradient echo sequences were obtained for stud-
ies performed in 2002 to 2003 and phase-sensitive 
inversion-recovery spoiled gradient echo sequences 
for studies performed after 2003 (acquired spatial 
resolution of 1.5–2.1×1.1–1.4  mm). Late gadolinium 
enhancement was assessed qualitatively for visible 
late enhancement (areas with relatively increased 
signal intensity following administration of gadolinium 
contrast). In this patient cohort, quantification of LGE 
cannot be reliably performed in the setting of promi-
nent fine LV trabeculations and relative thinning of 
non-compacted myocardium, which challenges the 
spatial resolution of CMR. CMR images were ana-
lyzed using commercially available software (cvi42; 
Circle Cardiovascular Imaging, Calgary, Alberta, 
Canada). Normal values for ventricular size and func-
tion were determined using published data from 
Kawel-Boehm et al.15

Petersen Criteria
Assessment for LVNC was performed using the 
Petersen criteria as previously described.7,16,17 In brief, 
using long-axis steady-state free precession cine im-
ages, the trabeculated and compacted layers were in-
dividually measured at the point of maximal trabecular 
thickness. The papillary muscles and the apical cap 
were excluded from the measurements. A ratio of tra-
beculated/compacted >2.3 in any segment during end 
diastole established the presence of hypertrabecula-
tion or LVNC. Regional distribution of trabeculations 
were concurrently determined and the presence or 

absence of trabeculated/compacted ratio ≥3:1 in ≥1 of 
segments 1 to 3, 7 to 16 and trabeculated/compacted 
ratio ≥2:1 in ≥1of segments 4 to 6 were identified.16 
Other features that can be relevant in LVNC (eg, the 
presence of pronounced intertrabecular crypts or re-
cesses) which were not part of the original Petersen 
criteria, were therefore not assessed as part of this 
study.

The Petersen criteria7 (described below) was used 
to diagnose hypertrabeculation because of its ease of 
use and high, independently-reported, intra- and inter-
observer variability.17 Other mass-based techniques 
to diagnose hypertrabeculation have previously been 
described, though are more labor intensive, which 
limit routine clinical application and are inherently chal-
lenged by the spatial resolution of CMR (≈1.6–2 mm 
in-plane) to accurately delineate fine trabeculations 
(≈1 mm).

Assessment for Myocardial Thinning
Long-axis steady-state free precession cine images 
were used to assess for the presence of thinned 
epicardium. This was determined by the presence of 
abrupt thinning of compacted myocardium by 50% or 
greater compared with a contiguous myocardial seg-
ment (Figure 1).

Interobserver variability was assessed to examine 
agreement between the investigators to ascertain for 
the presence of abrupt thinning using a randomly se-
lected group of 30 CMRs (≈10% of study sample) in a 
blinded fashion.

Plasma BNP/N-Terminal Pro-B-Type 
Natriuretic Peptide Analysis and 
Interpretation
According to the discretion of treating physicians una-
ware of the present study, plasma NT-proBNP (N-
terminal pro-B-type natriuretic peptide) or BNP levels 
were measured using validated, commercially available 
assays (Elecsys ProBNP assay [Roche Diagnostics, 
Indianapolis, IN, USA] and Biosite Triage BNP assay 
[Biosite Diagnostics Corp, San Diego, California]).

We assessed BNP and NT-proBNP categorically. 
Elevated values for NT-proBNP were >125 pg/mL for 
patients aged <75 years or >450 pg/mL for those aged 
≥75 years and >99 pg/mL for BNP.

Clinical Outcomes
The duration of follow-up ranged between initial CMR 
visit to event/last office follow-up.

The primary end point was a composite of major 
adverse cardiac events (MACE) defined as all-cause 
mortality, heart failure hospitalization, left ventricular 
assist device implantation/heart transplant, ventricular 



J Am Heart Assoc. 2021;10:e019209. DOI: 10.1161/JAHA.120.019209� 4

Ramchand et al� Novel Biomarkers in LVNC

tachycardia/appropriate implantable cardiac defibrilla-
tor therapy or ischemic stroke. We ascertained events 
by reviewing medical records. Heart failure (HF) hospi-
talization was defined as an event in which the patient 
was admitted to the hospital with a primary diagno-
sis of HF, the length of stay was at least 24 hours (or 
extended over a calendar date), the patient exhibited 
new or worsening symptoms of HF on presentation, 
had objective evidence of new or worsening HF, and 
received initiation or intensification of treatment spe-
cifically for HF.18 Stroke was defined as an acute ep-
isode of focal cerebral, spinal, or retinal dysfunction 
caused by infarction of central nervous system tissue.18 
Ventricular tachycardia was defined as ≥3 consecutive 
beats of tachycardia with an RR interval of <600 ms 
(>100  beats/min) detected on device interrogation 
where applicable, or based on evaluation of records, 
history, ECGs, Holter monitoring, and telemetry per-
formed at our institution, or locally during follow-up.19 
The duration of follow-up ranged from the initial CMR 
to October 2019.

