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Background: Functional assessment of compact myocardium and hypertrabeculations in left ventricular
non-compaction (LVNC) is underestimated with regards to the morphological spectrum of disease. We
aimed to assess whether measuring concurrently left ventricular (LV) volume, mass and ejection fraction
(LVEF) with and without trabeculation inclusion on cine magnetic resonance (cineMR) could help diagnose
patients with LVNC by comparison to normal individuals with an excess of myocardial trabeculations.
Methods: This retrospective single center magnetic resonance imaging study (Bichat University Hospital)
of 67 consecutive patients with echocardiographic hypertrabeculations seen at echocardiography between
March 2011 and October 2018 included 30 patients with known LVNC and 16 control subjects with simple
hypertrabeculations (non-compact/compact (NC/C) ratio between 1.8 and 2.2, trabeculations involving 10%
to 17% of the left ventricle) using steady-state free precession (SSFP) cine sequences in the standard views.
LV volumes, mass and LVEF were measured with and without trabeculation inclusion using CVI42 software.
Follow-up was studied in 20 patients and 14 controls. Functional parameters were compared using Student’s
paired t-test. Pearson product moment correlation coefficients were calculated. Bland-Altman analysis
determined the inter- and intra-reader functional data reproducibility.

Results: When excluding the trabeculations (i.e. non-compacted myocardium) from measurements, LVEF
was within normal ranges both in patients and controls, while it increased by 9.8%=1.6% in LVNC and
decreased by 10.9%1.4% in controls when trabeculae were included in the endocardial contours (P<0.0001).
The overall myocardial mass remained stable according to the diastolic or systolic phase in LVNC whereas it
significantly decreased in controls.

Conclusions: Depending whether trabeculations were included or not, LVEF measurements were
significantly different between patients with LVNC and controls. These distinctive measurements might be

used as an adjunctive clinical tool to help confirm the diagnosis of LVNC.
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Introduction

Echocardiography is used as a first line examination in
suspected cases of left ventricular non-compaction (LVNC),
and often needs confirmation with cardiac magnetic
resonance (CMR) imaging. These two techniques mainly
rely on the basis of morphological diagnostic criteria that
have been published (1) and are generally accepted in
clinical use.

It is acknowledged that the LVNC phenomenon
induces morphological myocardial alterations such as
the persistence of hypertrabeculations that may have
deleterious consequences including intertrabecular recess
thrombus formation (2-4). This occurrence is favored by
the absence of motion of the trabecular meshwork, which
could distinguish LVNC from hypertrabeculations, a well-
known phenotype encountered in several structural heart
conditions and in a various amount of healthy subjects (5).
Using only standard morphologic CMR imaging criteria
of trabeculated, non-compact (NC) and compacted
myocardium (C) with a NC/C ratio of >2.3 (Petersen
criterion), overdiagnosis of LVINC has been suggested (5).
"To solve the CMR ambiguities using this parameter in the
diagnosis of LVNC, several other measurements have been
proposed (6), including the trabeculated left ventricular (LV)
mass (Jacquier criterion), the trabeculated LV volume (Choi
criterion), and the trabeculated LV mass and distribution
(Grothoff criterion).

We tried to elucidate whether the LVNC diagnosis
should be facilitated by hypothesizing that significant
differences could be exhibited when measuring concurrently
LV volume, mass and ejection fraction (LVEF) of the
compacted myocardium on one hand and of the overall
myocardium on the other hand, i.e., without and with
trabeculation inclusion in the LV mass. In LVNC, the
volume of non-compact fibers is expected not to change
all along the cardiac cycle with a passive fiber motion,
whereas in simply hypertrabeculated individuals the volume
of trabeculations should decrease due to active shortening
during systole. To our knowledge, no such study has been
previously published upon this specific concern.

Following this hypothesis, we made the assumption
that including the trabecular meshwork in the LV mass
would improve LVEF in LVNC patients, whereas it would
decrease LVEF in hypertrabeculated myocardium because
in this case trabeculations keep contractile motion.

