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A Preliminary Study of Left Ventricular
Rotational Mechanics in Children with
Noncompaction Cardiomyopathy: Do They
Influence Ventricular Function?

Hythem M. Nawaytou, MBBCH, Andrea E. Montero, MD, Putri Yubbu, MD, Renzo J. C. Calderén-Anyosa, MD,
Tomoyuki Sato, MD, Matthew J. O’Connor, MD, Kelley D. Miller, CRNP, Philip C. Ursell, MD,
Julien I. E. Hoffman, MD, and Anirban Banerjee, MD, FACC,
Philadelphin, Pennsylvanin; and San Francisco, Californin

Background: Current diagnostic criteria for noncompaction cardiomyopathy (NCC) lack specificity, and the
disease lacks prognostic indicators. Reverse apical rotation (RAR) with abnormal rotation of the cardiac
apex in the same clockwise direction as the base has been described in adults with NCC. The aim of this study
was to test the hypothesis that RAR might differentiate between symptomatic NCC and benign hypertrabecu-
lations and might be associated with ventricular dysfunction.

Methods: Echocardiograms from 28 children with NCC without cardiac malformations were prospectively
compared with those from 29 age-matched normal control subjects. A chart review was performed to identify
the patients’ histories and clinical characteristics. Speckle-tracking was used to measure longitudinal strain,
circumferential strain, and rotation.

Results: RAR occurred in 39% of patients with NCC. History of left ventricular (LV) dysfunction or arrhythmia
was universal in, but not exclusive to, patients with RAR. Patients with RAR had lower LV longitudinal strain but
similar ejection fractions compared with patients without RAR (median, -15.6% [interquartile range, -12.9% to
-19.83%] vs -19% [interquartile range, -14.5% to -21.9%], P < .01; 53% [interquartile range, 43% to 68%] vs
61% [interquartile range, 58% to 67 %], P = .08). Only a pattern of contraction with RAR, early arrest of twisting
by mid-systole, and premature untwisting was associated with lower ejection fraction (46%; interquartile
range, 43% to 52%; P = .006).

Conclusions: RAR is not a sensitive but is a specific indicator of complications in children with NCC. Therefore,
RAR may have prognostic rather than diagnostic value. Premature untwisting of the left ventricle during ejec-
tion may be an even more worrisome indicator of LV dysfunction. (J Am Soc Echocardiogr 2018;ll: -1 .)

Keywords: Cardiomyopathy, Mechanics, Noncompaction, Pediatrics, Torsion

Noncompaction cardiomyopathy (NCC) is a form of cardiomyopa-
thy characterized by an expanded layer of trabeculations and deep in-
tertrabecular recesses, in the inner ventricular muscle wall of the left
ventricle." This disease unfortunately lacks specific diagnostic criteria,
leading to many normal individuals being diagnosed with NCC.?
Therefore finding disease-specific characteristics that can differentiate
patients with benign hypertrabeculations from those with true symp-
tomatic NCC is crucial. The potential role of torsion as a diagnostic or

From the Division of Cardiology, The Children’s Hospital of Philadelphia (H.M.N.,
A.EM., P.Y,RJ.C.C.-A,, T.S,, M.J.O,, K.D.M,, A.B.), Philadelphia, Pennsylvania;
Division of Pediatric Cardiology (H.M.N., J.l.E.H.), and Department of Pathology
(P.C.U.), University of California, San Francisco, San Francisco, California.
Conflicts of Interest: None.

Reprint requests: Anirban Banerjee, MD, FACC, Division of Cardiology, The Chil-
dren’s Hospital of Philadelphia, 8NW-53, 3401 Civic Center Boulevard, Philadel-
phia, PA 19104 (E-mail: banerjeea@email.chop.edu).

0894-7317/$36.00

Copyright 2018 by the American Society of Echocardiography. All rights reserved.
https://doi.org/10.1016/j.echo.2018.02.015

prognostic parameter in this disease has been studied infrequently in
children, although recent reports in adults with NCC describe
replacement of the normal wringing motion of the heart by a roller
pump-like motion.>*

The normal wringing or twisting motion of the left ventricle during
ejection consists of clockwise rotation of the base and counterclock-
wise rotation of the apex (when viewed from the apex). The roller
pump-like motion found in some patients with NCC is characterized
by rotation of the apex and base in the same clockwise direction.
Hence, the wringing motion of the left ventricle is lost, and the left
ventricle behaves like a roller pump. This motion has been labeled
rigid body rotation or reverse apical rotation (RAR).>® How this
abnormal rotation pattern affects ventricular function and whether
it alters prognosis is not known.

