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Abstract

Background Left ventricular non-compaction (LVNC) cardiomyopathy in adults has primarily been studied with a phenotypic
expression of low ejection fraction (EF) and dilated cardiomyopathy; however, data on LVNC with preserved EF is scarce.
The present study aimed to evaluate cardiac geometry and mechanics in LVNC patients with preserved EF.

Methods A retrospective cohort study of patients diagnosed with LVNC and a preserved EF between 2008 and 2019 was
performed. LVNC was defined according to the presence of established transthoracic 2D echocardiographic (TTE) criteria
as follows: (1) prominent LV trabeculations with deep recesses; (2) bi-layered myocardial appearance; and, (3) systolic non-
compacted:compacted ratio> 2. Subjects were matched 1:1 to controls without LVNC referred for routine TTE. Geometric,
functional and mechanics parameters were analyzed in the two cohorts using 2D and speckle-tracking TTE.

Results Seventeen patients with LVNC and preserved EF were identified. Compared with controls, patients with LVNC had
similar LV systolic function and chamber dimensions, but a larger mass and relative wall thickness, and more abnormal LV
geometry (76% vs. 18%, p=0.002), LA remodeling, and pulmonary hypertension. Global longitudinal strain was significantly
decreased (-15.4 £3.2 vs. -18.9+2.8%, p= <0.01) and the prevalence of rigid body rotation was significantly increased
(57% vs. 14%, p=0.05) in the LVNC population. The peak twist values were comparable in both cohorts.

Conclusions Impaired LV geometry and longitudinal mechanics, as well as increased myocardial stiffness as expressed by

rigid body rotation, characterize LVNC with preserved EF when compared with controls.

Keywords LVNC - Cardiac mechanics - LV twist - Myocardial strain - Speckle-tracking echocardiography

Introduction

Non-compaction of the left ventricular myocardium (LVNC)
is characterized by excessive myocardial trabeculations, and
is generally believed to arise from a developmental arrest in
normal embryogenesis [1-4]. It typically affects the inferior
segments of the myocardium with a predilection for the LV
apex. The phenotypic manifestations are various, widely
ranging from asymptomatic to heart failure with associated
arrhythmias and thromboembolic events [5—8]. While most
patients with LVNC have significant LV systolic dysfunc-
tion, there is a proportion of LVNC patients who maintain a
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normal ejection fraction (EF), which has led some to ques-
tion the identification of LVNC as a distinct cardiomyopathy.
This argument is based on an observed association between
the development of trabeculations and physiologic states,
such as pregnancy or athletic training, or chronic conditions,
including hypertension, chronic kidney disease or hemato-
logic disorders [9-12].

The controversy surrounding the pathology of LVNC is
reflected in its classification as a genetic cardiomyopathy
by the American Heart Association [1] vs. a non-classified
entity by the European Society of Cardiology [13]. Nev-
ertheless, the emergence of myocardial strain, torsion, and
twist mechanics as a discipline within cardiovascular imag-
ing has expanded our knowledge of cardiac physiology in
health and disease, and has allowed for detection of sub-
clinical myocardial dysfunction in a variety of disease states
including LVNC [14-16]. Prior analyses of cardiac mechan-
ics in this population has revealed significant impairment
prior to the development of clinical symptoms; however,
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these investigations mostly focused on patients with sys-
tolic dysfunction and reduced EF [17-20]. We hypothesize
that notwithstanding a preserved EF, LVNC patients may
show early signs of myocardial dysfunction through abnor-
mal myocardial geometry and mechanics. The present study
aimed to evaluate cardiac geometry and mechanics in LVNC
patients with preserved EF.