The primary endpoint was to compare LV volumes, LV
shape (eccentricity index, EI), ejection fraction and mass in
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subjects above and below the classical cutoff NC/C ratio of
2.3 to better classify them as LVNC or hypertrabeculated.
The secondary objective was to compare outcomes of the
two groups according to the LVEF patterns. We present
this article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-23-1274/rc).

Methods
Patient selection

From the echocardiographic registry of the Bichat University
Hospital, all patients referred for hypertrabeculations
are classified as LVNC or hypertrabeculated. Between
March 2011 and October 2018, 67 consecutive patients
underwent CMR to precise echocardiographic findings.
Thirty consecutive patients newly diagnosed as having
LVNC with normal LVEF on the basis of current clinical
and echocardiographic criteria (7) were selected from our
database based on LVNC diagnosis (including reports and
image files). LVNC diagnosis included a NC/C ratio >2.3
in diastole, and trabeculations involving more than 20% of
the LV.

In those cases, LVNC diagnosis was confirmed on
the basis of the following criteria: electrocardiographic
abnormalities, electrophysiology testing, positive family
history of cardiomyopathy and sudden cardiac death,
positive genotype, documentation of a similar appearance in
first-degree relatives, associated neuromuscular disorders.
Exclusion criteria were poor CMR image quality, and
history of active or prior cardiac disease.

The CMR findings from this LVNC group were
compared to those of a consecutive group of 16 individuals
matched for sex and age (+5 years of difference allowed)
with existing trabeculations, whose range did not clearly
fulfill the previously mentioned CMR criteria (NC/C ratio
between 1.8 and 2.2, trabeculations involving 10% to 17%
of LV) and who were selected as controls in the absence of
other structural heart disease (7able 1, Figure I). None of
these controls had prior or familial history of cardiac disease
or cardiovascular risk factors.

This case-control study was designed as a retrospective
analysis of patients treated at a single institution. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The study was approved
by the ethics committee of Bichat University Hospital.
Informed consent was waived with the approval of the
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Variables LVNC 30 patients Hypertrabeculations 16 subjects P
Age (years), median [IQR] 41.3 [27.5-52.5] 45.6 [39-53.5] 0.062
Male gender, n [%] 18 [60] 10 [63] >0.99
Indications for CMR, n [%]

Familial/genetic history of LVNC 6 [20] 0 0.021

Hypertrabeculations characterization 17 [57] 11 [69] 0.528

(healthy athletes, arterial hypertension)

LV hypertrophy 6 [20] 5 [31] >0.99
Associated cardiac indications, n [%]

Cardiac failure (NYHA IIl or IV) 0 0 >0.99
Altered ECG, n [%)]

Bundle branch block 3[10] 11[6] >0.99
Biomarkers, median [IQR]

Troponin T (ng/mL) 51 [28-116] 56 [32-114] 0.942

CPK (mg/dL) 4[3-139] 4 [2-156] >0.99

NT-proBNP (pg/mL] 274 [87-655] 289 [94-721] 0.979
Echocardiographic LVEF [%], median [IQR] 52 [50-73] 56 [50-78] 0.667
LGE, n [%] 6 [20] 0 0.021

Chi-square test result for qualitative variables, other Ps are of Student’s t-test or Mann-Whitney U test result. LVNC, left ventricular
noncompaction; IQR, interquartile range; CMR, cardiac magnetic resonance; LV, left ventricle; ECG, electrocardiogram; CPK, creatine
phosphokinase; NT-proBNP, N-terminal pro brain natriuretic peptide; LVEF, left ventricle ejection fraction; LGE, late gadolinium enhancement.

67 subjects with potential LVNC at echocardiography

Y

3 contra-indications to CMR imaging

Underlying cardiac disease in 12 CMR examinations

64 CMR

6 CMR examinations of poor image quality or incomplete

!

!