Statistical Analysis
Baseline demographic data, risk factors, and clini-
cal variables were descriptively summarized with 
continuous variables expressed as mean±SD and 
categorical data presented as frequencies and per-
centages. Agreement for the presence of abrupt 
compacted myocardium thinning (J.R. and D.K.) 

was evaluated by the Kappa statistic. Kappa values 
of 0.2 were interpreted as poor, 0.21 to 0.4 as fair, 
0.41 to 0.6 as moderate, 0.61 to 0.80 as substan-
tial, and 0.81 to 1.00 as almost perfect or perfect 
agreement. Based on prior studies on this popu-
lation7,9,11,16,17,20,21 and clinical experience, the main 
risk factors for adverse outcomes in this patient 
population include: (1) baseline demographic/medi-
cal comorbidities, and (2) risk biomarkers including 
CMR and biochemical parameters. We evaluated 
the univariate relationship of each medical risk fac-
tor (sex, age, diabetes mellitus, hypertension, atrial 
arrhythmias, ventricular arrhythmias, hyperlipi-
demia, heart failure, stroke, systemic embolization 
left bundle branch block, right bundle branch block, 
family history of LVNC) with risk of MACE using Cox 
proportional hazards regression models (separate 
model for each risk factor), and selected the signifi-
cant variables to build a risk score for each patient 
which was equal to the sum of the products gen-
erated by multiplying the regression coefficient of 
each significant risk factor by the value of that vari-
able. Following this, univariate analysis of individual 
CMR parameters and BNP were performed after 
adjusting for the medical risk score. An example of 
the application of the medical risk score is shown 
in Figure S2. Finally, multivariable Cox proportional 
models were constructed where the independent 
variables included the medical risk score and any 
of the biomarkers that reached a significance level 

Figure 1.  Abrupt myocardial thinning.
Assessment for myocardial thinning was performed using long-axis steady-state free precession cine 
images, by looking for abrupt thinning of compacted myocardium by ≥50% compared with a contiguous 
myocardial segment. Examples of abrupt myocardial thinning (red arrows) in 2 separate individuals are shown 
in these long axis 3-chamber steady-state free precession sequences. A, there is marked thinning with 
near absence of visualized compacted myocardium in the basal to mid-inferolateral segments. Insert shows 
abrupt thinning is defined by thinning of compacted myocardium by ≥50% compared with a contiguous 
myocardial segment. B, there is significant thinning in the mid-infero-lateral and apico-lateral walls.

A B
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<0.10 on the univariate analysis. First, all main ef-
fects were considered (full model). In successive 
models the non-significant variables were removed 
to develop a parsimonious model. A 2-tailed P<0.05 
was interpreted as significant. The Bonferroni‒Holm 
method was used to control the familywise error 
rate.22 Statistical analyses were performed with SAS 
version 9.2 (SAS Institute).

RESULTS
A total of 328 individuals were included in the anal-
ysis (Figure  S1). Baseline clinical variables, medica-
tions, biochemical and CMR parameters are listed in 
Table 1 (42% women, mean age 43 years). There was 
a high prevalence of heart failure (45% of individuals), 
with a history of stroke or systemic embolization in 
12%, atrial arrhythmias in 35%, and ventricular ar-
rhythmias in 31%. With regard to baseline medical 
therapy, heart failure related medications such as 
angiotensin-converting enzyme inhibitors were used 
by 38% of individuals, angiotensin receptor blockers 
by 19%, and ß-blockers by 59%. Approximately 10% 
had a documented family history of LVNC or a related 
phenotype such as non-ischemic dilated cardiomyo-
pathy. Plasma BNP or NT-proBNP was measured in 
a subset of 201 individuals (61%) and levels were el-
evated in 140 individuals (43% of all individuals; 70% 
of measured individuals).