Materials and methods
Patient selection

This is a retrospective cohort study approved by the Mount
Sinai Medical Center (Miami Beach, FL, USA) Institutional
Review Board of adult patients with LVNC cardiomyopa-
thy followed at our institution. Patients were identified by
a detailed search of our digital echocardiography database
between June 2008 and December 2019. A review of the
echocardiograms was performed by two level III board-
certified echocardiographers for confirmation of the diag-
nosis. In accordance with the Jenni criteria [21], LVNC was
defined by the presence of all the following 2D echocar-
diographic findings: (1) prominent LV trabeculations with
deep recesses; (2) bi-layered myocardial appearance; and
(3) end-systolic non-compacted-to-compacted myocardial
ratio > 2. Clinical and demographic variables were collected
from each patient’s electronic medical record to include the
presence of cardiovascular comorbidities (Table 1). Each
patient meeting inclusion criteria for the study was matched
in a 1:1 fashion with controls without LVNC referred for
routine TTE based on age, gender, and LV ejection fraction.

Echocardiographic analysis

All transthoracic echocardiograms were performed using
a GE Vivid cardiovascular ultrasound system (General
Electric Healthcare, Waukesha, WI, USA). The assessment
of LV systolic function and LVEF was performed using
the biplane method of disks (modified Simpson’s rule) in
accordance with the American Society of Echocardiogra-
phy chamber quantification guidelines [22]. LV mass was
calculated and indexed to body surface area (BSA) and
geometry was classified as normal, concentric remodeling,
concentric hypertrophy or eccentric hypertrophy. The loca-
tion of non-compacted segments was reported according to
the LV 16-segment model. The LV shape was expressed as
the sphericity index (%), which was calculated as the LV
volume divided by the volume of a hypothetical sphere with
a diameter equal to the LV long axis, and multiplied by 100.

The right ventricle was also examined for the presence
of pathologic trabeculations with systolic impairment.
Right ventricular systolic function was assessed by the

Table 1 Clinical characteristics of a cohort of patients referred for
echocardiography without vs. those with left ventricular non-compac-
tion cardiomyopathy and preserved ejection fraction

Variables Controls Left ventricular P value

(N=17) non-compaction

(N=17)

Age (years) 47.4+20.6 45.7+13.8 0.78
Females 8 (47%) 5 (29%) 0.48
African—-American 1 (6%) 9 (53%) 0.007
Body surface area (m?) 1.91+£0.26 1.89+0.19 0.83
Creatinine (mg/dL) 0.89+0.21 1.03+£0.95 0.55
Congestive heart failure 0 4 (24%) 0.1
Hypertension 4 (24%) 7 (41%) 0.47
Cerebrovascular accident 2 (12%) 3(29%) 0.4
Diabetes mellitus 1 (6%) 4 (24%) 0.34
Myocardial infarction 0 3 (18%) 0.23
Atrial Fibrillation 0 1 (6%) 1
Chronic kidney disease 1 (6%) 1 (6%) 1
Prior CABG or PCI 0 1 (6%) 1

Variables presented as mean +standard deviation, or number (fre-
quency percentage)

tricuspid lateral annular velocity (S’). The tricuspid valve
annulus was measured in the apical four chamber view, and
tricuspid regurgitation severity was graded by color flow
Doppler. The pulmonary artery systolic pressure (PASP)
was estimated from both the peak tricuspid regurgitation
velocity (using the modified Bernoulli equation) and the
right atrial pressure. The mean pulmonary artery pressure
(MPAP) was derived from the PASP using the formula:
MPAP=0.61 Xx PASP + 1.95 [23]. Pulmonary hypertension
was defined as MPAP > 20 mmHg [24].

Cardiac mechanics were analyzed using the two-dimen-
sional speckle tracking technique via the General Electric
Echo PAC Q-Analysis software. As previously described,
trabeculations were excluded from the endocardial trac-
ings [25, 26]. Global longitudinal strain measurements
were obtained in the apical four, three and two chamber
views. Peak systolic LV twist was obtained by subtracting
LV basal rotation from apical rotation, using the manu-
ally calculated aortic valve closure time as a reference
point for the end of systole. [27] The presence of rigid
body rotation (RBR) as a marker of myocardial stiffness,
which indicates that LV apex and base rotate in the same
direction (as opposed to rotating in opposite directions
as in normal physiology) was also assessed (Fig. 1) [19].
The subtypes of RBR were classified as follows: type 1,
holosystolic clockwise RBR; type 2, holosystolic coun-
terclockwise RBR; type 3, initial clockwise followed by
counterclockwise RBR; type 4, initial counterclockwise
followed by clockwise RBR [28].
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A Normal LV Terst