30 subjects diagnosed
with LVNC criteria

16 hypertrabeculated subjects
diagnosed without LVNC criteria

Y

Y

20 subjects with follow-up

14 subjects with follow-up

Figure 1 Flow diagram shows the enrollment of patdents. LVNC, left ventricular noncompaction; CMR, cardiac magnetic resonance.
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Figure 2 Typical genetically inherited non-compaction: LVEF is calculated at end diastole and end systole (not shown) including [purple

circle in (B)] or excluding [red circle in (A) and (B)] the non-compact fibrillar meshwork of the LV. The myocardial mass is calculated

between these lines and the green circle representing the subepicardial contours. LVEF, left ventricle ejection fraction; LV, left ventricle.

institutional review board due to the retrospective nature of
the study.

2D transthoracic echocardiography (TTE)

Comprehensive TTE was performed by two investigators
with 3.5-MHz transducers equipped with harmonic imaging
(Vivid 7, General Electric, Buc, France). Images were
acquired in the long-axis parasternal view, the three short
axis views (basal, mid, apical), and the 2-, 3- and 4-chamber
apical views. These views were used to visualize all 17
segments according to the American Heart Association
(AHA) recommendations. Data were analyzed offline on
digitally stored images.

Magnetic resonance (MR) acquisition process and reading
criteria
MR examinations were performed using a 1.5T GE MR
450 or a 3.0T GE Signa HDxt Discovery system (GE
Healthcare, Waukesha, Wisconsin). MR images were
acquired using a dedicated cardiac phased-array coil. All
patients were examined following the same standard ECG-
gated MR protocol consisting of cine steady-state free
precession (SSFP) imaging for cardiac function, sequential
dynamic injection during contrast medium injection to
study early perfusion and LGE imaging for myocardial
fibrosis.

Standard cine CMR images were acquired in three planes
covering the whole left ventricle, using short-axis, long-
axis and 4-chamber views before injecting the gadolinium
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with typical SSFP sequence parameters according to the
MR system: repetition time between 3.1 and 3.4 ms; echo
time between 1.3 and 1.5 ms; flip angle 45°; slice thickness
8 mm; field of view 320-350 mm; matrix size 256x256 pixels;
30 phases per heartbeat. T1 and T2 mapping sequences
were not available on our MR systems during the inclusion
period except in the last 3 patients.

LV volumetrics, measurements of myocardial thickness
in trabeculae and compact myocardium were done in
accordance with the standardized myocardial segmentation,
as recommended by professional associations (8).

Functional CMR examination was assessed using a stack
of standard ECG-gated SSFP short axis images covering
the LV from base to apex. Quantitative analysis of CMR
images, including LV function and mass was conducted
by semi-automatic contour detection using certified CMR
analysis software (cmr42, Circle Cardiovascular Imaging Inc.,
Calgary, Alberta, Canada) and region growing algorithms,
manually corrected by two observers experienced in a robust
contour tracing protocol (8), who traced two successive
endocardial (presence then absence of trabeculation
inclusion) and one epicardial contours (Figure 2).

Cardiac output was calculated on TTE as on CMR
multiplicating the stroke volume by the heart rate,
and compared to the cardiac output on TTE using the
continuity equation.

LV end-diastolic EI was defined as the ratio of the
anterior-inferior and septal-posterolateral cavity dimensions
at the mid-ventricular level, i.e. of the long axis end diastolic
diameter divided by the diameter of perpendicular line
(compact to compact myocardium).
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Figure 3 Papillary muscles features: 2 normal (A), 1 normal and 1 atrophic (B), 1 normal and 1 missing (C), 2 missing (D).

The presence, absence or partial agenesis of the papillar
muscles was assessed qualitatively (Figure 3). LGE was
recorded as present or absent whatever its pattern and
localization.