Cardiac Magnetic Resonance
The study cohort was dominated by individuals with 
myocardial structural and/or functional abnormali-
ties. A total of 250 individuals (76%) had an abnor-
mal LV ejection fraction, 186 (57%) had increased 
LV end-diastolic volume index, and 279 (85%) had 
either an abnormal LV ejection fraction or increased 
LV end-diastolic volume index. With regards to CMR 
parameters, there was increased mean LV end-
diastolic volume, mildly depressed mean LV ejection 
fraction with just over one third of patients having 
abnormal right ventricular size and/or systolic func-
tion. Assessment for LGE using contrast-enhanced 
CMR was performed in 297 individuals (91%). LGE 
was present in 79 individuals (24% of all individuals, 
27% of measured individuals). A total of 286 (87%) 
had either LV enlargement, depressed LV ejec-
tion fraction, or LGE. The average number of non-
compacted segments as determined by Petersen 
criteria7 was 3.4 and the average maximal ratio was 
3.3. Hypertrabeculation by Petersen criteria was 
most common in the apical segments (segments 13–
16, n=299, 91%) followed by the basal to mid-lateral 
(segments 5–6 and 11–12, n=135, 41%), inferior 

(segments 4 and 10, n=47, 14%), anterior (segments 
1 and 7, n=37, 11%) segments and least common in 
the basal to mid-septum (segments 2–3 and 8–9) 
n=26, 8%). There was no significant relationship 
between LV volumes and maximal trabeculated: 
compacted ratio (r=0.06, P=0.281, Figure  2). Sixty 
individuals had abrupt myocardial thinning resulting 
in a thinned epicardial layer (18%). Individuals with 
significant compacted epicardial thinning had higher 
maximal trabeculated: compacted ratio compared 
with those with no significant compacted epicar-
dial thinning (3.90±1.16 versus 3.19±1.02, P<0.001, 
Figure 2).

Table 1.  Baseline Characteristics

Clinical characteristics

Age, y 43.3±17.2

Women 136 (41.5%)

Diabetes mellitus 43 (13.1%)

Hypertension 136 (41.5%)

Hyperlipidemia 102 (31.1%)

Heart failure 148 (45.1%)

Stroke or systemic embolization 38 (11.6%)

Atrial arrythmias 114 (34.8%)

Ventricular arrhythmias 101 (30.8%)

Family history of LVNC or related phenotype 33 (10.1%)

Medical therapy

Angiotensin-converting enzyme inhibitor, % 123 (37.5%)

Angiotensin receptor blocker, % 62 (18.9%)

ß-blocker, % 194 (59.2%)

Aldosterone antagonist, % 73 (22.3%)

Aspirin, % 134 (40.9%)

Oral anticoagulant, % 51 (15.6%)

Imaging/blood biomarkers

LVEDVi, mL/m2 113.0±44.2

LVESVi, mL/m2 66.0±42.5

LVSVi, mL/m2 46.3±14.3

LVEF, % 44.6±14.1

LVMI, g/m2 67.0±22.4

LAVI, mL/m2 43.5±19.0

Maximal NC/C ratio 3.3±1.1

Mean number of trabeculated segments 3.4±2.1

Late gadolinium enhancement 103 (31.4%)

RV hypertrabeculation 36 (11.0%)

Abnormal RV size and/or function 116 (35.4%)

Abrupt thinning 60 (18.3%)

Elevated BNP 140 (42.7%)

Values are Mean±SD or n (%). BNP indicates brain natriuretic peptide; LAVI, 
left atrial volume index; LVEF, left ventricular ejection fraction; LVEDVI, left 
ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic 
volume index; LVMI, left ventricular mass index; LVSVi, Left ventricular stroke 
volume index; and RV, right ventricular.
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Interobserver Variability
A total of 30 patients (≈10%) were randomly selected 
for assessment by 2 investigators independently to 
determine interobserver variability for the assessment 
of abrupt compacted epicardial thinning (J.R. and 
D.K.). There was substantial interobserver agreement 
(Kappa, 0.80; 90% agreement).

Outcomes
MACE occurred in 102 of the 328 subjects (31%). The 
mean follow-up time was 3.1  years for 226 subjects 
who did not have MACE during the follow-up period 
and 2.2 years among the 102 subjects who did have 
MACE. There were 15 deaths, 41 heart failure admis-
sions, 9 left ventricular assist device implantation/heart 
transplants, 70 had ventricular tachycardia/appropriate 
implantable cardiac defibrillator therapy, and 15 had 
strokes.

