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Summary

Summary

Isolated left ventricular non-compaction cardiomyopathy (LVNC) is a congenital myocardial
disease characterized by excessive and prominent trabeculations in the left ventricle with deep
intertrabecular recesses. Trabeculation is, however, a non specific finding which is present not only in
LVNC but also in other cardiomyopathies like dilated cardiomyopathy (DCM) and even in healthy
controls, therefore, differential diagnosis keeps puzzling clinicians. Therefore the present study aimed
to comprehensively explore regional myocardial deformation properties in adult patients with isolated
LVNC using strain and strain rate imaging derived from tissue Doppler imaging and 2D speckle
tracking. It was proposed that the knowledge of deformation properties in LVNC would help to
differentiate patients with LVNC and DCM.

A total of 14 patients with LVNC, 15 patients with DCM, and 15 healthy controls were included
in this study. The groups were matched for age and gender. Standard 2D echocardiography was
performed in all subjects, and tissue Doppler imaging (TDI) of all ventricular walls was acquired using
parasternal long axis, apical 4-chamber, 2-chamber, and apical long axis views. Deformation imaging
data derived from both TDI and grey scale images were analyzed.

Clinical and standard echocardiographic findings in patients with LVNC and DCM were similar.
In patients with LVNC, hypertrabeculation was mostly located in the apical and mid segments of the
left ventricle and strikingly more than in patients with DCM. The extent of non-compaction was poorly
related to global left ventricular systolic function (LVEF) as well as regional myocardial function
assessed by strain rate imaging. Regional myocardial systolic deformation in patients with LVNC was
significantly impaired in the left and right ventricles in both longitudinal and radial direction. There
was a striking difference on longitudinal myocardial systolic function between LVNC and DCM
patients, i.e., an increasing strain and strain rate gradient from apex to base in patients with LVNC,
whereas patients with DCM displayed a homogeneously decreased strain and strain rate in all segments.
Results derived from 2D speckle tracking method were consistent with those from TDI method.
Analysis of myocardial mechanical asynchrony revealed a lack of myocardial contraction synchrony in
the LVNC and DCM patients. The time to systolic peak velocity was obviously delayed in these two
patient groups. However, the mechanical asynchrony features were similar in patients with LVNC and
DCM and could not serve for differential diagnosis.

In conclusion, LVNC and DCM are both cardiomyopathies presenting reduced regional
myocardial function and mechanical asynchrony. Nevertheless differential diagnosis can be made by

analysis of hypertrabeculation as well as analysis of regional myocardial deformation pattern.



1 Introduction

1. Introduction

Isolated left ventricular non-compaction cardiomyopathy (LVNC) is a congenital myocardial
disease characterized by excessive prominent trabeculations in the left ventricle (LV) with deep
intertrabecular recesses that communicate with left ventricular cavity but not the coronary circulation.
Isolated LVNC was unrecognized until 1984 detected by two-dimensional echocardiography . The
prevalence of LVNC identified in different echocardiographic studies ranged from 0.01 to 0.24% *!.
LVNC is thought to be the consequence of failure in trabecular regression as demonstrated by
trabecular meshwork flattening or disappearance. This process should have been completed in the early
fetal period in normal population. Genetically, LVNC in adults is often related to an autosomal
dominant inheritance instead of infantile cases that were found to be attributed to mutations in the G
4.5 gene located on the X chromosome '®\. Pathological changes of LVNC heart include extensive
spongy transformation of the left ventricular myocardium or prominent coarse trabeculations of the
ventricular wall and deep recesses of the ventricular cavity. This extensive trabeculations is most

frequently found in the left ventricular apex and its adjacent parts of the lateral and inferior wall "),

[8-12] [13,14] [15]

Subendocardial fibrosis , myocardial fibrosis

[16]

, myocardial disorganization "', myocardial

hypertrophy and degeneration are also common pathological findings. Natural history studies
showed a poor clinical outcome for LVNC patients with impaired left ventricular function. When the
late disease stage is present, LVNC leads to premature cardiac death or patients have to undergo cardiac
transplantation. Although LVNC is a congenital heart disease, cardiac symptoms are often absent until
adulthood leading to a delayed diagnosis. The main clinical manifestations of LVNC include heart
failure as a result of systolic and diastolic dysfunction, arrhythmias and thromboembolic events
(2451791 There are no known specific or sensitive clinical features for LVNC. Thus, imaging
modalities, e.g. standard echocardiography and cardiac magnetic resonance (CMR), play a fundamental
role in the diagnosis of LVNC. Currently, several echocardiographic diagnostic criteria for LVNC are
available, mainly based on the size, number and location of trabeculations derived from its distinct
morphological entity “*'*!. There is no final consensus which criteria are superior, although the ones
from Jenni are widely accepted for the definition of LVNC. The original echocardiographic diagnostic

criteria described by Jenni '

are 1) absence of coexisting cardiac abnormalities; 2) two layers
structure with thin compacted myocardial band and markedly thick endocardial non-compacted band
which consists of prominent trabeculations, the ratio of the non-compacted layer to the compacted layer
>2; 3) distribution of the non-compacted myocardium mainly in the apex and the mid of LV inferior

and lateral wall; 4) color Doppler evidence of deep perfused intertrabecular recesses. As a consequence
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of technology improvement and the increase in disease awareness of LVNC, it has been evidenced that
prominent trabeculations are not only presented in LVNC, but also in some individuals with dilated
cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), hypertensive heart disease or even in a
small number of healthy persons "'?°!. Therefore, this arbitrarily results in an over-diagnosis of this
disease - even with up-to-date diagnostic criteria, and the differential diagnosis of LVNC continues
puzzling clinicians up to the present. This problem is more complicated due to the several proposed
diagnostic LVNC criteria. Patient history and standard echocardiographic assessment of HCM and
hypertensive heart disease should allow differentiating these diseases from LVNC, but the
differentiation between LVNC and DCM remains challenging.

Dilated cardiomyopathy (DCM) is a cardiac disease with multiple potential etiologies,
characterized by dilated cardiac (left ventricular) chamber, thinning of ventricular walls and advanced
systolic and diastolic dysfunction. DCM shares many clinical and standard echocardiographic features
with LVNC #'? It was recently reported that mutated Cypher/ZASP can cause both DCM and LVNC
(331 Thus, it might be difficult in some cases to differentiate LVNC from DCM using presently
available criteria.

Strain and strain rate imaging but not standard echocardiography is able to evaluate regional
impairment of myocardium by quantitatively analyzing regional myocardial deformation ****, which
might be helpful to differentiate different cardiomyopathies.

This study used two deformation imaging methods: tissue Doppler imaging (TDI) and 2D
speckle tracking imaging (STI). The aim of our study was to comprehensively investigate regional
myocardial deformation in adult patients with isolated LVNC and to generate a myocardial deformation
model in patients with LVNC. Moreover, we postulated that a special LVNC deformation pattern would
help to differentiate this cardiomyopathy from DCM. Another aim of this study was to propose an
effective and practicable method performed in echocardiography routine to assess regional myocardial

deformation in LVNC.



2 Methods

2. Methods

2.1 Study Population

Between March 2007 and December 2009, a total of 26 consecutive patients with the initial
diagnosis of LVNC were screened at the university hospitals of Wuerzburg and Zagreb and 14 patients
(8 males, mean age 41+ 9 years) with the final diagnosis of LVNC were enrolled in the study and 12
patients were excluded due to uncertain LVNC cardiomyopathy diagnosis. The aim of the study is to
observe if there is a typical deformation pattern in LVNC patients. Inclusion criteria for a patient,
initially diagnosed as LVNC, to enter the study were: A full available set-up of comprehensive
evaluation according to clinical presentation, echocardiography, electrocardiogram and CMR.
Moreover, according to actual guideline criteria, three experts in the field of echocardiography and two
experienced radiologists had to confirm the LVNC diagnosis independently. Coronary artery disease,
cardiac valve disease or other underlying cardiac pathology were excluded by medical history,
echocardiography, MRI, exercise test and coronary angiograms. Fifteen age and gender matched
patients with confirmed diagnosis of DCM were included in the study (10 males; mean age 49+17
years). Fifteen healthy aged and gender matched volunteers recruited from the local hospital staff
(7males, mean age 39+17 years) served as controls. All controls were Caucasian (like all patients), had
no history of cardiac or systemic disease or arterial hypertension.

Informed consent was obtained from the patients and healthy subjects.

2.2 Protocol

A complete clinical setup was enrolled. Standard 2D echocardiography was performed in all
subjects, and TDI of all ventricular walls was acquired using parasternal long axis, apical 4-chamber,
2-chamber, and apical long axis views. Strain Rate Imaging (SRI) derived from TDI and 2D STI was

carried out in different directions of all LV segments.