Statistical analysis

In the field of this observational study, no attempt was
made to calculate the sample size necessary to exhibit
any statistical differences. All data are presented as mean
+ standard deviation. Statistical analysis was performed
using GraphPad Prism (La Jolla, CA, USA, Version 8.2.1).
Functional parameters from matched anatomic images
were compared using two-sided Student’s paired z-test.
Pearson product moment correlation coefficients were
calculated. Bland-Altman analysis determined the inter- and
intra-reader reproducibility of functional data, as well as
the agreement between automatic and manual tracing for
LVEF measurements. An intra-class correlation coefficient
(ICC) value of <0.5 was considered poor reliability, 0.5-
0.75 moderate reliability, 0.75-0.9 good reliability and
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>0.9 excellent reliability (9). Statistical significance was
considered at P<0.05.

Follow-up

A follow-up by phone call with the physician,
echocardiography and/or CMR was available at 2 years in
20 LVNC patients and 14 controls.

Results

All patients and controls were in sinus rhythm. Patients
with constant arrhythmia (atrial fibrillation or more than
five premature beats per minute), were not considered for
inclusion. Six LVNC patients had a positive genotype. A
bundle branch block was present in 3 LVNC patients and
one control (Tuzble I). Clinical and biomarker data were
unable to distinguish between subjects displaying LVNC
and hypertrabeculations (7able I).

On CMR, 6 patients displayed LGE, all of them within
the trabecular meshwork at one or two-segment level.
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Table 2 LVEF, indexed LV mass and LV volumes in LVNC patients and hypertrabeculated controls

LVNC Controls P
Overall Overall Overall
Parameters myocardium Compact myocardium Compact myocardium Compact
including myocardium including myocardium including myocardium
trabeculae trabeculae trabeculae
LVEF (%) 56.8+11.9 51.7+13.8 50.6+12.9 56.8+11.2 0.123 0.221
End diastolic mass (g/m2) 106.1+£25.3 63.9+19.6 99.8+22.6 53.7+15.1 0.424 0.084
End systolic mass (g/m?) 92.7+24.2 64.9+19.7 74.5+£14.9 57.9+14.1 <0.011 0.221
End diastolic LV volume (mL/m?) 62.3+16.9 95.1+18.5 46.8+19.5 97.6+20.7 0.009 0.679
End systolic LV volume (mL/m?) 26.9+15.6 45.9+16.7 23.1£16.8 42.1+£20.4 0.521 0.583

Data are presented as mean + standard deviation. Comparisons were made with a two-tailed, paired Student’s t-test. P<0.05 was
considered significant. LVEF, left ventricle ejection fraction; LV, left ventricle; LVNGC, left ventricular noncompaction.

Patients undergoing T'1 and T2 mapping had normal T1
and T2 values. All subjects had normal “compact” LVEF on
echocardiography as well as on CMR (Table 2). Main CMR
functional patterns of LVNC were an increased overall
end-diastolic mass when trabeculations were included, and
a decreased end-diastolic mass when endocardial borders
were limited to the compact myocardium (P<0.0001 for
all). These differences were also significant for the systolic
mass (P=0.0018); on the opposite, the differences were
not as significant in controls (P=0.032). LVEF (Table 2)
increased by 9.8%=1.6% in LVNC when trabeculae were
included in the endocardial contours whereas it decreased
by 10.9%+1.4% in hypertrabeculated controls (P<0.0001).

Among all the other parameters studied, LVINC patients
and controls displayed the following significant differences:
LVEF of the overall myocardium including trabeculae (i.e.
compact + non-compact myocardium) (P=0.03) and LV
diastolic volumes (P=0.0035). Considering the variation
of LV volumes and mass in diastole and systole, the non-
compact mass decrease in LVNC differed significantly
(P<0.0001) from that of controls (1able 2, Figure 4).

Cardiac output measurements were not statistically
different according to the two TTE calculation methods
and CMR values excluding trabeculations (5.6+1.7,
5.2x1.5 and 5.5£1.2 L/mn respectively, P>0.05), but all
displayed significant differences with CMR values including
trabeculations (3.8+1.3 L/mn, P<0.001).