Therefore, in this pilot study, we sought to describe the rotational me-
chanics of the left ventricle in children with isolated NCC during systole
and diastole. We sought to investigate the association of RAR with
history of NCC complications and with ventricular dysfunction.
We hypothesized that compared to children with NCC and normal rota-
tion, children with NCC and RAR would be more symptomatic, have
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more NCC-related complications,
and manifest evidence of impaired
left ventricular (LV) ejection and
filling, secondary to loss of LV twist
and untwist.

Abbreviations

EF = Ejection fraction
LV = Left ventricular
MRI = Magnetic resonance

gl METHODS

NCC = Noncompaction

cardiomyopathy Subject Enrollment

RAR = Reverse apical
rotation

We prospectively enrolled chil-
dren being evaluated in the
echocardiography laboratory at
the Children’'s Hospital of
Philadelphia during diagnosis or routine follow-up of NCC if they
were <18 years of age and had no associated congenital heart defects.
Because of the low reproducibility” and specificity” of the current
echocardiographic diagnostic criteria for NCC, we only included pa-
tients who met all three echocardiographic criteria proposed by Jenni
et al.,® Stollberger and Finsterer,” and Chin et al.'® (For measurement
techniques used, see Figure 1 and its legend.) Available cardiac mag-
netic resonance imaging (MRI) data were also evaluated for addi-
tional confirmation of the diagnosis of NCC.

Journal of the American Society of Echocardiography
W 2018

A control group consisting of children with noncardiac chest pain,
vasodepressor syncope, or functional heart murmur was also
enrolled. Control subjects were approached for inclusion in the study
if they had no evidence of structural heart disease, ejection fractions
(EFs) > 55%, and no evidence of diastolic dysfunction on mitral
inflow spectral Doppler or tissue velocities of the lateral mitral valve
annulus. Subjects were excluded from the study if they had evidence
of elevated pulmonary arterial pressure, on the basis of ventricular
septal position or a tricuspid regurgitant jet >3 m/sec, elevated sys-
temic blood pressure, or any arrhythmia at the time of the study.

Echocardiography

Complete transthoracic echocardiography was performed on all
subjects to assess their eligibility for inclusion in the study on the basis
of the criteria discussed earlier. To assess LV torsion, we used our pub-
lished protocol for image acquisition.'' Parasternal short-axis cine clips
of the base of the heart at the level of the mitral valve leaflets and the
apex of the heart were obtained. The cardiac apex was defined as the
furthest apical extent of the LV cavity, distal to the base of the papillary
muscles and just proximal to the level of cavity obliteration. A target
frame rate of >60 Hz was achieved in all subjects. The timing of aortic
valve closure and mitral valve opening was determined from

Jenni Chin Stollberger
NC/C>2 X/Y<0.5 >3 trabeculations
Systole Diastole in single apical view

Figure 1 Schematic and two-dimensional echocardiographic images depicting the three methods used in the diagnosis of NCC
(Jenni, Chin, and Stollberger methods) from apical short-axis and four-chamber views. In the Jenni and Chin methods, the noncom-
pacted segments are measured differently. In the Jenni method, the noncompacted segment is measured up to the bottom of the
recesses (NC), whereas in the Chin method, it is measured up to the epicardium (Y). C and X are compacted segments for respective
methods. The criteria for the diagnosis of NCC by the three methods are as follows: Jenni, NC/C ratio > 2; Chin, X/Y ratio < 0.5; and
Stollberger, more than three trabeculations in one imaging plane below the level the papillary muscles.
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HIGHLIGHTS

e Rotational mechanics in children with noncompaction cardio-
myopathy were studied.

e RAR in the clockwise direction occurred in 40% of children.

e Left ventricular dysfunction, heart failure, and arrhythmias
were associated with RAR.

e Patients with premature untwisting during ejection had
decreased ejection fraction.

e RAR is possibly related to dysfunction of the apical compacted
layer of myocardium.

simultaneous mitral inflow and aortic outflow spectral Doppler inter-
rogation. To compare the timing of rotation and torsion in relation to
the events of the cardiac cycle in children with varying heart rates, we
normalized the cardiac cycle length to systolic duration. This method
allows systole (from the R wave on electrocardiography to aortic valve
closure) to be designated as 0% to 100% and diastole (the rest of the
cardiac cycle) as>100% (e.g., 110%, 120%). In this method, the timing
of an event is divided by aortic valve closure time and multiplied by
100 to produce its timing in relation to end-systole (where end-sys-
tole = 100%). All studies were performed using a Philips iE33 ultra-
sound machine (Philips Medical Systems, Andover, MA).