2.3 Machine Settings and Images Acquisition and Measurement

A commercially available ultrasound scanner (GE Vingmed Vivid 7, Horten, Norway) with a 3.5
MHz transducer was used to collect digital loops in 2-dimensional gray scale imaging, color Doppler

flow, pulsed-wave (PW) Doppler, and tissue Doppler imaging. All data measurement and analysis were



2 Methods

conducted by the same observer off-line.

2.4 Standard 2D Echocardiography Measurement
2.4.1 Cardiac Dimensions and LV Mass

Left ventricular end-diastolic (LVEDD) and end-systolic dimensions (LVESD) as well as
end-diastolic thickness of the posterior wall (LVPWd) and the septum (IVSd) were measured using
standard M-mode echocardiographic methods and parasternal LV long axis images. From parasternal
LV long axis images on the level of the left atrium (LA), the end-systolic diameter of the LA was
measured. From apical 4-chamber view, the end-diastolic diameter of the right ventricle (RVD) and the
end-systolic transversal diameter of the right atrium (RAD) were measured. End-diastolic the maximal
thickness of right ventricular free wall (RVd) was measured using the same view.
Echocardiography-based left ventricular mass was estimated from M-mode measurements using the

Devereux formula.

2.4.2 Global LV Systolic Function

LV ejection fraction (EF) was measured with the biplane Simpson method in apical 4- and
2-chamber views; LV stroke volume (SV), fractional shortening (FS) were assessed by M-Mode
method and parasternal LV long axis images. Mitral annular (the septal and lateral wall) displacement
and tricuspid plane annular systolic excursion (TAPSE) were measured by M-mode method in apical

4-chamber view.

2.4.3 LV Filling Pattern

Pulsed-wave Doppler was performed in the apical 4-chamber view to obtain mitral inflow
velocities in order to evaluate left ventricular filling pattern (early filling (E-wave) and late diastolic
filling (A-wave) velocities, the E/A ratio, deceleration time (DT)). Thereafter the cursor of CW Doppler
was placed between the LV outflow tract and the anterior tip of the mitral leaflet to simultaneously
display the end of ventricular outflow and the onset of mitral inflow to determine the isovolumetric

relaxation time (IVRT).
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2.4.4 Non- and Compacted Myocardial Measurement

The thickness of non-compacted and compacted myocardial layers was measured at end-systole
in all segments (eighteen-segment left ventricular echocardiographic model) using apex 4-, 2-chamber
and apical long axis view. The maximal thickness of non-compacted myocardium (NCd) in each
segment was measured as an absolute assessment for the local trabeculations extent. Ratio of
non-compacted (NC) to compacted (C) layer (NC/C ratio) was calculated as an index to identify

hypertrabeculation (figure 1). Segments with NC/C ratio >2.0 were defined as hypertrabeculation.

end-systole

Figure 1: Measurement of non-compacted and compacted myocardium. dy: thickness of compacted layer; d;:
thickness of non-compacted layer. NCd = d;; NC/C ratio = d,/d,. LV: left ventricle; LA: left atria; AAO: ascending

aorta.

2.5 Tissue Doppler Imaging

Tissue Doppler imaging was obtained using left ventricular apical 2-chamber, 4-chamber, and
apical long axis view, including septum, lateral wall, inferior wall, anterior wall, posterior wall and
anteroseptal wall. TDI of posterior wall using left ventricular parasternal long axis view was obtained
to assess the radial myocardial deformation. TDI of the right ventricular free wall was obtained using
apical 4-chamber view. Tissue Doppler images views were optimized for pulse repetition frequency,
color saturation, sector size and depth, and allowed the highest possible frame rate. Patients were

required to hold breath during tissue Doppler images storing. At least three consecutive cardiac cycles
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were recorded in a cine loop format and averaged when analyzed.

Tissue Doppler early diastolic mitral annular velocity (e’) was obtained in apical 4-chamber view.
The sample volume was positioned at or 1 cm within the septal and lateral insertion sites of the mitral
leaflets and adjusted as 5-10 mm to cover the longitudinal motion of the mitral annulus in both systole

and diastole. E/e’ was calculated.

2.6 Strain Rate Imaging Derived from Tissue Doppler Imaging

Strain rate imaging in apical, mid, and basal segments of each wall was analyzed offline using
Q-Analysis of the dedicated software (EchoPAC® version 108.1.5 GE ultrasound). The requested
criteria for analyzing were that the image quality should be reasonably good and all analyzed
myocardial segments should be clearly visible on each frame. In order to maintain the highest possible

frame rate (typically, > 140FPS), narrower image sector angle with lower depth was used.

2.6.1 Profiles Acquisition

Strain and strain rate profiles were acquired through post processing offline using dedicated
software program. In post processing, eighteen-segment left ventricular echocardiographic mode was
used (figure 2). The segments with great angle deviation were excluded from analysis. Region of
interest (ROI) was continuously positioned by manual tracking within the wall throughout the cardiac
cycle. It should be made sure that the ROI was continuously positioned within the compacted
myocardial region instead of non-compacted region. Height of ROI was set to 13 mm in LV and RV
longitudinal strain rate analysis. Height of ROI was adjusted according to LVPWd in LV radial strain
rate analysis. Width of ROI was set to 1-3 mm. Tilt angle of ROI was as parallel as possible with
ultrasound beam. Strain length (offset distance) was usually set to less than 1-2 mm height of ROL
Strain rate profile was averaged over three consecutive cardiac cycles and integrated over time to
derive natural strain profiles using end-diastole as the reference point. Aortic valve opening (AVO),
aortic valve closure (AVC), mitral valve opening (MVO), and mitral valve closure (MVC) were marked
from PW Doppler traces in aortic inflow and mitral inflow respectively to define the isovolumetric

contraction time (IVCT), ejection phase, isovolumetric relaxation time and diastolic phase.
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Apical 4-chamber Apical 2-chamber Apical long axis

Figure 2: Eighteen-segment left ventricular echocardiographic mode. 1: basal septal wall; 2: mid septal wall; 3:

apical septal wall; 4: apical lateral wall; 5: mid lateral wall; 6: basal lateral wall; 7: basal inferior wall; 8: mid inferior

wall; 9: apical inferior wall; 10: apical anterior wall; 11: mid anterior wall; 12: basal anterior wall; 13: basal posterior

wall; 14: mid posterior wall; 15: apical posterior wall; 16: apical anteroseptal wall; 17: mid anteroseptal wall; 18:

basal anteroseptal wall.

2.6.2 Parameters acquisition

The following strain rate (SR) data was extracted. Strain and strain rate data measurement are

shown in figure 3a.

Systolic peak strain rate (SR_S).

Peak SR in isovolumetric contraction time (SR_IVCT).

Peak SR in isovolumetric relaxation time (SR_IVRT).

Early diastolic peak strain rate (SR_E).

Late diastolic peak strain rate (SR_A).

Strain (S) data comprise the parameters as showed below (figure 3b).

Maximal strain in one cardiac cycle (S_max_cyc), measured from the absolute maximum to
minimal strain value.

Maximal strain in ejection phase (S_max_sys), measured from AVO to the maximum during
ejection phase.

Strain at the end of ejection period (S_end_sys), measured from AVO to AVC.
Post systolic shortening (PSS), measured from AVC to the shortening/lengthening cross point.

Pathological post systolic shortening (PSS) was defined according to Jens-Uwe Voigt’s criteria

1341 PSS exceeding 20% of total strain in one cardiac cycle (S_max_cyc) or shortening duration more

than 90 ms from AVC to PSS peak.
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SRI(1ls)

T

SIE: 201316 ms
SL:12.0 mm

Figure 3a+b: Typical strain rate and strain profiles of a healthy subject derived from tissue Doppler imaging
and explanation of measurements. a) 1: systolic peak strain rate (SR_S); 2: peak strain rate in isovolumetric
contraction time (SR_IVCT); 3: peak strain rate in isovolumetric relaxation time (SR_IVRT); 4: early diastolic strain
rate (SR_E); 5: late diastolic strain rate (SR_A); 6: maximal strain in one cardiac cycle (S_max_cyc); b) 7: maximal
strain in ejection phase (S_max_sys); 8: end systolic strain (S_end_sys); 9: post systolic shortening (PSS); 10:

shortening duration of PSS.
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2.7 Strain Rate Imaging Derived from 2D Speckle Tracking

2D speckle tracking imaging, obtained by 2D gray scale using standard 2-, 4-chamber views, was
investigated in patients with LVNC and DCM. Septum, lateral, inferior and anterior wall were involved

in this part.