Medical Risk and Outcomes
A medical risk score that captured baseline demo-
graphic data and baseline comorbidities to predict 
MACE was constructed. Results for the univariate and 

multivariable models for building the medical risk score 
are summarized in Tables 2 and 3, respectively. History 
of atrial arrhythmias (HR, 1.76 [1.18‒2.62]; P=0.006), 
heart failure (HR, 4.13 [2.48‒6.89]; P<0.001), stroke or 
systemic embolization (HR, 2.11 [1.31‒3.42]; P=0.002) 
and the presence of a bundle branch block (2.02 
[1.35‒3.04] were significant predictors of MACE. With 
regards to baseline medical therapy, there was an in-
crease in MACE in those on ß-blocker therapy, 40.2% 
versus 17.9% (P<0.001) and numerically increased HF 
hospitalization in those on ß-blocker therapy 15.0% 
versus 9.0% (P=0.107).

Blood and Imaging Biomarkers and 
Outcomes
The results of adding each imaging findings to the 
aforementioned medical risk score are described in 
Table  4. After adjusting for general medical risk, the 
following variables were significant univariate predic-
tors of MACE: elevated BNP, LV end-systolic volume 
index (LVESVi), left atrial volume index, presence of 
LGE, abrupt compacted epicardial thinning, maximal 
trabeculated:compacted ratio, trabeculated:compacted 

Figure 2.  Relationship between left ventricular volume, maximal trabeculated: compacted ratio 
and presence of abrupt thinning.
Scatterplot of left ventricular end-systolic volume versus maximal trabeculated: compacted ratio 
demonstrating no significant relationship (r=0.06, P=0.281). Individuals with significant compacted 
myocardial thinning (red circles, 3.90±1.16) had higher maximal trabeculated: compacted ratio compared 
with those without significant compacted myocardial thinning (navy circles, 3.19±1.02, P<0.001). LVESVi 
indicates left ventricular end-systolic volume index.
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ratio >3:1 segments 1 to 3/7 to 16, and septal and an-
terior regions of hypertrabeculation.

The first row of Table 5 summarizes the results of the 
full main-effects model, without BNP and LGE. In model 
2, the non-significant variables were removed to create 
a parsimonious model. The model suggests that, after 
adjusting for medical risk, the risk of MACE increases 
when LVESVi increases (HR, 1.01; adjusted-P=0.024), 
there is abrupt thinning (HR, 1.77; adjusted-P=0.022) 
and hypertrabeculation involving the basal to mid-
inferior walls (HR, 1.76; adjusted-P=0.029) (Table 5). In 
model 3, BNP was added to the parsimonious model 
2 which demonstrated that elevated BNP (HR, 3.13; 
P=0.016) is a significant predictor of MACE, after ac-
counting for medical risk, LVESVi, and the presence of 
abrupt thinning (Table 5). In model 4, the presence of 
LGE was added to the parsimonious model 2 and after 
adjusting for medical risk, LVESVi and abrupt thinning, 
the presence of LGE was not a significant predictor of 
MACE (HR, 1.33; adjusted-P=0.202), Table 5.

Two-way interactions between LVESVi, abrupt thin-
ning, elevated BNP, and the presence of LGE were not 
significant (P values >0.104).

The final model is summarized in the last row of 
Table 5 (model 5). The model suggests that, after ad-
justing for medical risk (HR, 1.96 [95% CI, 1.45‒2.65]; 
P<0.001), the risk of MACE is nearly doubled in the 
presence of abrupt thinning (HR, 1.88 [95% CI, 1.18‒
3.00]; adjusted-P=0.016), 3 times higher in the pres-
ence of elevated BNP (HR, 3.29 [95% CI, 1.52‒7.11]; 
adjusted-P=0.006), and increases by 5% for every 10-
unit increase in LVESVi (HR, 1.01 [95% CI, 1.00‒1.01]; 
adjusted-P=0.041] (Figure  3). The proportionality test 
had a P value=0.9176 for the final model, indicating 
that the model assumption is reasonable.

For the final model (Model 5 in Table 5) Uno con-
cordance index, which is a measure of a model’s 
predictive accuracy, was 0.768 (SE=0.030). A model 
with just medical risk score yielded a concordance 
index of 0.729 (0.032), and a model with medical risk 
score and elevated BNP had a concordance index of 
0.753 (0.023). The improvement in accuracy by add-
ing elevated BNP to medical risk score did not reach 
statistical significance (P=0.090); however, the final 
model, which included elevated BNP, LVESVi, and 
abrupt thinning, did significantly improve the predic-
tive accuracy over just medical risk score (P=0.048). 
The latter model was not significantly greater than 
a model with medical risk score and elevated BNP, 
P=0.290.