Fig.1 Normal left ventricular twist and rigid body rotation as
assessed by speckle-tracking 2-dimensional echocardiography. Panel
A, Normal LV Twist: The light green line represents apical counter-
clockwise rotation (positive twist), the purple line represents basal
clockwise rotation (negative twist), and the white line shows the net
and peak twist at aortic valve closure. Note the apical and basal trac-

Statistical analysis

Data was analyzed using IBM SPSS Statistics version 21
(IBM Corporation, Armonk, NY). Categorical variables
were expressed as number (frequency), while continu-
ous variables were expressed as mean (standard devia-
tion) or median (interquartile range) dependent upon their
Gaussian distribution. Categorical variables were com-
pared using a chi-square or Fisher’s exact test. Continuous
variables were analyzed using the student ¢ test or the
Mann—Whitney U test, as appropriate. A p value <0.05
was considered statistically significant.

Results
Patient characteristics

A total of 17 patients with LVNC and preserved EF were
identified. The mean age was 45.7 + 13.8 years, 5 (29%)
were female, and 9 (53%) were of African—American
ethnicity. Compared with controls, LVNC patients did
not differ significantly with respect to age, sex, incidence
of systemic hypertension, coronary artery disease, atrial
fibrillation or kidney function (Table 1).

@ Springer

B Rigid Body Rotati

n

ings are in opposite directions. Panel B, Rigid Body Rotation: With
identical light green and purple lines representing apical and basal
rotation, it is noted that rotation occurs in the same counterclockwise
direction throughout the majority of systole indicating LV myocardial
stiffness and rigid body rotation. AVC aortic valve closure, LV left
ventricle

Cardiac geometry and function

Although chamber dimensions (LV internal diameter and
volume) were similar in LVNC patients and controls, the
interventricular septal and posterior walls were found to be
significantly thickened in LVNC patients (IVSd: 0.8 +£0.2 vs.
1.1+0.4 cm, p=0.003 and PWd: 0.8 0.1 vs. 1.24+0.5 cm,
p=0.002). This resulted in significant differences in LV
mass indices (67 +£15.3 vs. 119.1 £62.5 g/mz, p=0.002)
and a greater prevalence of abnormal LV geometry amongst
LVNC patients (18% vs. 76%, p=0.002). LA volume indices
were also found to be significantly increased in the LVNC
population (23.4+7.2 vs. 28.9 +8.9 mL/m?, p=0.05)
(Table 2).

The mean ratio of noncompacted:compacted myocardium
thickness was 2.5+ 0.4 in the LVNC population. The non-
compacted morphology involved the apical-lateral and api-
cal-inferior LV segments in all 17 (100%) patients, none of
the basal LV segments, and the mid-ventricular LV segments
variably (Table 3).