2.7.1 Profiles Acquisition

The 2D grey scale frame rate was set in between 40 to 80 frames per second. It was made sure
that the entire ventricular wall was clearly visible. The scanner was configured to store heart cycles
with 100 milliseconds before and after the R-wave. The ROI was created by manual outlining of the
endocardial border in a single wall and had to cover the entire region to be analyzed. Of note, the ROI
only covered the compacted myocardial region in patients with LVNC. Thereafter, the processing
screen was displayed showing the ROI divided into segments automatically. The tracking quality for
each segment was automatically evaluated and summarized in the tracking table. If necessary the
tracking had to be visually checked and adjusted. The trace analysis was automatically displayed after
validating the tracking. The strain profile of one cardiac cycle for three segment levels (apical, mid and

basal segment) was displayed by the software simultaneously as shown in figure 4.

10
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2006{12}06-14:15:33

4CH , single wall

TTENTION | Values are averages over segments !
bassept midSept

Figure 4a+b: An example of strain rate (a) and strain (b) profiles derived from 2D speckle tracking imaging in
the septum of a normal subject. The ROI was created by manual outlining of the endocardial border in septum.
Yellow, blue and green sections respectively represent the basal, mid and apical segment. a) Longitudinal strain rate
curve, Peak S: systolic strain rate; Peak E: early diastolic strain rate; Peak A: late diastolic strain rate. b) Longitudinal

strain curve, S_end_sys: end systolic strain.

11
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2.7.2 Parameters Measurement

Using 2D speckle tracking method, end systolic strain (S_end_sys) for all segments in each wall
was measured. Global longitudinal end systolic strain for each entire wall was obtained by averaging

strain values for the LV three segment levels, as shown in figure 5.

Figure 5 a+b: a) shows a global strain curve of the septum (dashed curve); b) shows a strain rate curve in apical
septum (green curve). Peak S: systolic peak strain rate; Peak E: early diastolic peak strain rate; Peak A: late diastolic

peak strain rate.

12
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2.8 LV Mechanical Asynchrony
2.8.1 Standard Echocardiography

The septal-to-posterior-wall motion delay (SPWMD) by M-mode in LV parasternal long axis
view at mitral chordae tendineae level was calculated (figure 6a), to provide information about
intraventricular mechanical asynchrony.

Aortic pre-ejection interval (APEIL from QRS wave in the ECG to the beginning of aortic flow
derived by pulsed-wave Doppler) was calculated. (figure 6b).

Figure 6: a) M-mode (LV parasternal long axis view) at mitral chordae tendineae level of the left ventricle for
measuring the septal-posterior-wall motion delay (SPWMD). The SPWMD is approximately 150ms in this LVNC
patient. b) Aortic pre-ejection interval (APEI) is measured from QRS wave to the beginning of aortic flow derived by

pulsed-wave Doppler (APEI: 145ms).

13
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2.8.2 Tissue Velocity Imaging

Tissue velocity-time profiles of four segments (basal and mid septum, basal and mid lateral wall)
were obtained in all subjects. The time to systolic peak velocity (T_sys) was measured and the
difference of time to peak velocity in ejection phase within different segments as well as different LV

walls was calculated (figure 7).

Figure 7: Measurement of T_sys by tissue velocity-time profile derived from tissue Doppler imaging. The time
to systolic peak velocity (T_sys) is measured from QRS wave to the peak systolic velocity. Regions of interest (ROI)

are positioned at the basal septum (blue) and the apical septum (yellow) respectively.

14
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2.8.3 Speckle Tracking Imaging

The time from QRS wave to the compression and expansion crossover (Tcgc) by strain profiles
derived from 2D STI was calculated in three segment levels of the septum and lateral walls (figure 8).

The maximal difference of Tcrc (max-A Tcgc) among six segments was also calculated.

a)

200710411-13:41:18

Figure 8 a+b: Measurement of the Tcpc and max-ATcgc by strain profile derived from 2D speckle tracking

imaging. a) The time from the beginning of QRS wave to the compression and expansion crossover (Tcgc) is
measured from QRS wave to the shortening/lengthening cross point in one cardiac cycle. b) Max-ATcgc is the

maximal time difference of Tcgc derived from 6 segments.

15
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2.9 Statistical Analysis

Data are presented as mean + standard deviation or 95% confidence interval. Differences among
different groups and among different segments were compared using an unpaired Student t-test,
one-way or two-way ANONA, as appropriate after performing Normality Test and Equal Variance Test.
All pairwise multiple comparison procedures used Tukey’s Test if Normality Test and Equal Variance
Test were passed. If not Dunn’s Method, Student-Newman-Keuls Method, or Mann-Whitney Rank
Sum Test was used. Differences of the proportions within the two groups were compared using z-test.
Linear regression analysis was used to reveal the correlation between deformation parameters and
NC/C ratio. A p value < 0.05 was considered statistically significant. Statistical analysis was performed

using statistic software SigmaStat 2.0.

16
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3. Results

3.1 Clinical Data and Standard Echocardiography Findings

Clinical data of all subjects are listed in table 1. Standard echocardiography findings are shown
in table 2.

In this cohort, heart failure symptoms are presented in 57% LVNC patients and 53% DCM
patients. Abnormalities of ECG were common in LVNC and DCM patients (table 2). Systemic
embolization was seen in one LVNC patient and LV thrombus was identified in another LVNC patient.
There was no family history in any LVNC patient.

Left atrial and ventricular enlargements were evidenced by standard echocardiography in both
LVNC and DCM patients, with similar dimensions. Right atrial and ventricular cavities were similar
between control and patient groups. RV free wall thickness was thicker in DCM group than in control
group (p=0.009), and systolic pulmonary artery pressure was significant higher in DCM patients than
in LVNC patients and control subjects (p<0.001). Left ventricular mass was similar between the two
patient groups but significantly higher than in control group (p<0.001 respectively).

Global left ventricular systolic function determined by FS and EF was significantly reduced in
both LVNC and DCM groups. Likewise, mitral and tricuspid annular displacements were significantly
decreased in LVNC and DCM groups. Lateral annular displacement was significantly higher than
septal annular displacement in LVNC group, and this difference was not observed in DCM group.
Diastolic function was reduced in both LVNC and DCM groups, advanced diastolic dysfunction
(pseudonormal relaxation and restrictive filling pattern) were shown in 9 LVNC patients (69.2%) and in
10 DCM patients (66.7%). E/e’ was significantly higher in DCM group than in controls and LVNC
patients.

Mitral regurgitation was documented in the majority of patients with LVNC (92.3%, 10 mild and
2 moderate) and DCM (86.7%, 10 mild and 3 moderate).

17
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Table 1: Clinical characteristics of controls and patient groups

Control LVNC DCM
n=15 n=14 n=15
General data
Age,y 39+17 41+9 49 £ 17
Gender, M 7 (47%) 8 (57%) 10 (67%)
NYHA class 1 1.8+0.5 23+1.1
Heart rate, bpm 74 £21 72+12 87+23
Systolic BP, mmHg 120 £ 10 117£9 127 £21
Diastolic BP, mmHg 80£8 73+9 81+£18
Familial occurrence - 0 1
EKG
Atrial fibrillation 0 1 (7%) 0
Left bundle branch block 0 5 (36%) 5(33%)
Right bundle branch block 0 2 (14%) 0
Atrioventricular block (I°) 0 2 (14%) 1 (7%)
Ventricular arrhythmias 0 6 (43%) 1 (7%)
Repolarization abnormality 0 4 (29%) 6(40%)
Clinical symptoms
Heart failure symptoms 0 8 (57%) 8(53%)
Systemic embolic events 0 1 (7%) 0
Ventricular thrombi 0 1 (7%) 0
Death 0 0 0
Heart transplantation 0 0 0

LVNC: left ventricular non-compaction; DCM: dilated cardiomyopathy
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Table 2: Standard echocardiography data of control and patient groups