LV end-diastolic volume index and LVESVi are 
highly correlated: r=0.88, P<0.001. Results of multi-
variable models using LV end-diastolic volume index 
instead of LVESVi demonstrated that LV end-diastolic 
volume index was not an independent predictor of 
MACE (Models summarized in Table S1).

DISCUSSION
Despite >2000 publications on the subject, LVNC re-
mains a poorly understood clinical entity that has led 
to challenges of overdiagnosis and over-treatment.5,23 
There remains an unmet need for diagnostic criteria 
that will minimize LVNC overdiagnosis whilst facilitat-
ing appropriate LVNC diagnoses in those with true 
disease.

The key findings of the present study in patients 
with LVNC were that after adjusting for standard med-
ical risk, the risk of adverse clinical events is (1) nearly 
doubled in the presence of abrupt compacted epicar-
dial thinning, (2) over 3 times higher in the presence of 
elevated BNP, and (3) increases by 5% for every 10-
unit increase in LVESVi. History of atrial arrhythmias, 
heart failure, stroke, or systemic embolization, and 
bundle branch block were clinical predictors of long-
term MACE.

Several lines of evidence, including from the present 
study, suggest that the degree and location of even 

Table 2.  Associations Between Medical Risk Factor and 
Risk of MACE

HR (95% CI) P Value

Women 1.44 (0.98‒2.13) 0.067

Age (per 1-y increase) 1.01 (1.00‒1.03) 0.020

Diabetes mellitus 1.04 (0.62‒1.76) 0.874

Hypertension 1.66 (1.12‒2.47) 0.011

Atrial arrhythmias 2.31 (1.56‒3.44) <0.001

Ventricular arrhythmias 2.73 (1.84‒4.05) <0.001

Hyperlipidemia 0.82 (0.54‒1.24) 0.347

Heart failure 4.98 (3.10‒8.0) <0.001

Stroke 2.74 (1.71‒4.41) <0.001

Stroke or systemic embolization 3.01 (1.91‒4.74) <0.001

Left bundle branch block 2.00 (1.27‒3.13) 0.003

Right bundle branch block 2.13 (1.25‒3.65) 0.006

Family history of LVNC or related 
phenotypes

0.82 (0.43‒1.59) 0.564

LVNC indicates left ventricular non-compaction; HR, hazard ratio; and 
MACE, major adverse cardiac events.

Table 3.  Association Between Variables in Medical Risk 
Model and Risk of MACE

HR (95% CI) P Value

Women 1.12 (0.75‒1.68) 0.567

Age (per 1-y increase) 1.02 (0.68‒1.54) 0.928

Diabetes mellitus 0.60 (0.35‒1.04) 0.068

Atrial arrythmias 1.76 (1.18‒2.62) 0.006

History of heart failure 4.13 (2.48‒6.89) <0.001

Stroke or systemic embolization 2.11 (1.31‒3.42) 0.002

Any bundle branch block 2.02 (1.35‒3.04) 0.001
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prominent trabeculations are not independent predic-
tors of adverse outcomes. This bears emphasis con-
sidering most CMR and echocardiographic criteria 
principally use the degree of hypertrabeculation to as-
sign disease status.7–9,17 Yet such criteria clearly over-
diagnose LVNC. Indeed, in a large population-based 
study (The Multi-Ethnic Study of Atherosclerosis), a 
subset of patients without cardiac disease or hyper-
tension were evaluated using the Petersen criteria, 
with 43% of patients having ≥1 segments satisfying 
this criteria.24 While identifying hypertrabeculation is 
an important initial parameter to define the phenotype, 
it seems clear that other clinical, structural, and bio-
chemical parameters need to be incorporated in the 
LVNC diagnostic paradigm. Continuing with this line of 
thought, in one of the few prospective studies in LVNC 
(n=113 patients), no adverse cardiovascular events 
occurred in those without LV dilation, LV dysfunction, 
and/or LGE.16

The recent findings from the Copenhagen gen-
eral population study have challenged prior evidence 
that suggest that hypertrabeculation is a benign 

phenomenon.25 Using contrast enhanced cardiac to-
mography in 10 097 individuals, the authors report that 
individuals with the greatest degree of hypertrabecula-
tion had a 1.6-fold higher rate of MACE, 2.1-fold higher 
rate of death, and 2.6-fold higher rate of heart failure. 
Similarly, in the present study of individuals with LV 
hypertrabeculation based on Petersen criteria, there 
is an overall high incidence of adverse events (MACE 
occurred in 31% of the population). Taken together, 
given the high prevalence of hypertrabeculation in the 
general population, the findings emphasize the need 
for refined criteria to identify patients at high risk of ad-
verse events.