Analysis of the right ventricular parameters showed a
35% prevalence of pulmonary hypertension (6/17 patients)
in the LVNC population compared with none in the control
population (p =0.02). The RV dimensions and RV function
were comparable and within normal limits for both groups
(Table 4).
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Table 2 Echocardiogr.aphic Variables Controls (N=17)  Left ventricular P value
measures of left ventricular non-compaction
functlog, gc?ometry, and (N=17)
mechanics in a cohort
of patients referred for Left ventricular ejection fraction (%) 58+4.8 59.8+9.9 0.5
f}fg:’ecf;ifif;pi‘gnmg‘f;‘: ggn Left ventricular end-diastolic volume (ml) 101 +25.4 107.4+38.2 0.57
compaction cardiomyopathy Left ventricular end-diastolic volume index (ml/m?) 52.8+10.2 56.7+16.9 0.43
and preserved ejection fraction Left ventricular end-systolic volume (ml) 42.6+12.3 443+21.3 0.78
Left ventricular end-systolic volume index (ml/m?) 223+5.2 23.1+10 0.77
Left ventricular end-diastolic diameter (cm) 4.6+0.5 4.7+0.6 0.6
Left ventricular end-diastolic diameter index (cm/m?)  2.4+0.3 2.5+0.3 0.46
Left ventricular end-systolic diameter (cm) 32+04 3.2+0.6 0.97
Left ventricular end-systolic diameter index (cm/m?) 1.7+£0.2 1.7+£0.3 0.89
Left ventricular mechanics
Global longitudinal strain (%) —-189+2.38 -154+32 0.002
Peak twist (degrees) 11+4.5 11.3+7 0.9
Rigid body rotation 2 (14%) 8 (57%) 0.05
Left ventricular filling pressure, E/e’ ratio 7.1+£24 9.6+5.5 0.1
Left ventricular interventricular septal thickness (cm) 0.8 +0.2 1.1+£0.4 0.003
Left ventricular posterior wall thickness (cm) 0.8+0.1 1.2+0.5 0.002
Left ventricular mass (g) 127.6+31.4 220.9+105.6 0.001
Left ventricular mass index (g/mz) 67+15.3 119.1+62.5 0.002
Left ventricular relative wall thickness 0.36+0.08 0.52+0.24 0.01
Left ventricular hypertrophy 1(6%) 6 (35%) 0.09
Left ventricular geometry
Normal 14 (82%) 4 (24%) 0.002
Concentric remodeling 2 (12%) 7 (41%) 0.12
Concentric hypertrophy 1(6%) 5 (29%) 0.18
Eccentric hypertrophy 0 1 (6%) 1
Left ventricular systolic sphericity index 0.42+0.03 0.42+0.05 0.97
Left ventricular diastolic sphericity index 0.53+0.04 0.53+0.05 0.6
Left ventricular false tendons / paraseptal bands 1(6%) 5(29%) 0.18
Left atrial volume (ml) 44.5+14.4 54+16.4 0.08
Left atrial volume index (mL/m?) 234472 28.9+8.9 0.05
Left atrial diameter (cm) 3.5+0.6 34+04 0.76
Left atrial diameter index (cm/m?) 1.8+0.3 1.8+0.3 0.96

Variables presented as mean + standard deviation or number and frequency percentage

Cardiac mechanics

Patients with LVNC were found to have decreased global
longitudinal strain when compared to sex and age-matched
controls (—15.4+3.2 vs. —18.9+2.8, p=0.002). The peak
twist measurements were comparable in both cohorts;
however, the prevalence of RBR was significantly higher
in the LVNC population (57% vs. 14%, p=0.05) (Table 2).
Of the 8 LVNC patients with RBR, a type 3 pattern was
observed in 7 individuals and a type 4 pattern in 1, respec-
tively. In the control population there were 2 with RBR, 1
case each of type 1 and type 3 pattern.

Discussion

The present study evaluated cardiac geometry and mechan-
ics in LVNC patients with preserved EF and compared
them with a 1:1 matched cohort of patients without LVNC
referred for routine TTE. The following important findings
were noted: (1) both groups had similar demographics and
clinical risk factors with the exception of a greater preva-
lence of African—American ethnicity in LVNC; (2) the non-
compacted morphology consistently involved the apical seg-
ments of the LV; (3) LVNC was associated with structural
changes of the LV in the form of increased wall thickness,
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Table 3 Phenotypic expression
of left ventricular non-
compaction cardiomyopathy
with preserved ejection fraction
as assessed by two-dimensional
transthoracic echocardiography

Variables

Left Ventricular

Non-compaction

(N=17)

Left ventricular non-compacted myocardial segments
Left ventricular non-compacted myocardial thickness (cm)
Left ventricular compacted myocardial thickness (cm)
Left ventricular non-compacted:compacted thickness ratio