Control LVNC DCM
n=15 n=14 n=15
Cardiac dimensions
LAD, mm 323+32 45.8 £ 8.0%* 447 £ 6.4%*
LVEDD, mm 49.0+£2.8 62.5 £ 6.4% 67.5 £ 8.6*
IVSd, mm 8.1+1.6 92%1.5 82+1.7
LVPWd, mm 81£1.5 9.6 +1.7 9.1+£2.0
RVd, mm 4405 4.6+1.1 5.7 +1.4%
RVD, mm 33.5+49 36.6+54 385+7.7
RAD, mm 37.8+53 41.6£6.8 438114
LVM, g 135+36 246 +48* 259 + 81*
LV systolic function
SV, ml 75.9 £ 14.7 67.8 £35.2 70.2 £25.0
FS, % 36.8£5.0 15.9 £6.2% 15.0 £5.9%
EF, % 64.1+£53 30.8 £9.4%* 30.1 £9.9%
Septal_MAD, mm 13.7£2.1 5.5+1.9% 5.9+3.2%
Lateral_MAD, mm 14.5£2.2 7.9+3.3% 7.1+2.9%
TAPSE, mm 23.3+4.0 15.5£3.7* & 17.74£3.8*%
LYV filling pattern
Normal filling 14 1 0
Abnormal relaxation 1 4 5
Pseudonormal relaxation 0 4 3
Restrictive 0 5 7
E/A 1.44 £0.29 1.57 £1.18 1.69 £ 1.02
E/e’ 8.0+£2.8 13.1£55 20.5 £ 8.1*7
DT, ms 190 + 37 147 £ 55 152 +58
IVRT, ms 91 £21 84 +33 81+33
Mitral regurgitation 7 (47%) 12 (86%) 13 (87%)
Aortic regurgitation 1 (7%) 1 (7%) 4 (27%)
17.7+£9.8 249+£99 37.5 £ 14.9%%

SPAP, mmHg

LV: left ventricle; LAD: end-systolic left atrial diameter; LVEDD: left ventricle end-diastolic dimension; IVSd: end-diastolic
interventricular septum thickness; LVPWd: end-diastolic left ventricular posterior wall thickness; RVd: end-diastolic right ventricular free
wall thickness; RVD: end-diastolic right ventricular dimension; RAD: end-systolic right atrial diameter; LVM: left ventricular mass; SV:
LV stroke volume; EF: LV ejection fraction; FS: LV fractional shortening; MAD: mitral annular displacement; TAPSE: tricuspid annular
plane systolic excursion; E/A: early diastolic filling velocity (E) to late diastolic filling velocity (A) ratio; E/e’: mitral inflow E velocity to
tissue Doppler e’ ratio; DT: deceleration time of early filling; IVRT: isovolumetric relaxation time; SPAP: systolic pulmonary artery

pressure. * p<0.05 vs. Control 1 p<0.05 vs. LVNC 1 p<0.05 vs. Septal mitral annular displacement
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3.2 Left Ventricular Trabeculations
3.2.1 Number and Location of Trabeculations in LVNC and DCM

Trabeculations were present in 134 out of 252 (53.2%) segments in patients with LVNC and in
50 out of 270 segments (18.5%) in patients with DCM (p<0.05). The majority (99.3%) of
trabeculations in LVNC patients was located in apical and mid segments (81 apical, 52 mid, 1 basal).
The average non-compacted myocardial thickness in apical, mid and basal segments of patients with
LVNC derived from 18 segments is shown in figure 9. In DCM group, the majority of trabeculations
(92%) was located in apical segments (46 apical, 4 mid).

The mean of NC/C ratio in LVNC patients was significantly higher than those in DCM patients
(2.1 £0.8 vs. 1.4 £0.5, p<0.05).

The distribution of trabeculations and hypertrabeculation in different LV walls of patients with
LVNC and DCM is displayed in figure 10. As shown in figure 10b, hypertrabeculation (NC/C ratio
>2.0) was presented in 79 out of 252 segments (31.3%) in LVNC group (60 apical, 19 mid) and only in
9 segments out of 270 segments (3.3%, p<0.001 vs. LVNC) in DCM group (8 apical, 1 mid).

Hypertrabeculation was not found in mid septum segments of patients with LVNC in this cohort.

18
16
14

O api @ mid O bas

NCd (mm)

o N A O
T

1 2 3 4 5 6 7 8 9 10 11 12 13 14
LVNC

Figure 9: The average non-compacted myocardium thickness in apical, mid and basal segments of individual
LVNC patient derived from 18 segments. Note that trabeculations in LVNC was mainly present in apical and mid

segments and trabeculation was seen only in one basal segment.
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Figure 10a+b: Number and location of trabeculations and hypertrabeculation in six left ventricular walls of

LVNC and DCM groups. a) the distribution of trabeculations; b) the distribution of hypertrabeculation.
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3.2.2 Trabeculations and Global / Regional LV Myocardial Function

3.2.2.1 Trabeculations and Global Systolic Function

As shown in figures 11 to 13, there was no linear correlation between maximal NC/C ratio and

left ventricular ejection fraction. Septal and lateral mitral annular displacement, representing

longitudinal systolic function, was also not related to the maximal NC/C ratio.

EF (%)
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max NC/C ratio
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Figure 11: Scatter plot and Pearson’s correlation coefficient for left ventricular ejection fraction (EF) and

maximal ratio of non-compacted to compacted myocardium (max NC/C ratio). There was no significant

correlation between EF and max NC/C ratio.
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Figure 12: Scatter plot and Pearson’s correlation coefficient for septal mitral annular displacement and max

NC/C ratio. There was no significant correlation between septal mitral annular displacement and max NC/C ratio.
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Figure 13: Scatter plot and Pearson’s correlation coefficient for lateral mitral annular displacement and max

NC/C ratio. There was no significant correlation between lateral mitral annular displacement and max NC/C ratio.

3.2.2.2 Trabeculations and Regional Myocardial Function

Regional myocardial systolic deformation was analyzed on 204 segments in LVNC and 234 in
DCM groups including 117 segments with trabeculations (NCd > 0) in LVNC and 46 segments with
trabeculations in DCM as well as 87 segments without trabeculations (NCd = 0) in LVNC and 188
segments without trabeculations in DCM.

Figure 14 showed that regional myocardial systolic deformation (SR_S, S_end_sys) was
significantly lower in segments with trabeculations than without trabeculations in LVNC group
(Mann-Whitney Rank Sum Test, p<0.001). However, no remarkable correlation was seen between the
degree of non-compaction (neither NCd nor NC/C ratio) and the regional myocardial deformation
indices (figure 15, 16). Regional myocardial deformation indices were similar in segments with and

without trabeculations in DCM group.
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Figure 14: Comparison of myocardial deformation data (mean and 95% CI) between segments with and

without trabeculations in LVNC and DCM groups. SR_S: systolic strain rate; S_end_sys: end systolic strain.

* p<0.05 vs. segments without trabeculations

24



3 Results
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Figure 15: Scatter plot for NC/C ratio and end systolic strain in LVNC group. S_end_sys: end systolic strain;

NC/C ratio: the ratio of non-compacted to compacted layer. Green points represent the segments without

trabeculations (NC/C ratio= 0), orange points represent the ones with mild non-compaction (0 < NC/C ratio < 2); blue

points represent the ones with prominent non-compaction (NC/C ratio >2.0).
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Figure 16: Scatter plot for NCd and end systolic strain during ejection phase in LVNC group. S_end_sys: end

systolic strain; NCd: the maximal thickness of non-compacted myocardium in each myocardial segment. Blue and

green points respectively represent the segments with and without trabeculations.
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3.3 Regional Myocardial Deformation
3.3.1 Regional Myocardial Deformation in Six Left Ventricular Walls

Overall end systolic strain in all left ventricular walls and right ventricular free wall was
investigated by tracking a single wall using 2D speckle tracking. Overall end systolic strain in six left
ventricular walls between patient groups and controls are displayed in figure 17. Longitudinal systolic

deformation in all six LV walls was significantly reduced compared controls.
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Figure 17: Comparison of left ventricular longitudinal end systolic strain ((mean and 95% CI) in six left
ventricular walls between control and patient groups. Note that myocardium longitudinal shortening in all left
ventricular walls of LVNC and DCM group was significantly reduced compared to controls. No difference of

longitudinal shortening was observed between LVNC and DCM patients in all left ventricular walls.

* p<0.05 vs. Control
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As shown in figure 18, myocardium systolic radial thickening in basal posterior wall of LVNC
and DCM group was significantly lower than that of controls. There was no significant difference
between LVNC and DCM group.

Longitudinal end systolic strain in right ventricular free wall was significantly reduced in patients
with LVNC and DCM as compared with controls. Likewise, there was no significant difference

between LVNC and DCM group (figure 19).
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Figure 18: Comparison of radial end systolic strain (mean and 95% CI) in basal posterior wall among controls,
LVNC and DCM groups. S_end_sys: end systolic strain.
* p<0.05 vs. Control
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Figure 19: Comparison of longitudinal end systolic strain (mean and 95% CI) in right ventricular free wall
among the different groups. S_end_sys: end systolic strain.