Qualitative assessment of papillar muscles was as follows:
identifiable and normal in 2 LVNC patients, both atrophic
in 15 patients, a single one atrophic (posterior inferior) in 6
patients, and absent in 7 patients; identifiable and normal in
11 hypertrabeculated controls, both atrophic in 2 controls

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and a single one atrophic (posterior inferior) in 3 other
controls. The differences between the two populations were
significant (P=0.0003). The EI was 0.69+0.08 in LVNC and
0.55+0.08 in hypertrabeculated controls (P<0.0001).

LVEF measurements including or excluding
trabeculations demonstrated strong intra- and inter-observer
reproducibility. Bland—Altman analysis demonstrated high
intraobserver agreement for LVEF in compact myocardium
(mean bias =1.8%), with a high Pearson correlation (r=0.88,
P=0.001). Variability was modestly higher in assessing LV
mass and LVEF of the overall myocardium (mean bias
=3.1%), though the correlation remained strong (r=0.81,
P=0.01). LVEF showed good agreement between different
operators (Compact: mean bias =1.3%; overall mean bias
=4.1%) with strong correlation (r=0.79, P=0.01).

Manunal vs. automatic tracing measurements

Reproducibility of volume and mass measurements was good
to excellent (ICC >0.75) for the two groups of subjects.

The bias between the two methods was —1.09+1.22 g/m’
for the trabeculated mass, and —0.86+1.68 g/m’ for the
compacted mass.

Follow-up

The outcomes of the two groups were not statistically
different. Follow-up echocardiography and/or CMR (Table 3)
showed cardiac function worsening in 35% of LVNC
patients (among them 5% needing cardiac transplantation)
vs. 7% of hypertrabeculated controls. Patients with
cardiac function worsening did not display any significant
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Figure 4 Comparison of contraction patterns between LVNC and hypertrabeculations. Variations of the non-compact myocardial mass

according to the diastolic and systolic phase in a LVINC patient (A,B) and a hypertrabeculated control (C,D). The apparent mass decrease is

far more obvious in the control, explained in part by the active contraction of trabeculae. LVNC, left ventricular noncompaction.

Table 3 Two years outcome

Outcome LVNC (n=20) Hypertrabeculations (n=14) P
Cardiac function worsening 6 1 0.221
Cardiac transplantation 1 0

Cardiac function stability 9 11 0.172
Cardiac function improvement 4 2 0.653
MACE (cardiac, stroke) 0 0 >0.99

LVNC, left ventricular noncompaction; MACE, major acute cardiovascular event.

differences (LVEF with or without trabeculation inclusion,
mass, geometry, quality of papillar muscles) with patients
who remained stable or improved their cardiac function.

Discussion

Cardiac MRI is currently used to confirm the diagnosis of
LVNC suggested by echocardiography, both techniques
displaying a ratio NC/C of at least 2.3 (10). To our

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

knowledge, no study until now has described such a
selective distinct method of endocardial borders delineation
for measurements of LV volumes, mass and LVEF to help
differentiate LVNC from hypertrabeculations. Until the
present study, it is likely that LVEF was only calculated
including trabeculations within the LV. In one previous
study not dedicated to LVNC (11), the comparison of
LV function including or excluding papillary muscles and
trabeculations showed LVEF variations of as much 3% and
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of LV mass of 16.6%

The assessment of LV volumes has been previously
described in LVNC patients by Jacquier ez 4/. (12), but this
study did not provide separate functional data considering
compact and global mass. Grothoff ez 4/. (13) reported quite
different results, likely as a result of blood pool exclusion.
Although LVNC patients had a significant amount of
trabeculations particularly located at the apex, the apical
and the middle LV segments in two other studies, the
presence and extent of trabeculations did not correlate with
EF (14,15). In this work we made the assumption that it is
possible to indirectly assess the trabeculated fibers behavior
by comparing a concurrent LV volume, mass and LVEF with
and without trabeculation inclusion between LVNC patients
and individuals displaying myocardial hypertrabeculations.
These findings warrant the idea that myocardial trabeculae
can be indirectly characterized via their compressibility
patterns. In this context, the trabeculations should not
shorten in LVNC whereas they have a normal contraction
in case of simple hypertrabeculations.