In our study cohort, the vast majority (87%) had 
myocardial abnormalities evident as LV enlargement, 
depressed LV ejection fraction, and/or LGE, constitut-
ing what would traditionally be considered a high-risk 
cohort of patients with LVNC on the basis of available 
evidence.11,16,17,20 Given this, it is not completely sur-
prising that already highly prevalent parameters such 
as LV ejection fraction and LGE were not independent 
predictors of MACE when considered alongside a 
comprehensive medical risk model (Tables 4 and 5). 
Our study extends knowledge in this regard as we 
provide further risk stratification of patients with what 
we believe to be predominantly true LVNC rather than 
simply hypertrabeculation.

To our knowledge, this is the first report in LVNC 
that significant epicardial thinning independently por-
tends an adverse prognosis in MACE. Assessment for 
significant compacted epicardial thinning is not part of 
the current diagnostic criteria. This further affirms that 
less importance should be placed on the thickness 
of trabeculated segments and/or the arbitrary ratio of 
trabeculated to compacted myocardium.26 Indeed the 
recent meta-analysis of 28 studies, nearly all of which 
used the Jenni8 or Petersen7 criteria, or both, as di-
agnostic criteria, revealed that the trabeculated:com-
pacted myocardium ratio was unrelated to adverse 
cardiovascular outcomes. Further, mechanistically it 
is the compacted myocardium that ultimately deter-
mines contractility.26 It has previously been shown that 
with decreasing wall thickness, there is an exponen-
tial decrease of ejection fraction.27 Using mathematical 
modeling of LV mechanics using the standard Lamé 
equations for a thick-walled cylinder, it is posited that 
myocardial wall thinning results in sharp increases in 
wall stress and ultimately declining contractile function 
further suggesting its relevance in LVNC.26 Indeed, in 
a cohort of patients classified as having infantile LVNC, 
posterior wall thickness Z score<−1.5 was associated 
with worse outcomes (death, heart transplantation and 
implantable cardiac defibrillator implantation, HR, 1.42 
[95% CI, 1.27–41.65]).28

With regards to baseline medical therapy, there was 
an increase in MACE in those on ß-blocker therapy. 

Table 4.  Results of Univariate Analysis for Imaging 
Variables, After Adjusting for Medical Risk Score

HR (95% CI) P Value

Elevated BNP 3.54 (1.66‒7.52) 0.001

LV end-diastolic volume index (per 1-unit 
increase)

1.004 (1.00‒1.01) 0.081

LV end-systolic volume index (per 1-unit 
increase)

1.01 (1.00‒1.01) 0.011

LV stroke volume index (per 1-unit 
increase)

0.99 (0.97‒1.00) 0.102

Abnormal LVEF 1.04 (0.52‒1.78) 0.899

LV mass index (per 1-unit increase) 1.01 (0.99‒1.01) 0.287

Left atrial volume index (per 1-unit 
increase)

1.01 (1.00‒1.03) 0.011

Presence of LGE 1.55 (1.02‒2.35) 0.039

Abrupt thinning 1.98 (1.29‒3.06) 0.002

RV hypertrabeculation 0.78 (0.34‒1.82) 0.568

Abnormal RV size and/or function 1.32 (0.88‒1.96) 0.175

Hypertrabeculation

Maximal T/C ratio (per 1-unit increase) 1.21 (1.03‒1.42) 0.019

No. of trabeculated segments (per 1-unit 
increase)

1.05 (0.97‒1.14) 0.203

T/C ratio >2:1 segments 4 to 6 0.87 (0.43‒1.77) 0.698

T/C ratio >3:1 segments 1 to 3, 7 to 16 1.70 (1.14‒2.53) 0.009

Basal to mid-septal segments 1.91 (1.11‒3.27) 0.019

Basal to mid-anterior segments 1.76 (1.07‒2.87) 0.026

Basal to mid-inferior segments 1.61 (0.99‒2.62) 0.052

Basal to mid-lateral segments 1.48 (0.99‒2.19) 0.054

Apical segments 0.57 (0.32‒1.02) 0.056

BNP indicates brain natriuretic peptide; LV, left ventricular; LVEF, left 
ventricular ejection fraction; MACE, major adverse cardiovascular events; 
RV, right ventricular; and T/C, trabeculated/compacted.
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Although our study was not designed to account for 
these differences, we postulate that this may be be-
cause of concurrent, antecedent cardiovascular condi-
tions requiring ß-blocker therapy such as hypertension, 
heart failure, or arrythmias.