* p<0.05 vs. Control
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3.3.2 Regional Myocardial Deformation in Apical, Mid and Basal Levels

As listed in table 3, SR_S and S_end_sys in apical, mid and basal levels of the same ventricular
wall were significantly reduced in both LVNC and DCM groups compared with controls, analyzed by
TDI. As compared for different levels of the same ventricular wall, SR_S and S_end_sys in basal
segments were markedly higher than that in apical and mid segments in patients with LVNC while
there were no significant differences among three levels in DCM group. SR_S and S_end_sys in basal
segments were significantly higher in LVNC group than those in DCM group.

As shown in figure 20, an increasing deformation gradient from apex to base was documented in
all left ventricular walls except anteroseptal wall in LVNC patients. Significant difference of S_end_sys
between basal and apical segments was found in lateral, inferior, anterior and posterior walls. End
systolic longitudinal shortening in DCM was significantly reduced in all six left ventricular walls and
the pattern of increasing gradient from apex to base was not shown in patients with DCM. Figure 21
and 22 show typical strain rate profiles and strain profiles from tissue Doppler imaging in lateral wall

of a normal subject, a patient with LVNC and a patient with DCM.

Table 3: LV systolic strain rate (SR_S) and end systolic strain (S_end_sys) at apical, mid and basal segments in

controls, LVNC and DCM groups using tissue Doppler imaging

Control LVNC DCM
n=15 n=14 n=15
Apical SR_S (1/s) -1.33£0.49 -0.48 +£0.37* -0.59 +0.38*
S_end_sys (%) -18.05 £ 6.06 -5.22 +£5.11% -6.80 = 6.33*
Mid SR_S (1/s) -1.28 £0.30 -0.55 £0.31* -0.63 +0.47*
S_end_sys (%) -17.62 £ 4.87 -5.83 £4.52% -6.06 £ 5.44%
Basal SR_S (1/s) -1.22£0.35 -0.81 £0.41*%§ -0.59 + 0.38*%
S_end_sys (%) -15.45 £5.18%§ -9.80 + 7.05%£§ -5.98 +5.89*5

* p<0.05 vs. Control

1 p<0.05 vs. LVNC
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Figure 20: End systolic strain (mean and 95% CI) by tissue Doppler imaging among different segment levels of
six LV walls among controls, LVNC and DCM. .
* p<0.05 vs. apical T p<0.05 vs. mid
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Figure 21: Strain rate profiles in the lateral wall of a normal (above), a LVNC (middle) patient and a DCM
(below) patient, using tissue Doppler imaging. Yellow, blue and red curves respectively represent the strain rate
curves in the apical, mid and basal segments. Note that systolic strain rate in the apical lateral wall of LVNC is

markedly reduced compared with the basal and mid segments, while conversely in DCM and normal subject the

lowest value present at the basal segment.
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Figure 22: Strain profiles from TDI in three segment levels of lateral wall in the same patients as in figure 21.
Yellow, blue and red curves respectively represent the strain curves in the apical, mid and basal segments. Note
similar findings of a decreased strain in the apical segment compared with the strain in the mid and basal segments in

LVNC. An increasing gradient in end systolic strain is present in LVNC.
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3.4 Shape Features of Strain and Strain Rate Profiles

Strain rate profiles were investigated in apical and basal segments of septum and lateral wall of
LVNC, DCM, and control groups. A typical strain rate profile from a normal subject was shown in
figure 23. The strain rate and strain profiles in the apical septum of a patient with LVNC were shown in
figure 24. In this patient, the peak in ejection phase was significantly reduced and a higher and widen
positive peak in IVCT as well as a larger negative peak in IVRT could be evidenced (figure 24). In
general, this distinct profile occurred more frequently in LVNC group than in control group (p=0.003)
and in DCM group (p=0.003). Moreover this pattern was more frequent in septal walls than in lateral
walls of patients with LVNC (p=0.001, table 5). In control group, no apical segments displayed this
distinct curve, whereas 37.5% apical segments in LVNC group and 23.3% in DCM presented this kind
of curve (table 4).

Table 4: The incidence of the characteristic SR profile in control, LVNC, and DCM groups

Control LVNC DCM

(n =60) (n=48) (n=60)
Sum, n (%) 10 (16.7) 22(45.8) * 18 (30.0)
Septum, n (%) 8 (26.7) 17 (70.8) * 8(26.7) T
Lateral wall, n (%) 2 (15.0) 5(20.8) & 10 (33.3)
Apical segments, n (%) 0 9 (37.5) 7 (23.3)
Basal segments, n (%) 10 (33.3) 13 (54.2) 11 (36.7)

* p<0.05 vs. Control ~ § p<0.05 vs. LVNC 1 p<0.05 vs. Septum
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shortening/lengthening
cross point

Figure 23: Typical strain rate (above) and strain (below) profiles in a normal subject. There are three peaks from
mitral valve closuring (MVC) to mitral valve opening (MVO): the first positive peak lies in isovolumetric contraction
time (IVCT), which is narrow and small, the second peak which commonly presents a blunt and large negative peak is
during ejection phase, and the following third peak which is similar to the first one is in isovolumetric relaxation time
(IVRT). Shortening/lengthening cross point (yellow arrow in the below panel) in strain profile is normally close to the

timing of AVC.

Figure 24: The strain rate and strain profiles in the apical septum of a patient with LVNC. SR_S = - 0.47 1/s,
S_max_cyc =-11.5 %, S_end_sys = - 1.9 %, PSS = 9.6 %. The peak is significantly reduced in ejection phase (yellow
arrow in the left panel) with a higher and wider positive peak in IVCT and a larger negative peak in IVRT (green
arrow in the left panel). Strain curve shows that shortening/lengthening cross point was delayed until after AVC (blue
arrow in the right panel). Effective systolic shortening (end systolic strain) was reduced significantly. SR_S: systolic

strain rate during ejection phase; S_end_sys: systolic end strain; PSS: post systolic shortening.
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Pathological PSS was measured at apical, mid and basal segment levels of septum and lateral
walls in all subjects. As shown in table 5, the overall incidence of pathological PSS was significantly
higher in LVNC and DCM group than that in control group (p<0.001). Nevertheless, incidence of PSS
was similar between LVNC and DCM group.

Table 5: The incidence of segments with pathological post systolic shortening of septum and lateral wall in

control, LVNC and DCM group

Control (n = 90) LVNC (n=78) DCM (n =90)
Septum  Lateral wall Septum  Lateral wall Septum Lateral wall
Segments, n (%) 6 (13.3) 0 20 (51.3) 15 (38.5) 23 (51.1) 17 (37.8)
Apical, n 5 0 8 4 10 5
Mid, n 0 0 4 5 6 6
Basal, n 1 0 8 6 7 6
Sum, n (%) 6 (6.7) 35(44.9) * 40 (44.4) *

* p<0.05 vs. Control
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3.5 Strain Rate Imaging Derived from 2D Speckle Tracking

Myocardial deformation in patients with LVNC and DCM was also examined by another novel
deformation imaging method (2D speckle tracking imaging). The results were consistent with that
demonstrated from TDI method (table 6). Increasing gradient from apex to base was most prominent in

lateral wall of LVNC group (figure 25, 26).

Table 6: End systolic strain (S_end_sys) in controls, LVNC and DCM group using 2D speckle tracking imaging

S_end_sys (%)

Control LVNC DCM
n=15 n=14 n=15

Septum

Apical -21.85+3.44 -5.55 £6.55% -5.32 +5.68%

Mid -18.48 £3.22 -6.78 £5.30* -4.55 £5.03*%

Basal -16.14 £4.38% - 749 £4.70* -5.90 £ 4.14%
Lateral wall

Apical -20.15+£3.25 -7.01 £4.82% -6.03 £5.23%

Mid -20.88 £2.33 -10.2 £3.98* - 6.19 £4.24%%

Basal -21.69 £4.48 - 14.39 £4.43%%§ - 8.84 £ 6.54%F
Inferior wall

Apical -20.94 £3.73 -7.86 £6.18* - 6.55 £ 5.50%

Mid -21.39+£2.96 - 10.44 £5.70% -5.70 £4.30%F

Basal -21.00 £3.25 - 13.06 £ 6.64* -6.76 £4.42%%
Anterior wall

Apical -19.32 £4.03 -5.52 £4.65% - 5.57 £5.04%

Mid -20.77 £2.83 -8.79 £5.36* -4.72 £4.21%F

Basal -18.53 £4.13 -10.71 £7.53* - 6.87 £ 6.42%F
Global average

Apical -20.56 £3.65 - 6.49 £5.55% - 5.87 £5.25%

Mid -20.38 +3.00 -9.05 £5.20%% -5.29 £4.40%%

Basal -19.34 £4.56 - 11.41 £ 6.38%% -7.09 £ 5.46%F

S_end_sys: end systolic strain

* p<0.05 vs. Control

1 p<0.05 vs. LVNC

1 p<0.05 vs. Apical  § p<0.05 vs. Mid
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Normal