Assessment of Distribution and Severity of
Noncompaction

The segmental distribution and the severity of NCC in each
segment using a 16-segment LV model were assessed qualitatively
by an experienced investigator (A.B.). This was performed to evaluate
if abnormal rotation was associated with a certain phenotype of NCC.
The severity of NCC was graded on the basis of the depth of the re-
cesses in each segment as follows: O = no trabeculations, | = shallow
trabeculations, 2 = medium-sized trabeculations, and 3 = deep trabe-
culations. If a cardiac segment had two different severity scores when
analyzed from two different views, the higher score was used for the
analysis.

Speckle-Tracking Echocardiography

Speckle-tracking analysis was performed using the two-
dimensional speckle-tracking software package 2D Cardiac
Performance Analysis version 1.2.1.2 (TomTec Imaging Systems,
Munich, Germany). The endocardial and epicardial borders of
the left ventricle were traced. Of note, in the regions of noncom-
paction, the region of interest was placed at the base of the re-
cesses, and the software tracked the base, not the tip, of the
trabeculations. Tracking of the cardiac wall was examined visually
on the cine images. The software generated rotation, rotation rate,
and circumferential strain waveforms. Twist was calculated as
peak value of isochronal apical rotation — basal rotation (deg)
and torsion as twist/LV length (deg/cm). Untwist rate was defined
as the peak rate of untwist (deg/sec). We also measured LV longi-
tudinal strain in the four-chamber apical view of the heart. RAR
was defined as rotation of the cardiac base and apex in the
same clockwise direction during ejection. To account for differ-
ences in LV size among children of different ages, rotation and un-
twist rate were indexed to LV length at end-diastole.

Nawaytou et al 3

Dyssynchrony

We evaluated systolic and diastolic dyssynchrony of the left
ventricle to determine if dyssynchrony was associated with abnormal
patterns of LV rotation. Systolic dyssynchrony was evaluated using the
difference between the time to peak systolic velocity (s’) of the medial
and lateral mitral annuli using tissue Doppler. Diastolic dyssynchrony
was evaluated using the difference between the time to peak early
diastolic velocity (¢) of the medial and lateral mitral annuli using tis-
sue Doppler. Systolic dyssynchrony was defined as a time difference
of >75 msec and diastolic dyssynchrony as a time difference of >15
msec on the basis of data published in the pediatric population by
Friedberg et al.'?

To assess interobserver variability, eight subjects with NCC and five
control subjects were selected randomly, and the analysis was
repeated de novo by a second investigator. To assess intraobserver
variability, one observer (H.M.N.) repeated the measurements on
the same subjects after 2 weeks.

This study was performed at the Children’s Hospital of Philadelphia
and approved by its institutional review board.

Statistical Analysis

Data are expressed as median (interquartile range). Nonparametric
testing was performed because of small sample size in each subgroup
of patients with NCC. The Kruskal-Wallis test with the post hoc
Dunn test and Bonferroni correction was used to assess differences
among patients with NCC with RAR, patients with NCC without
RAR, and control subjects. A xz test and a Wilcoxon rank sum test
were performed to compare the distribution and the severity of tra-
beculations in patients with RAR with those in patients without
RAR, respectively. Intraclass correlation coefficients were used to
assess intra- and interobserver variability. For all significance testing,
a difference was considered significant at P<.05. The statistical anal-
ysis was performed using Stata version 13 (StataCorp, College
Station, TX).

RESULTS

Study Population Demographics

Thirty-one patients with NCC and 30 control subjects were recruited.
Three patients and one control were excluded because of poor tracking.
These four subjects had similar demographics as the rest of the subjects
in the cohort. Hence, our cohort comprised 28 patients and 29 control
subjects. The mean ages of the control subjects and the patients were
8.9 = 5.4 and 7.6 = 5.8 years, respectively (P=.37). Eleven patients
had cardiac MRI studies that confirmed the diagnosis of NCC.