52+1.6
1.8+0.3
0.7+0.1
25+04

Left ventricular non-compacted morphology

Apical-anterior
Apical-septal
Apical-lateral
Apical-inferior
Mid-anterior
Mid-septal
Mid-lateral
Mid-inferior
Basal

15 (88%)

8 (47%)

17 (100%)
17 (100.0%)
11 (65%)

1 (6%)

10 (59%)

9 (53%)

0

Variables presented as mean + standard deviation or number and frequency percentage

Table 4 Echocardiographic measures of right ventricular function and geometry in a cohort of patients referred for echocardiography without vs.
those with left ventricular non-compaction cardiomyopathy and preserved ejection fraction

Variables Controls (N=17) Left ventricular P value
non-compaction
N=17)
Right ventricle basal diameter (cm) 34+04 3.6+0.5 0.25
Right ventricular mid cavity diameter (cm) 2.6+0.3 2.5+04 0.36
Tricuspid lateral annular peak systolic velocity (cm/s) 12.6£2.2 13.2+19 0.48
Tricuspid annular diameter (cm) 2.8+04 29+04 0.41
Moderate or greater secondary/functional tricuspid regurgitation 0 2 (12%) 0.49
Pulmonary artery systolic pressure (mmHg) 27.8+2.7 329+12.8 0.11
Pulmonary hypertension 0 6 (35%) 0.02
Severe pulmonary hypertension 0 2 (12%) 0.49

Variables presented as mean + standard deviation or number and frequency percentage

mass, and abnormal geometry; and, 4) LVNC was associated
with impaired global longitudinal strain and a higher rate of
rigid body rotation, but a preserved LV twist.

The structural myocardial changes, namely, increased
wall thickness and LV mass, observed in our LVNC popu-
lation could be explained by a compensatory mechanism
aimed at maintaining a normal LVEF and wall stress in the
face of dysfunctional non-compacted segments. It is less
likely that those changes are due to hypertension as the prev-
alence of hypertension was found to be similar between the
two cohorts. Likewise, the left atrium appears to remodel in
LVNC, which potentially could be explained by the same
compensatory mechanism. These findings should be inter-
preted within the context of a greater prevalence of Afri-
can American ethnicity amongst the LVNC group, and as
such may be predisposed to left ventricular wall thickening

@ Springer

and hypertrophy, as was shown in the Dallas Heart Study
[29]. It is noteworthy that LVNC patients also had a higher
prevalence of pulmonary hypertension; whether this is part
of the genetic noncompaction cardiomyopathy syndrome or
rather the result of altered left heart physiology remains to
be determined.

In a prior cardiac mechanics study of ten LVNC patients
with preserved EF, Bellavia et al. observed reduced longitu-
dinal strain and LV torsion in LVNC patients compared with
age and sex-matched controls [17]. In the present cohort,
LVNC patients with preserved EF also experienced impaired
longitudinal strain; however, the LV twist remained within
normal limits. This may be explained by an earlier stage of
dysfunction primarily affecting the longitudinal subendo-
cardial myocardial fibers [27]. In normal physiology, lon-
gitudinal subendocardial fibers arranged in a right-handed
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helix and longitudinal subepicardial fibers arranged in a left-
handed helix rotate the myocardium in opposite directions;
the subendocardial fibers in a negative clockwise direction,
and the subepicardial in a positive counterclockwise direc-
tion. Because of their larger radius and torque, the subepi-
cardial fibers dominate the overall LV rotation with a net
positive twist. Thus, in the presence of subendocardial fiber
dysfunction, the twist increases in the direction imposed by
the subepicardial fibers. This phenomenon potentially rep-
resents an initial compensatory mechanism to maintain dias-
tolic filling and stroke volume. Eventually, the subepicardial
layer also fails, leading to a decreased LV twist and overall
decompensation of LV performance. It is possible that the
different results pertaining to LV twist between the study by
Bellavia and colleagues and the present cohort reflect LVNC
patients at different transitional stages of the disease process.
This discrepancy thus highlights the dynamic nature of this
pathology, especially in its early stages.