) \\A PSS

end systolic strain

Figure 25: An illustration of strain profiles of lateral walls among control (above), LVNC (middle) and DCM
(below) using 2D speckle tracking method. Note a significantly decreased strain in the apical and mid segments
(violet and blue curve) compared with a nearly normal strain (red curve) at the basal segment in this LVNC patient.
There are no significant differences among apical, mid and basal segments in end systolic strain in the control and

DCM patient. Post systolic shortening (PSS) is present in basal and mid lateral wall of the patient with DCM.
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Figure 26: 95% CI end systolic strain by 2D speckle tracking imaging in different walls and different segments
between LVNC and DCM group.
* p<0.05 vs. apical T p<0.05 vs. mid
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3.6 LV Mechanical Asynchrony in LVNC and DCM
3.6.1 Standard Echocardiography

A septal-to-posterior wall motion delay (SPWMD) >130ms is a sign of asynchrony of septum
and posterior wall contraction 351 The mean SPWMD was 77 + 23ms in controls, 126 + 44ms in LVNC
(p<0.01 vs. controls) and 105 + 44ms in DCM group (p>0.05 vs. controls), respectively. There was no
statistical difference between the two patient groups. Incidence of SPWMD > 130ms tended to be
higher in patients with LVNC (50%) than in patients with DCM (20%, p=0.191).

The mean of aortic pre-ejection interval (APEI) was 145 + 30ms in LVNC and 127 + 33ms in
DCM patients, both significantly higher than in controls (87 + 14ms; all p<0.001). Likewise APEI was
similar between the two patient groups. Overall incidence of APEI >140ms in patients with LVNC

(71.4%) tended to be higher than in patients with DCM 40% (p=0.185).

3.6.2 Tissue Velocity Imaging Results

Tissue velocity-time profiles of four segments (basal and mid septum, basal and mid lateral wall)
were measured in all subjects. The time to systolic peak (T_sys) was determined and the time to peak
difference in ejection phase between different segments in the same wall as well as in the same segment
of different LV walls was calculated (figure 27).

As shown in figure 28, T_sys in all segments of LVNC group was delayed compared to control
group (all p<0.05), while in DCM only the two lateral segments were significantly delayed. T_sys in
basal lateral, mid lateral and mid-septal segments was similar between the two patient groups (p>0.05),
while T_sys in basal septal segments was significantly higher in LVNC group than in DCM group
(p<0.05). Moreover, T_sys among various wall segments in the same patient group or control group

was similar (p>0.05).

38



3 Results

Figure 27: An example of tissue velocity imaging in a patients with LVNC. Regions of interest are respectively at
the basal septum (yellow) and basal lateral wall (blue). Note that there is a significant delay in the time to systolic

peak (T_sys) of the lateral wall compared with the septum. The difference of time is approximately 140ms.
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Figure 28: The time to systolic peak (T_sys) during ejection phase in different segments derived by tissue
velocity-time profiles.

* P<0.05 vs. Control p<0.05 vs. LVNC
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3.6.3 Speckle Tracking Results

The time from QRS wave to the compression and expansion crossover (Tcgc), which was derived
from 2D STI methods, was measured in three segment levels of septum and lateral walls (figure 29).
The maximal difference of Tcrc (max-A Tcgc) among six segments was also calculated.

As listed in table 7, the mean Tcgc was similar in three segment levels of septum and lateral wall
in controls, LVNC and DCM groups. Nevertheless, max-A Tcgc among six segments in LVNC and
DCM group were obviously higher than in the control group (figure 30) and there was no difference on
max-A Tcge between LVNC and DCM group. In addition, variability of max-A Tcgc is higher in LVNC
and DCM groups (range 67 to 371ms; 86 to 364ms respectively) compared to controls (range 75 to
146ms, figure 30). Further analysis revealed that the time difference between the apical and basal
segments of septum and lateral wall (AT api-bas) in LVNC group was significantly higher than in
controls. This mechanical asynchrony between apical and basal segments was also seen in septum but

not in the lateral wall in DCM patients (figure 31).

Table 7: Comparison of the time from QRS wave to the compression and expansion crossover (Tcgc, mean +

SD) of three segment levels of septum and lateral wall in control and patient groups

Control LVNC DCM
Septum, n 13 13 15
Apical (ms) 395 £48 377 £ 117 398 £118
Mid (ms) 377 £54 399 £112 416 = 146
Basal (ms) 426 + 61 382 £133 410 £ 136
Lateral wall, n 13 13 15
Apical (ms) 392 £49 338 £109 359 £92
Mid (ms) 382 +50 408 =70 413 £76
Basal (ms) 407 £70 444 £ 57 434 + 80
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Normal
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Figure 29: Typical strain profiles derived from 2D speckle tracking imaging in a healthy subject (above) and
patients with LVNC (middle) and DCM (below). Note the lack of synchronicity on longitudinal segmental
shortening in the LVNC and DCM patient, while Tcgc (the time from QRS wave to the compression and expansion

crossover) was uniform in control subject.
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Figure 30: Comparison of the maximal difference of Tcrc (mean + SD) and scatter plot (orange points) in

control and patient groups. Tcgc: the time from QRS wave to the compression and expansion crossover; max-A Tcgc:

the maximal difference of Tcgc among the apical, mid and basal segments of the septum and lateral walls
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Figure 31: Comparison of the difference of Tcgc (mean + SD) between apical and basal segment of septum and

lateral walls in control and patient groups. Tcgc: the time from QRS wave to the compression and expansion

crossover; AT api-bas: the difference of Tcgc between the apical and basal segments.
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4. Discussion

This study sought to give a comprehensive description of regional myocardial dysfunction in adult

patients with LVNC. The main findings obtained from our patient cohort are:

1.

Trabeculations were present in 53.2% segments in patients with LVNC and only in 18.5%
segments in patients with DCM. The majority of trabeculations was located in apical and mid
segments in both LVNC (99.3%) and DCM patients (92%).

Hypertrabeculation (NC/C ratio >2.0) was documented in 31.3% segments of LVNC group and
only in 3.3% segments of DCM patients and the mean NC/C ratio in LVNC patients was
significantly higher than that in DCM patients.

The degree of non-compaction was not associated to the global left ventricular systolic function.
The regional myocardial shortening (end systolic strain) in non-compacted segments was
significantly lower than that in compacted segments. However, there was no linear correlation
between non-compaction and end systolic strain.

Left and right ventricular regional myocardial systolic deformation was significantly impaired in
patients with LVNC and DCM as compared to control subjects. However, a striking difference of
regional myocardial systolic function could be seen between LVNC and DCM patients: An
increasing myocardial shortening gradient from apex to base was identified in patients with LVNC,
whereas DCM displayed a homogeneous reduction of regional function in all segment levels.

The increasing myocardial shortening gradient from apex to base was also clearly documented by
2D STI in lateral wall of LVNC patients but not in DCM patients which could serve as a reliable
diagnostic sign for differentiating LVNC and DCM.

Analysis of myocardial mechanical asynchrony revealed a lack of myocardial contraction
synchrony in the LVNC and DCM patients. The time to systolic peak velocity was obviously
delayed in these two patient groups and the mechanical asynchrony feature was similar in patients
with LVNC and DCM. Moreover both patient groups showed a high incidence of pathological post

systolic shortening.