Rotation and Torsion Patterns in NCC

In our cohort of patients with NCC, we identified two patterns of
rotation (Figures 2B and 2C). One was the normal rotation
pattern, characterized by counterclockwise rotation of the apex
and clockwise rotation of the base (n = 17 [61%]). Pattern 2
was RAR, in which the apex and base rotated in the same direc-
tion (i.e., clockwise; n = 11 [39%]). In one patient, the apex fol-
lowed the base in an early counterclockwise rotation, followed
by a clockwise rotation. This patient was included in the RAR
group because the apex closely tracked the base and both rotated
in the same direction.
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Figure 2 Averaged curve plot depicting the different rotation and torsion patterns in control subjects and patients with NCC. End-
systole coincides with the 100% mark. (A) Control patients and (B) patients with NCC with no RAR. In both, normal rotation of the
apex is counterclockwise, and that of the base is clockwise. Peak torsion occurs near end-systole with normal magnitude of peak
torsion. (C) Patients with NCC with RAR. Rotation of the base and apex were in the same direction (i.e., clockwise). Peak torsion oc-
curs near end-systole, but magnitude of peak torsion is greatly decreased.
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NCC: RAR and Premature Untwisting Starting in Systole
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Figure 3 Curve plot depicting rotation and torsion in a patient with premature untwisting. End-systole coincides with the 100% mark.
The arrow demonstrates the peak twist. Peak twist occurs very early in systole, and untwisting is complete by end-systole.

Table 1 Demographic characteristics and conventional echocardiographic measurements in patients with NCC and control

subjects
Variable Control subjects (n = 29) NCC without RAR (n = 17) NCC with RAR (n = 11) P

Age (years) 8.2 (4.4-12.4) 7.4 (3.6-15.1) 3.1 (1.3-5.4) .08
Female (%) 55 29.4 60 .53
BMI (kg/m?) 17.4 (15.2-20.7) 20.4 (17.8-23.6)" 15.4 (14.2-19.5) .04
Heart rate (beats/min) 87 = 23.3 81.1 £22.4 90.5 = 23.9 .67
SBP (mm Hg) 105.2 = 14.4 105.1 = 13 100.6 = 12.2 .66
DBP (mm Hg) 60.7 = 7.5 59.3 = 8.8 62.2 = 11.5 .72
LVEDD (cm) 3.8 (3.5-4.6) 4.1 (3.4-5.5) 3.8 (3.1-4.1) .21
LVEDD Z score —0.17 £ 0.96 0.75 =25 0.55 = 1.1 .16
LVESD (cm) 2.4 (2.2-2.9) 2.7 (2.3-4.0) 2.7 (2.4-3.1) 13
EF (%) 67 (65,70) 61 (58,67)" 53 (43,62)* .001
EF < 50% 0 (0%) 1 (6%) 4 (36%)*" <.001
E (m/sec) 0.91 (0.78-1.0) 1.0 (0.75-1.17) 0.9 (0.85-1.01) .70
e’ (m/sec) 0.13 (0.12-0.14) 0.1 (0.1-0.12)* 0.09 (0.07-0.1)* .001
E/e’ 6.8 (5.3-8.1) 8.6 (7-10.8)* 9.9 (4.9-13.1)" .02

BMI, Body mass index; DBP, diastolic blood pressure; LVEDD, LV end-diastolic dimension; LVESD, LV end-systolic dimension; SBP, systolic

blood pressure.

Data are expressed as mean = SD and as median (interquartile range) for normal and non-normal distributions, respectively.

*P < .05 versus control subjects.
TP < .05 versus NCC without RAR.

Because torsion is an index derived from rotation, the different
rotational patterns described above resulted in three different pat-
terns of torsion: (1) Normal rotation with a normal torsion pattern
(n =17 [61%]; Figure 2B). (2) RAR with a normal torsion pattern.
The torsion magnitude was low, but the timing to peak torsion was
similar to that in control subjects (n = 7 [25%]I; Figure 2C). (3)
RAR with abrupt termination of torsion and premature untwisting,
starting in early to mid-systole (n = 4 [14%]; Figure 3). Peak tor-
sion occurred at 20% to 56% of systolic time (P = .01) during
peak ejection. This was followed by premature untwisting with
complete untwisting during the ejection phase of the cardiac cycle.