In the present study, patients with elevated BNP and 
abrupt myocardial thinning had increased MACE com-
pared with either marker alone. CMR criteria such as 
LV enlargement, systolic dysfunction, LGE, and signifi-
cant epicardial thinning may reflect advanced myocar-
dial remodeling whilst elevated BNP likely represents 
part of the neurohormonal adaptive response to myo-
cardial stretch and remodeling. The use of these mark-
ers (both abnormal in only 12% of the present cohort), 
alongside clinical and traditional CMR risk markers 
may therefore be expected to enhance risk assess-
ment in individuals with hypertrabeculation which can 
be present in ≈15% of asymptomatic individuals free 
from cardiovascular disease.9 The additional benefit 

of using BNP is that it is widely available for use and 
can be measured with a high degree of accuracy12 to 
complement imaging-based techniques that require a 
higher level of expertise.

Limitations
The strengths of this study include the detailed cardiac 
clinical profiling, myocardial phenotyping using CMR, 
long-term follow-up, and the simultaneous assess-
ment of BNP in the majority of patients. Some impor-
tant limitations should be acknowledged. Firstly, this 
retrospective observational study involved patients 
selected from the Cleveland Clinic cardiac mag-
netic resonance imaging database and could have 
selection and referral bias. Before the findings can 
be incorporated into routine clinical practice, these 
data need to be replicated in independent cohorts. 
Further, the association between abrupt myocardial 

Table 5.  Results of Multivariable Model

Independent Variables Estimated HRs (P Value) [95% CI]

Model 1: full main effects Medical risk score (per 1-unit increase) 2.10 (<0.001) [1.61, 2.73]

LV end-systolic volume index (per 1-unit increase) 1.01 (0.010) [1.00‒1.01]

Left atrial volume index (per 1-unit increase) 1.01 (0.287) [0.99‒1.02]

Abrupt thinning 1.51 (0.118) [0.90‒2.54]

Maximal T/C ratio (per 1-unit increase) 0.96 (0.768) [0.75‒1.23]

T/C ratio >3:1 in segments 1 to 3, 7 to 16 1.44 (0.198) [0.83‒2.49]

Basal to mid-septal hypertrabeculation 1.14 (0.708) [0.58‒2.23]

Basal to mid-anterior hypertrabeculation 1.49 (0.247) [0.76‒2.92]

Basal to mid-inferior hypertrabeculation 1.53 (0.193) [0.81‒2.90]

Basal to mid-lateral hypertrabeculation 0.83 (0.459) [0.50‒1.37]

Apical hypertrabeculation 0.54 (0.068) [0.28‒1.05]

Model 2: reduced main effects Medical risk score (per 1-unit increase) 2.22 (<0.001) [1.74‒2.82]

LV end-systolic volume index (per 1-unit increase) 1.01 (adjusted 0.024) [1.00‒1.01]

Abrupt thinning 1.77 (adjusted 0.022) [1.14‒2.74]

Basal to mid inferior hypertrabeculation 1.76 (adjusted 0.029) [1.06‒2.92]

Model 3: reduced main effects with BNP Medical risk score (per 1-unit increase) 1.96 (<0.001) [1.45‒2.64]

LV end systolic volume index (per 1-unit increase) 1.01 (adjusted 0.042) [1.00‒1.01]

Abrupt thinning 1.76 (adjusted 0.038) [1.10‒2.82]

Basal to mid inferior hypertrabeculation 1.69 (adjusted 0.069) [0.96‒2.98]

Elevated BNP 3.13 (adjusted 0.016) [1.44‒6.79]

Model 4: reduced main effects with LGE Medical risk score (per 1-unit increase) 2.17 (<0.001) [1.68‒2.80]

LV end-systolic volume index (per 1-unit increase) 1.01 (adjusted 0.189) [1.00‒1.01]

Abrupt thinning 1.52 (adjusted 0.156) [0.96‒2.42]

Basal to mid inferior hypertrabeculation 1.77 (adjusted 0.144) [1.04‒3.01]

Presence of LGE 1.33 (adjusted 0.202) [0.86‒2.07]