An interesting finding observed was the presence of LV
RBR in 57% of LVNC patients, which is defined by rotation
(‘twisting’) of the subendocardial and subepicardial layers
in the same direction. This results in varying degrees of
uncoupled diastolic—systolic mechanics of the LV, impaired
myocardial shear deformation and energy storage, attenua-
tion of diastolic suction and recoil, and a greater prevalence
of advanced heart failure symptoms and limited functional
capacity [20, 27, 30]. Types 1 and 4 RBR are thought to
be markers of more advanced mechanics dysfunction with
clockwise RBR dominating LV twist, significantly attenuat-
ing net torsion, and resulting in a low or negative twist value.
Types 2 and 3, the latter of which was most observed in the
present study, are characterized by counterclockwise RBR.
It is hypothesized that the type 3 RBR subtype signals sub-
clinical twist dysfunction as the larger radius subepicardial
fiber continues to dominate rotation, albeit at the expense of
the subepicardial basal segments, with a fairly positive and
preserved twist value [17, 19, 28].

In a prior study by Van Dalen et al. 36 LVNC patients
were compared with 52 age and gender-matched patients
with no cardiovascular co-morbidities [28]. The incidence
of RBR was 83.3% in the LVNC group, with none observed
in healthy patients. In addition, the LVNC group had a lower
peak LV twist (3.9+2.2 vs. 10.1 +2.3 degrees) and ejec-
tion fraction (42 + 14 vs. 62+ 7%), and a larger chamber
size (end-diastolic diameter: 57 +8 vs. 50 +6 mm), con-
sistent with LV remodeling when compared with healthy
controls. In contrast to the present study, these investiga-
tors also reported a higher prevalence of RBR with a type
1 or 4 pattern (90%), which involves partial or holosystolic
clockwise RBR. The importance of this finding is in the
fact that normal ejection is characterized by clockwise
basal and counterclockwise apical rotation, suggesting a
more advanced dysfunction of the myocardial helices in the

Van Dalen study. The prevalence of type 3 counterclock-
wise RBR in our cohort of LVNC and preserved EF, with
a greater absolute LV twist and normal chamber geometry,
supports the observed RBR as an earlier onset of decom-
pensated LV mechanics that may be a sensitive preclinical
marker of disease.

There are several limitations to the present study that
merit discussion. First, our study is limited by its retrospec-
tive nature, which introduces an inherent selection bias.
Second, the diagnostic inclusion criteria utilized have been
thoroughly studied and applied in both clinical and research
practice; however, due to its rarity no clear societal guide-
lines on LVNC exist. Misclassification of ventricular geom-
etry and function, particularly as normal vs. pathologic in
the presence of preserved EF, is a concern. This is especially
true given the higher prevalence of African American sub-
jects in the study, since ‘hypertrabeculation’ (i.e., trabecula-
tions in otherwise healthy individuals) has been described
in athletes of African and Afro-Caribbean origin.12 Third,
cardiac mechanics are impacted by physiologic and hemo-
dynamic variables, albeit to a lesser extent than LVEF.
Changes in preload, afterload, inotropy, and chronotropy
impact indices of LV strain and twist [27]. Finally, the small
sample size limits the statistical power to detect differences
in measured clinical and echocardiographic variables, as
well as in the analyses that may be applied. In addition, the
effect of RBR on prognosis in LVNC is unknown given the
small number of published studies on the topic, and limited
follow-up. Nevertheless, the present data may have clinical
implications as to the diagnosis and management of LVNC
patients with preserved EF, wherein earlier and closer moni-
toring may be warranted despite the absence of symptoms.

In conclusion, impaired LV geometry and longitudinal
mechanics, as well as increased myocardial stiffness as
expressed by rigid body rotation, characterize LVNC with
preserved EF when compared with controls. This may signal
early subclinical myocardial dysfunction warranting close
monitoring of LVNC patients regardless of their LVEF phe-
notypic expression. Larger prospective studies and registry
data are important in validating these findings and furthering
our understanding of LVNC.
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