Rotation and Torsion Patterns and Clinical Characteristics

The demographic data of the control subjects and the NCC sub-
groups are shown in Table 1, and the clinical characteristics of the
NCC subgroups are shown in Table 2. Four patients received
medical care predominantly at another institution, so their medical

histories were incomplete. There was a trend toward younger patients
in the RAR group (P=.08). Complications of NCC occurred in both
patients with and those without RAR. However, patients with RAR
were more likely to have histories of LV dysfunction (defined as an
EF < 50% or symptoms of heart failure) and arrhythmias and were
also more likely to be on heart failure medications, especially g-
blockers. There were no patients with RAR who did not have histories
of either LV dysfunction or arrhythmias. Five of the 11 patients with
RAR presented with symptoms of heart failure, and three later devel-
oped symptoms of heart failure. The three remaining patients had his-
tories of arrhythmias in the form of ventricular tachycardia,
ventricular ectopy, or sinus bradycardia with ventricular ectopy.

Rotation and Torsion Patterns and Systolic Function

Patients with NCC had lower EFs than control subjects (Table 1).
There was no statistically significant difference in EF between patients
with NCC with or without RAR. However, patients with RAR were
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Table 2 Clinical characteristics of patients with NCC with
and without RAR

NCC without NCC with
Patient characteristic RAR (n =13) RAR (n =11) P

Familial 3 (24) 5 (55) .24
Age at diagnosis .49

Neonate (0-30 days) 3 (24) 2 (18)

Infancy (31 days to 3 (24) 6 (55)

1 year)

Childhood (>1 year) 7 (56) 3(27)

Not documented 4 (32) 0
Presentation at diagnosis

Murmur 3 (24) 0 .09

Arrhythmia/abnormal 3 (24) 3(27) .81

findings on
electrocardiography

Heart failure 2 (16) 5 (45) .10

Syncope 1(8) 1(9) .90

Screening 5 (40) 4 (36) .92
Current NYHA class/Ross .27

| 13 (100) 10 (91)

Il 0 19

1] 0 0

\Y 0 0
Complications

History of LV dysfunction 3 (24) 8 (73) .02

Arrhythmias 1(8) 6 (55) .04

Thromboembolic 1(8) 0 .55
Medications

Diuretic 0 1(9) .27

ACE inhibitor 3(24) 7 (64) .24

B-blocker 2 (16) 6 (55) .02

Digoxin 2 (16) 0 A7

Spironolactone 2 (16) 2 (18) 44

Any of the above 4(32) 10 (91) .003

medications

ACE, Angiotensin-converting enzyme; NYHA, New York Heart Asso-
ciation.
Data are expressed as number (percentage).

more likely to have EFs < 50% than patients without RAR (Table 1).
Because torsion, rather than rotation, is the motion responsible for
ejection, we studied the association between presence of an
abnormal torsion pattern (pattern 3 depicted in Figure 3) and EE
Patients with abnormal torsion pattern (RAR and premature untwist-
ing) had lower EFs (46% linterquartile range, 43%-52%]) than all
other patients with NCC [61% (57%, 67%)]1, P = .0006).

Rotation and Torsion Patterns and Diastolic Function

Patients with NCC had lower lateral mitral annular velocities and
higher E/€’ ratios than control subjects (Table 1). Patients with
NCC with RAR had slower untwist rates than control subjects
(Table 3 and Figure 4, red vs orange arrows). In contrast, patients
with NCC without RAR had similar untwist rates as control subjects
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(Table 3 and Figure 4, green vs blue arrows). Patients with premature
untwisting pattern finished most of the untwisting during systole
(range, 64%-89% of systole; Figure 4, red arrow)

Rotation and Torsion Patterns and LV Strain

The average longitudinal strain measured in the four-chamber view in the
RAR group was lower than that in both patients without RAR and in the
control group (Table 3). Circumferential strain was not uniform among
the different segments of a normal left ventricle. Control patients mani-
fested a known circumferential strain gradient, characterized by higher
strain at the LV apex than at the base. In patients with NCC, circumferen-
tial strain at the cardiac apex and base was lower than in control subjects
(Table 3). There was a more prominent decrease in circumferential strain
at the apex compared with that at the base in patients with NCC.
Therefore, in patients with NCC, the apex-to-base circumferential strain
gradient was either significantly decreased or reversed. This decrease or
reversal of the LV circumferential strain gradient was more pronounced
in the patients with NCC with RAR (Table 3).

Rotation Pattern and NCC Phenotype

The apical segments were the most commonly and most severely
affected by noncompaction. The basal segments and the midseptal
and midanteroseptal segments were less commonly and less severely
affected. There were no differences in the distribution or the severity
of noncompaction between the patients with RAR and those without
RAR (Figure 5).