4.1 Morphological Features in LVNC

Isolated left ventricular non-compaction has been recognized as a distinct cardiomyopathy due to

its special morphological characteristics. Echocardiography is the most frequently used method to

diagnose LVNC.
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In our cohort, the non-compacted segments were mainly located at apical and mid segment levels
of left ventricle. The entire apical segments of the left ventricle were involved. At mid ventricular level
the involved segments were mainly located in left ventricular free wall such as inferior, anterior and
posterior wall but not in septum. These results basically correspond to the reports based on
echocardiography by Jenni et al. " Oechslin et al. *! and Sengupta et al. *!1. A previous pathological
examination confirmed the localization of the non-compacted myocardium corresponding to
echocardiographic findings !"*!. Left ventricular hypertrabeculation is most frequently described as an
abnormal finding of the apex and its adjacent parts of the lateral and inferior wall from pathoanatomic
studies, and hypertrabeculation of the interventricular septum was rarely described . Non-compaction
was not observed in mid and basal septum in our 14 LVNC patients. In DCM group, there were only 50
segments (18.5%) with trabeculations including 9 with hypertrabeculation, and the majority was
located at apical segments. In fact, the mean of NC/C ratio and the number of involved segments were
significantly higher in LVNC than that in DCM. Therefore, the differential diagnosis between LVNC
and DCM could be easily made based on this remarkable morphological difference of trabeculations by
echocardiography in most cases. However, non-compaction is not uniform in LVNC patients and the
extent of non-compaction expressed as NC/C ratio ranged from 0.4 to 5.0 and number of involved
segments ranged from 2 to 10 in our cohort. The mean of NC/C ratio was greater than 2.1 in 4 out of 14
cases (28.6%), between 1.7 — 2.1 in 7 (50%), and less than 1.7 in 3 cases (21.4%). Although LVNC has
been considered as a distinct cardiomyopathy with predominant trabeculations, there is still a subset of
cases displaying mild or moderate extent of non-compaction. It is to note that extent of non-compaction
with NC/C ratio close to the cut-off value could also be found in DCM, HCM patients and even in
healthy individuals. Thus, making the diagnosis just depending on morphological features might be
difficult in some cases. Actually, the present proposed diagnostic criteria of LVNC are basically
focused on the distinct characteristics of cardiac morphology.

Additionally, a pathological study in a series of 14 cases by Burke et al. described three types of
trabeculations: anastomosing broad trabecula, coarse trabecula resembling multiple papillary muscles,
and interlacing smaller muscle bundles or relatively smooth endocardial surface with compressed
invaginations identified primarily microscopically "', The third type could be difficult to be detected
by echocardiography due to its gross features. The absence of well-formed papillary muscles could be a
complementary sign for the diagnosis. In 5 of 14 patients in our study, a lack of well-formed papillary

muscles was identified by echocardiography.
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4.2 Extent of Non-compaction and Global LV Function

Our results show that the extent of non-compaction was not associated to the global left
ventricular systolic function assessed by ejection fraction in patients with LVNC. Mitral annular
displacement, which has recently been considered as a useful indicator to evaluate left ventricular
global longitudinal systolic function, was also applied to analyze the correlation between the degree of
non-compaction and ventricular performance. In our study, the septal mitral annular displacement in
LVNC was significantly lower than the lateral mitral annular displacement despite the fact that the
trabeculations were mainly located at the lateral wall but not at the septum. In contrast to previous
findings, our results suggest no significant correlation between the extent of non-compaction and the
global left ventricular systolic function. Belanger et al. showed in a study of 60 patients a trend towards
a negative linear correlation between the NC/C ratio and ejection fraction in their cohort, the similar
correlation was found between the LVNC area and ejection fraction 1381 Aras D et al. also suggested
age of onset, the total number of affected segments and NC/C ratio could be major determinants of LV
systolic dysfunction in patients with LVNC ™. Lofiego C et al. found that the number of
non-compacted segments correlated positively with LV ejection fraction and negatively with LV
end-diastolic volume index in the study cohort, and normal wall motion was more common in

non-compacted than in compacted segments

. Smaller sample size in our study might be one
potential reason for failure to document the association between extent of non-compaction and global
as well as regional LV dysfunction in patients with LVNC.

The pathophysiologic mechanism of LV systolic dysfunction in LVNC remains unclear.
Quantitative evaluation of regional myocardial perfusion performed by positron emission tomography
showed a decrease of coronary flow reserve (CFR) in non-compacted segments of the left ventricle
despite the absents of coronary circulation abnormalities in patients with LVNC. However, this report
showed a decreased CFR was also found in 36 of the 60 segments with non-compaction. Thus, a
decreased CFR is not confined to non-compacted segments '*!). Microcirculatory dysfunction probably

contributes to left ventricular systolic dysfunction in adults and children with LVNC 41421

4.3 Strain Rate Imaging in LVNC

Standard 2D Echocardiography is usually used to observe the cardiac morphological and
structural abnormalities and evaluate left ventricular systolic and diastolic function while regional

myocardial functional abnormalities could be evaluated by strain rate imaging.
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The regional myocardial deformation properties in 252 segments of 14 cases with isolated LVNC
were investigated using strain rate imaging derived from TDI and 2D STI in this study. Subsequently,
longitudinal deformation of three different segmental levels (basal, mid, apical) was also investigated.
Regional myocardial systolic deformation results revealed myocardial impairment at different segment
levels (apical, mid, and basal). At apical and mid segment levels, the longitudinal myocardial
shortening was significantly reduced, whereas there was only a slightly reduced longitudinal
deformation in basal segment level. In fact, some of the LVNC patients even displayed normal or
increased systolic deformation at basal segments. Thus, an increasing gradient from apex to base of
myocardial systolic function was displayed in the majority of left ventricular walls in patients with
LVNC. Of note, this myocardial deformation impairment seemed to be consistent to the distribution of
non-compaction, i.e., preserved regional systolic function at the basal segments without pre-existing
trabeculations and remarkable regional systolic dysfunction at the non-compacted apical and mid
myocardial segments. Moreover, the phenomenon of increasing gradient was more common in lateral,
inferior and posterior wall and not common in septum and anteroseptal wall. In fact, trabeculations was
also less in septum and anteroseptal wall. Thus, these findings suggest that non-compaction is
somehow associated with the regional myocardial deformation impairment in LVNC. Further analysis
showed that regional myocardial deformation (the mean of systolic strain rate and end systolic strain)
in non-compacted segments (NC/C ratio >2.0) was significantly lower than in compacted segments in
patients with LVNC. However, no linear correlation was observed between the extent of
non-compaction and regional myocardial dysfunction assessed by strain rate imaging, comparable to
the non-correlation between global left ventricular function and the extent of non-compaction. These
findings might suggest that non-compaction means reduced function, but the severity of reduction can
not be deduced by the amount of non-compaction in a segment. Besides trabeculations, regional
systolic function might also be affected by regional LV architecture (the thickness and curvature of

ventricular walls), local pressure loading, and the basal contraction compensatory mechanism.

4.4 LVNC and DCM

Dilated cardiomyopathy and isolated left ventricular non-compaction often display some similar
clinical symptoms and signs as well as echocardiographic findings in a certain subset of patients.
Furthermore, it remains unknown whether LVNC is an independent disease or only a kind of
morphogenetic abnormality caused by different diseases. There is an ongoing debate if LVNC is a

subtype of DCM or not /%,
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Sengupta et al. reported that patients with LVNC presented with thickened left ventricular walls

Y In our cohort, LV end-diastolic diameter was

without enlargement of the ventricular cavity
similarly enlarged in patients with LVNC and DCM. Thus, spherical remodeling was similar between
LVNC and DCM group. Obtained deformation information could therefore exclude in some extent the
potential effect derived from ventricular spherical remodeling.

Tufekcioglu O et al. compared the differences between LVNC and DCM by systolic myocardial
velocities along the long axis and short axis derived from pulsed Doppler tissue imaging. They found
that patients with LVNC and DCM showed similar velocity properties along the long axis and short
axis of the LV ?2. However, it has to be mentioned that myocardial Doppler velocity imaging cannot
differentiate active contraction from passive motion as a result of tethering of adjacent segments or
global heart motion ** Deformation imaging could get rid of this limitation and could reflect regional
myocardial shortening/lengthening or thickening/thinning without the influence of segments interaction.
Vicario et al. suggested peak systolic strain rate appears to be more useful than TDI velocities on
evaluating left ventricular dynamics during volume loading in patients with depressed left ventricular
function. Different from tissue Doppler velocities, segmental strain describes the regional myocardial
deformation which is related to local myocardial contractility changes **!. Curved M-mode strain rate
imaging was reported by Williams RI et al. in a single LVNC case, and revealed uncoordinated
myocardial contraction in this LVNC patient. In our cohort, Doppler-derived strain rate and strain were
used to investigate the more subtle differences in regional myocardial function between patients with
LVNC and DCM. Even though remarkably regional myocardial dysfunction was documented in both
patients with LVNC and DCM, the regional myocardial deformation impairment properties were
strikingly different between the two patient groups. Regional myocardial dysfunction in patients with
DCM displayed a homogeneous regional myocardial deformation reduction in all segment levels, while
regional myocardial function analysis displayed the described uneven impairment with the increasing
shortening grading from apex to the base in patients with LVNC. Thus, this gradient might be a useful
echocardiographic marker to differentiate LVNC from DCM. However, further studies are warranted to
see if the increased gradient from apex to base is a distinct hallmark for LVNC or just a non-specific

feature possibly also displayed in other disorders with heart failure and LV remodeling.