Previous studies including LVEF in their data reported
conflicting results. For Choi et 4l. (16), no correlation was
observed between trabeculated LV volume and LVEF in
LVNC and Control groups. Similar results were provided
by Nucifora et 4. (17) who concluded that the presence
and extent of trabeculations did not correlate with
LVEE, whereas Cheng et 4/. (18) found that the number
of trabeculated segments and NC/C ratio had negative
correlation with LVEF. None of these studies however
included such functional data as in the present study to help
discriminate LVINC from hypertrabeculations. Amzulescu
et al. reported that the degree of trabeculations in dilated
cardiomyopathies was not a prognostic factor, whereas
LVEF was a specific independent predictor (19). It is
uncertain that trabeculations were included in LV volumes.

Kawel et al. (5), in a large population from the MESA
study, found that a NC/C ratio in at least one myocardial
segment in diastole was frequent in their study participants,
thus suggesting that the current LVNC cardiac MR criteria
should be re-actualized.

Along with LVEF changes observed in the present study,
another unexpected finding is that in LVNC patients, the
mean end-systolic and end-diastolic mass was significantly
different when including the trabeculations. This difference
does not seem to be the result of inadequate tracings since
interobserver agreement was good. Moreover, compact
myocardium displayed uniform mass measurements
whatever the cardiac phase, as it is reported in the literature

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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(20,21). Conversely, LVEF measurements including
trabeculations must not be taken into account for the
assessment of LV function as they do not reflect the true
cardiac output. Probably the spongy myocardium acts as a
blood reservoir similar to the LV chamber itself.

Eccentricity of the left ventricle was found to be a
relatively robust landmark of complex infrastructural and
functional changes (3,22). However, it did not influence
compact and global measurements. Among the other LVNC
features, the absence or hypoplasia of papillar muscles has
not yet been described to our knowledge.

Finally, some physiological features in LVNC should
constitute ominous signs that could differentiate these two
entities and select patients that require a strict surveillance
or specific therapeutic measures.

This study has several limitations. A positive genotype
was present in only 6 LVINC patients; it is acknowledged
that genetic penetrance for this cardiomyopathy is not high.
Criteria supporting LVNC as a morphological trait shared
by different cardiomyopathies may depend on consensus
guidelines from the multiple professional organizations (23).
Since morphological imaging takes an important part in
the diagnosis along with the increased use of genetics,
functional data deserve to be included. The participation of
LV geometry in LVEF needs to be elucidated, as well as the
role of including blood pool. The accuracy of contouring
trabeculations and papillary muscles is very subjective, and
must take into account than these papillary muscles may be
atrophic or missing.

The level of significance of the differences observed
is somewhat low and a more important cohort of LVNC
patients and controls would be welcome. A direct
comparison with echocardiography and/or strain studies
is missing. Moreover, since this disease is quite infrequent,
the confirmation of the data exhibited by the present
study needs further multicentric cooperation projects.
Finally, the proposal of including distinct LVEF assessment
to diagnostic criteria of LVNC has some caveats, since
behavior of hypertrabeculated fibers can be easily and
rapidly assessed visually.

Data upon the type of treatment administered in both
group of patients are lacking, hence we cannot explain the
clinical improvement of some of them at follow up.

Conclusions

Depending on trabeculation inclusion or exclusion,
measurements of LV mass and LVEF were significantly
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different between LVNC patients and hypertrabeculated
controls. LV ejection fraction was increased when
trabeculations were included in patients with LVNC and
conversely in hypertrabeculated normal variants. This
data warrants the idea that myocardial trabeculae can be
indirectly characterized via their compressibility patterns.
Distinctive LVEF might be used as an adjunctive clinical
tool to help confirm the diagnosis of LVNC, along with the
absence of contraction and/or shortening of trabeculae.
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