Rotation and Torsion Pattern and Dyssynchrony

Systolic dyssynchrony occurred in only one patient with RAR (9%),
and diastolic dyssynchrony occurred in two patients (14%) with no
RAR and in six patients (55%) with RAR. Therefore, patients with
RAR exhibited more diastolic dyssynchrony (P =.03). Three of the
four patients with premature untwisting exhibited diastolic dyssyn-
chrony.

Intraobserver and Interobserver Variability

The intraobserver and interobserver agreement for the patterns of
rotation was 100%. In control subjects, the intraclass correlation coef-
ficients for intraobserver and interobserver variability for apical rota-
tion were 0.94 and 0.97, respectively, and for basal rotation were
0.81 and 0.84, respectively. In patients with NCC, the intraclass
correlation coefficients for intraobserver and interobserver variability
for apical rotation were 0.88 and 0.71, respectively, and for basal rota-
tion were 0.92 and 0.97, respectively.

DISCUSSION

To our knowledge this is the first study to investigate LV rotational pat-
terns in children with NCC. We found that 39% of children diagnosed
with NCC had RAR patterns during ejection. LV torsion and untwist
rate were decreased in this subgroup of patients with RAR. This group
of patients had histories consistent with a more severe phenotype of
NCC, yet by no means were complications of NCC exclusive to this
group of patients. Four patients with RAR had early termination of LV
twist before mid-systole with premature untwisting and almost full
completion of untwisting by the end of systole. This latter group of pa-
tients with NCC, RAR, and premature untwisting had lower EFs than
both control subjects and other patients with NCC.
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Table 3 LV speckle-tracking-derived strain measurements in patients with NCC and control subjects

Variable Control subjects (n = 29) NCC without RAR (n =17) NCC with RAR (n = 11) P
Rotational strain
Apical rotation (°) 7.9 (6.2t010.2) 7.1(3.8109.2) —4.1*(-3.6 to —6.3) .009
Apical rotation indexed to LV 1.4(1.1to 1.6) 0.9 (0.7 to 1.6) —0.7* (-0.5to —1.3) .04
length (°/cm)
Basal rotation (°) —7.3(—6.1to0 —8.9) —7.5(-5.6t0 —9.2) —6.2 (—4.9to —9.0) .73
Basal rotation indexed to LV —-1.2(-1.0to —1.6) -1.2(-0.7 to —1.6) —-1.2(-1.1to —1.6) .76
length (°/cm)
Twist (°) 15.5(12.3t0 17.5) 13.1 (11.1t0 17.1) 3.9 (1.8 10 6.6) <.001
Torsion (°/cm) 2.5(2.0t02.9) 2.1 (1.5t0 3.4) 0.7°7 (0.3t0 1.3) <.001
Untwist rate (°/sec) 105 (92.3 to 138) 86.8 (68.1 to 144.1) 33.4*" (19 to76.1) <.001
Untwist rate indexed to LV 17.9 (15 to 21.5) 14.1 (9.2 to 24) 8.4*T (3.6 to 15.6) .002
length (°/sec/cm)
Circumferential strain
Circumferential strain, apex —29.9 (—26.9 to —32.5) —21.8" (—19.0 to —24.5) —18.1* (-17.1 to —21.3) <.001
Circumferential strain, base —28.4 (—20.2 to —25.7) —-19.9" (-15.5to —21.8) —18.0" (—14.9 to —20.5) .004
Circumferential strain, —6.7 (—10.7 to —3.1) 0.2" (—3.6t0 4.6) 2.3"(-1.810 3.3) .002
apex-base gradient
Longitudinal strain
LV longitudinal strain (%) —19.9 (—18.7 to —21.2) —19 (—14.5 t0—21.9) —15.6" (—12.9 to—19.3) .01

Data are expressed as median (interquartile range). Torsion and twist are presented as absolute values, while negative rotation is clockwise and

positive rotation is counterclockwise.
*P < .05 versus control subjects.
TP < .05 versus NCC without RAR.
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Figure 4 Curve plot depicting rotation and untwist rate in control subjects and patients with NCC. End-systole coincides with the
100% mark. The arrows demonstrate the peak untwist rate. The magnitude of peak untwist rate is related to the rotation pattern, while

the timing of the untwist rate is related to the torsion pattern.