Model 5: final model Medical risk score (per 1-unit increase) 1.96 (<0.001) [1.45‒2.65]

LV end-systolic volume index (per 1-unit increase) 1.01 (adjusted 0.041) [1.00‒1.01]

Abrupt thinning 1.88 (adjusted 0.016) [1.18‒3.00]

Elevated BNP 3.29 (adjusted 0.006) [1.52‒7.11]

BNP indicates brain natriuretic peptide; LGE, late gadolinium enhancement; LV, left ventricular; RV, right ventricular; and T/C, trabeculated/compacted.
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thinning, elevated BNP and adverse cardiovascular 
outcomes suggests a possible relationship, though 
does not determine a causal relationship. We hope 
our findings will stimulate further investigations into 
understanding disease biology and LV mechanics in 
LVNC. Although the total area of myocardial thinning 
was not measured in the present study, it is expected 
that more extensive myocardial thinning will be asso-
ciated with worsening LV function and/or clinical out-
comes. Finally, given its ubiquitous use and relative 
simplicity, we defined LVNC a priori using the origi-
nal Petersen criteria and thus our results may not be 
necessarily extrapolated to LVNC diagnosed using 
other imaging criteria. Importantly, a recent study by 
Ivanov et al, found that there was no difference in the 
rate of clinical events between LVNC diagnosed by 
any current CMR criteria.17

CONCLUSIONS
We present original observations that in patients with 
LVNC, the risk of adverse clinical events is increased 
in the presence of abrupt myocardial thinning, an el-
evated BNP or increased LV dimensions. Our results 
need confirmation in large independent cohorts before 

routine clinical adoption in patients with LVNC/hyper-
trabeculation, though our findings are expected to 
stimulate further research to refine diagnostic criteria 
in LVNC.
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Table S1. Results of Multivariable Models with LVEDVi. 

 Independent Variables Estimated HRs (p-value) 

Model 1: Full main 
effects 
 

Medical risk score 
LVEDVI 
LAVI 
Abrupt thinning 
Maximal T/ C ratio  
T/C ratio >3:1 in segments 1–3, 7–16 
Basal to mid septal hypertrabeculation 
Basal to mid anterior hypertrabeculation 
Basal to mid inferior hypertrabeculation 
Basal to mid lateral hypertrabeculation 
Apical hypertrabeculation 

2.19 (<0.001) 
1.00 (0.100) 
1.01 (0.169) 
1.55 (0.097) 
0.95 (0.696) 
1.39 (0.246) 
1.15 (0.693) 
1.46 (0.264) 
1.47 (0.234) 
0.82 (0.443) 
0.57 (0.094) 

Model 2: Reduced 
main effects 
 

Medical risk score 
Abrupt thinning 
LAVI 

2.27 (<0.001) 
1.87 (adjusted 0.012) 
1.01 (adjusted 0.029) 

Model 3: Reduced 
main effects with BNP 
 

Medical risk score 
Abrupt thinning 
LAVI 
Elevated BNP 

2.08 (<0.001) 
1.88 (adjusted 0.020) 
1.01 (adjusted 0.374)  
3.12 (adjusted 0.015) 

Model 4: Reduced 
main effects with LGE 
 

Medical risk score 
Abrupt thinning 
LAVI_MRI 
LGE  

2.25 (<0.001) 
1.64 (adjusted 0.123) 
1.01 (adjusted 0.188)  
1.20 (adjusted 0.442) 

Model 5: Final Model 
 

Medical risk score 
Abrupt thinning 
 
Elevated BNP 

2.11 (<0.001) [95% CI: 1.57, 2.83] 
1.93 (adjusted 0.006) [95% CI: 1.21, 
3.09] 
3.53 (adjusted 0.002) [95% CI: 1.64, 
7.57] 

BNP: brain natriuretic peptide; LAVI: left atrial volume index; LGE: late gadolinium enhancement; LV: 

Left ventricular; LVEDVi: left ventricular end diastolic volume index; NC/C: Trabeculated / compacted   

RV: right ventricular  

 



Figure S1. Flow diagram demonstrating derivation of study cohort.  

 

 

CMR: cardiac magnetic resonance; CVD: cardiovascular disease; ICM: ischemic cardiomyopathy; 

hypertrophic cardiomyopathy,  



Figure S2. Example of medical risk calculation. 

 

 

 

 

 

LBBB: left bundle branch block; MACE = major adverse cardiovascular events, RBBB: right bundle branch 

block 

 