4.5 Tissue Doppler Imaging and 2D Speckle Tracking Imaging

2D speckle tracking imaging is a promising echocardiographic technology based on tissue

tracking from two dimensional grey scale images. Segmental myocardial function can be analyzed
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quantitatively by 2D speckle tracking imaging; less angel dependency is the major advantage of 2D
speckle tracking imaging compared to TDI technique. It has been proposed to apply 2D STI to clinical
echo measurements rather than TDI in virtue of more rapid tracking, parameter extraction as well as
automatic segmentation 4547 n clinical practice, tissue Doppler imaging is generally perceived to be
more difficult to master in post processing. The reproducibility of speckle tracking imaging of LV
seems to be generally better than that of tissue Doppler 7,

The results of 2D STI in our cohort were generally consistent with those of Doppler-derived
strain rate imaging and the typical gradient in LVNC could also be easily reproduced by 2D STI.
Actually, the strain and strain rate profiles of three segments by 2D speckle tracking can be quickly
displayed simultaneously. This modality is more intuitive for observing regional myocardial
deformation gradient changes in different segment levels. Furthermore, we compared the
post-processing time between TDI method and 2D speckle tracking imaging. The mean post-processing
time of TDI analysis for 18 segments of six LV walls in control group was approximately 32 minutes
while that of 2D speckle tracking 9 minutes. The intra-observer agreement of measurements also
showed that 2D STT is superior to TDI (coefficient of reproducibility in strain rate: 0.87 vs. 0.71; strain:
0.94 vs. 0.83). Automatic segmentation of 2D speckle tracking can give a better repeatability than
manual placement of the ROI and this may be a reason why 2D speckle tracking method present better
reproducibility than TDI method. However, Modesto et al. found a much better correspondence

between TDI and 2D strain, with correlations of 0.94 and 0.96 for strain rate and strain respectively 48]

4.6 Features of Strain and Strain Rate Profiles in LVNC

The shape of the strain or strain rate curve is another important feature to demonstrate the
regional myocardial deformation properties besides quantitative peak values. No studies are available
describing the shape features of the strain and strain rate curves in patients with LVNC. As compared to
the control group, pathological post systolic shortening (PSS) was more common in patients with
LVNC as well as in DCM 1in this study, with no significant difference between the two patient groups.

Post systolic shortening reflects a delayed myocardial contraction occurring after the aortic valve
closure. PSS has been described in experimental and clinical studies. PSS probably results from a
passive inward movement caused by adjacent normal contracting myocardial segments and seems to be
associated with myocardial bulging or elastic recoil . Another explanation for PSS is the muscle
tension prolongation which represents a delayed active contraction appearing after LV segment

unloading and regional wall stress reduction °°!. Therefore, PSS appears to be a marker of myocardial
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ischemia and also may occur in non-ischemic cardiac diseases with left ventricular hypertrophy and
volume overload, and left bundle branch block. PSS in LVNC patient might reflect ischemic
myocardium or fibrotic myocardium or both 34414231521

It is of importance to evaluate changes of strain rate curve occurring during IVCT in combination
with systolic peak values during ejection phase and post systolic shortening occurring during IVRT in
dyskinetic myocardium. In general, LV pressure peaks during IVCT and falls during IVRT steeply.
However, dyskinetic myocardium lengthens at the time of LV pressure rising and shortens at the time
of LV pressure falling 491 This phenomenon can be demonstrated by strain rate imaging (figure 24).
This characteristic profile seems to be quite common in the septum of patients with LVNC while the
incidence of this characteristic profile was similar in apical and basal segments of various LV walls.

Future studies are needed to verify if this phenomenon is a specific or nonspecific hallmark of patients

with LVNC B1-531,

4.7 LV Mechanical Asynchrony in LVNC

In this study, standard 2D echocardiography, tissue velocity imaging and strain rate imaging were
used to evaluate myocardial mechanical asynchrony in LVNC. The underlying mechanism of
asynchrony in LVNC seems to be linked with chronic heart failure and left bundle branch block. The
relevant pathological characteristics include specific morphological abnormality (myocardial
non-compaction), subendocardial and interstitial fibrosis, microcirculatory dysfunction and left
ventricular spherical remodeling (8-14.41.42]

SPWMD was significantly prolonged in patients with LVNC compared with control group
(126ms vs. 77ms). Since SPWMD is merely an observation of the septum and posterior wall synchrony,
it thus cannot represent the variation of the entire cardiac contraction synchrony/asynchrony. Likewise,
the mean of APEI of both patient groups was equally delayed as compared to control group.

Velocity differences of segmental myocardium could be readily evaluated on tissue velocity
curves derived from TDI. Intraventricular mechanical asynchrony could be reflected by calculating the
time from onset of QRS to peak velocity during ejection phase (T_sys). A significant delay in T_sys
could be observed in patients with LVNC in our cohort. Different from the report of Schuster et al. %,
the delay between septum and lateral wall based on TVI method was not found in LVNC and DCM
groups in the present study.

Yu CM et al. showed that tissue Doppler imaging is superior to strain rate imaging on predicting

[55]

reverse remodeling after cardiac resynchronization therapy . Paradoxical alternation bands of
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compression and expansion throughout systole and diastole in non-compacted lateral wall using curved
M-mode (C-mode) strain rate profile was recorded by Williams RI et al., suggesting an in-coordinated
myocardial contraction in patients with LVNC " We investigated the myocardial asynchrony using
deformation imaging derived from 2D speckle tracking. Though mean Tcgc was similar among
different segment levels, the maximal time to peak (max-A Tcgc) between apical and basal segments
revealed remarkably systolic asynchrony in patients with LVNC. As demonstrated in figure 29,
myocardial contraction asynchrony among different segments could be clearly demonstrated by strain
profiles. Recently, improvement of the novel imaging modalities such as Real-time 3D
echocardiography has overcome certain limitations and might enable evaluation of mechanical
asynchrony more easily.

It appears that mechanical asynchrony is a common phenomenon in LVNC patients complicating
heart failure. LV mechanical asynchrony evaluation is needed in clinical setting to predict the response
of cardiac resynchronization therapy (CRT). Our study suggests that conventional and TDI technique as

well as SRI could be useful tools to detect the mechanical asynchrony in patients with LVNC.

4.8 Clinical Implications

In this study, the regional myocardial systolic dysfunction of patients with LVNC was
comprehensively investigated by several echocardiographic modalities. An uneven impairment in
different segmental levels of LVNC was revealed for the first time. An increasing shortening gradient
from apex to base was demonstrated by two novel deformation imaging modalities. This striking
feature might be useful to differentiate patients with LVNC and DCM. For the clinicians, it is easy to
establish the diagnosis of left ventricular non-compaction using conventional echocardiography or
cardiac MRI depending on the distinct non-compacted cardiac architecture with the triad of heart
failure, arrhythmias and embolic events in some cases. However, it might be a challenge to distinguish
LVNC from DCM when patients only display mild or moderate degree of non-compaction. In this case,
2D speckle tracking imaging could provide complementary information on the subtle differences in
regional myocardial deformation for differential diagnosis. Moreover, this technique is practical
because it is easy to perform and the post processing analysis is not time-consuming. Besides
differential diagnosis, it might also be an effective hallmark for monitoring the disease progression and
therapy effectiveness. Of cause, this assumption needs to be confirmed by further follow-up studies. As
for strain rate imaging derived from TDI and 2D speckle tracking, the two methods present similar

value in quantitative analysis of regional myocardial impairment. However, it is important to be aware
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of the limitations of individual method. As a result of the nature of Doppler-derived strain rate, it is
generally perceived as more difficult to master in post processing in clinical practice. 2D STI is
potentially more applicable on accessing regional myocardial function in clinical settings based on
clinical and experimental research results. On the whole, both 2D speckle tracking imaging and TDI
are of equal or complementary value in the quantitative analysis of regional myocardial function in

patients with LVNC.

4.9 Limitations

This study comprised a relatively small number of subjects, thus potential selection bias of
patients could not be avoided. Further studies with larger cohorts are needed to confirm the findings.
We focused on the features of regional myocardial function in patients with LVNC using different
echocardiographic modalities in this study. However, the underlying substantial mechanism of these
findings remains unclear. This study mainly analyzed systolic myocardial deformation, while the

diastolic deformation was not analyzed.
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5. Conclusion

Patients with isolated left ventricular non-compaction show typical morphological presentation
and a diagnosis could often be made based on standard 2D echocardiography. However, an increasing
shortening gradient from apex to base illustrated through TDI and 2D speckle tracking has potential
diagnostic value for differentiating patients with LVNC and DCM. Both 2D STI and TDI are of equal

or complementary value in the quantitative analysis of regional myocardial function.
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