Mechanisms of RAR

In the normal left ventricle, the subepicardial fibers form left-handed
helices, which rotate the apex counterclockwise. The subendocardial
fibers form right-handed helices that rotate the apex clockwise. The
subepicardial fibers are longer and generate greater torque than the

shorter subendocardial fibers. Therefore, the subepicardial fibers
dominate the rotation of the apex, resulting in a net counterclockwise
rotation of the apex'® (Figure 6A). Any process that disrupts the
balance between the torques of the subepicardial and the subendocar-
dial fibers can theoretically affect rotation and consequently torsion.
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| |
| Basal Anteroseptal 055 055
Basal Septal 075 | 021 ;
Ba’sal Inferior 08 [ 081 |
22 Basal Posterior 025 | 025 E
" Basal Lateral s | 058 |
Mid Anterior 0az | 06 E
| Mid Anteroseptal 0.66 ‘ 0.66 |
Mid Septal 021 | 014 :
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Apical Anterior 10 | 083 |

Apical Septal 021 094
Apical Inferior 10 055 E
Apical Posterior 10 032 |
Apical 10 | 084 E

Figure 5 Bull’'s-eye diagram depicting the distribution and severity of trabeculations in patients with NCC, with and without RAR. The
distribution diagram (A) depicts the percentage of patients with noncompaction of each cardiac segment. The severity diagram (B)
depicts the average severity score of each cardiac segment. There were no significant differences between the two groups with re-
gard to both the distribution and the severity of hypertrabeculations, as shown in the table of P values.

Apical Dysfunction. In this study, we tried to investigate the pro-
cesses that may explain the occurrence of RAR. We found apical
circumferential strain in patients with NCC to be significantly
decreased. This finding was more profound in patients with RAR.
The decrease in apical circumferential strain resulted in the
decrease, loss, or even reversal of the normal increase in circumfer-
ential strain from the base to the apex (Table 3). Because rotation is
a shear strain between longitudinal and circumferential normal
strain, " sucha significant change in circumferential strain between
the apex and the base (along with a decrease in global longitudinal
strain present in patients with RAR) can potentially lead to major
changes in rotation.

Role of Compacted Layer. It is unclear why apical clockwise
rotation occurs in NCC. The logical thinking would be that in
NCC, the inner (trabeculated) part of the LV wall is not contract-
ing, hence it is likely that this segment is not contributing to
myocardial deformation. However, if that were the case, one
would expect to find normal or exaggerated apical counterclock-
wise rotation due to the loss of subendocardial fiber function
that normally counteracts the subepicardial fiber function. Failure
to observe this exaggerated apical counterclockwise rotation sug-
gests that the subepicardial layer rather than the subendocardial
layer may be a culprit. We speculate that apical rotational dysfunc-
tion occurs in NCC, not only because of the impaired subendocar-
dial component of the myocardial contraction but secondary to
additional dysfunction of the compacted outer layer. A cardiac
MRI study in children with NCC demonstrated the presence of
late gadolinium enhancement in compacted segments, further sup-
porting our conjecture that pathologic changes may extend beyond
the noncompacted layer."

We were unable to find a correlation between the severity or the
distribution of the trabeculations and the pattern of contraction,

also suggesting a lesser role played by the noncompacted zone.
However, there are contradictory reports on the effect of the distribu-
tion and severity of trabeculations in NCC on myocardial me-
chanics.'®"?

Abnormal Myofiber Orientation. One possible structural
explanation for this apical dysfunction is shown in Figure 6B,
which illustrates that the compacted myocardium shows disarray
of the myofiber orientation. Figure 6B is a photomicrograph
taken from a 21-week gestation fetal left ventricle with NCC,
cut in a plane parallel to the short axis, and a similar section
from the normal heart of an age-matched control. In normal car-
diac development, this stage is long after the LV myocardium has
become compact, having only a narrow trabecular layer at the
endocardial surface.’’ Normally the outer layers of LV myocar-
dium are almost longitudinal and manifest an orderly array
(Figure 6B, images A and B). In contrast, subepicardial myofibers
in NCC manifest a more disorderly orthogonal array, with
increased interstitial collagen (Figure 6B, images C and D). In
these short-axis views, some of the myofibers are seen in cross-
section, while other myofibers are circumferential. A schematic
representation of the myofibers is depicted in Figure 6A. It is
noteworthy that by presenting this photomicrograph
(Figure 6B), we are not claiming scientific proof of the mecha-
nism of RAR but merely pointing out an interesting finding in a
rare disease, for which histologic data are even rarer in the scien-
tific literature. A single case report in an adult with NCC also
showed myocardial fiber disarray and increased extracellular
matrix.”'

We also tested another hypothesis that may theoretically cause
RAR. Myocardial activation starts from the endocardium to the
epicardium, and thus disruption of the inner layers of the myocar-
dium can understandably affect the sequence of myocardial
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Figure 6 (A) Schematic diagram of the LV apex viewed from the apex to the base in normal and NCC hearts. In the normal heart, the
left-handed subepicardial fibers are longer and generate more torque (larger arrowheads) than the subendocardial fibers. This results
in the apex rotating counterclockwise. In NCC, subepicardial fibers change their orientation from spiral to vertical or circumferential,
producing disarray in the subepicardial zone. This may explain the apex rotating clockwise (reverse rotation) in NCC. (B) Comparison
of myofiber orientation in a 21-week gestation fetal left ventricle with NCC versus a normal heart. In a short-axis slice of the normal
fetal heart (images A and B), high magnification discloses subepicardial myofibers (red cross-sectioned myofibers in image A)
coursing in parallel along the long axis, with scant collagen (blue); midmyocardial fibers are circumferential (longitudinally sectioned
in image B). In contrast, a fetal heart with LV noncompaction (images C and D) has subepicardial myofibers (red) in orthogonal array
(image C), with increased interstitial collagen (blue). The relative disarray is also reflected in the midmyocardial fibers (image D). e,

Epicardium. Gomori trichrome stain, calibration bar = 50 um.

activation. We found no evidence of systolic dyssynchrony, which
could have explained the abnormal rotational patterns. On the other
hand, we found significant diastolic dyssynchrony, which is possibly
the effect rather than the cause of RAR.

Systolic Function

Regardless of the cause behind the abnormal rotation, patients with
solely RAR and normal torsional pattern (pattern 2 under “Results”;
Figure 2C) did not have lower EFs than control subjects. Therefore,
even though the magnitude of torsion was dramatically decreased

in this pattern, the left ventricle was still able to maintain its EE
These findings raise the question regarding what other mechanisms
are at play that compensate for impaired torsion. A lower EF was
seen only in the group of patients in whom torsion was terminated
early during ejection.

Diastolic Function

In our cohort, patients with RAR exhibited two mechanisms for
abnormal LV untwisting that could affect ventricular filling. One
was a marked decrease in untwist rate. The other was complete
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untwisting before the start of isovolumic relaxation (pattern 3, de-
picted in Figure 3), thereby losing the contribution of untwisting to
ventricular filling. Further investigations are needed to assess the
contribution of abnormal rotation and torsion to ventricular diastolic
dysfunction.

Clinical Implications of Hypertrabeculations

Technological advances in image resolution have led to a more
intricate visualization of the LV myocardium, resulting in overdiag-
nosis of NCC. This has resulted in the use of cardiac MRI as the
“gold standard” for NCC diagnosis.”> However, a 10-year follow-
up study of 706 asymptomatic individuals with LV hypertrabecula-
tions demonstrated that they did not have progressive deterioration
in LV function during this period, even if they met MRI diagnostic
criteria for NCC.>® Therefore, new diagnostic and prognostic
criteria for NCC are clearly needed. Our study suggests that a cri-
terion derived from LV deformation used in conjunction with
morphologic criteria may help confirm NCC in patients with LV
hypertrabeculations.

Limitations

The main limitation of our study was the small sample size. This pre-
cluded any further subgroup analyses of different torsional patterns.
However, NCC is a rare disease in children. In the registry of the
National Australian Childhood Cardiomyopathy Study, there were
314 new cases of cardiomyopathy in a 10-year period, with only 29
patients with NCC from Australia.”* Our study was a pilot study
from a single center. The number of patients studied in our single-
center study was comparable with the number of patients in the
Australian registry. However, larger multicenter studies are needed
to validate these preliminary findings and generate diagnostic and
prognostic data.

Another limitation of our study is that we did not exten-
sively analyze dyssynchrony using all of the cardiac segments
but used the difference between the time to peak systolic ve-
locity (s') of the medial and lateral mitral annuli. This method
may have underestimated the degree of dyssynchrony in our
cohort.

CONCLUSIONS

Almost half of the children with NCC exhibit RAR. Complications of
NCC are more common in this subgroup of patients. Therefore,
RAR may be of prognostic value in NCC, rather than a diagnostic
sign for NCC. Premature untwisting of the left ventricle is a more
worrisome sign, which is associated with decreased EF in patients
with NCC.
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