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Abstract
The distinction between normal right ventricular (RV) trabeculations from abnormal has been
difficult. We evaluated whether RV volume and function are related to left ventricular (LV)
noncompaction (NC) cardiomyopathy and clinical events. Trabeculations/possible LVNC by
cardiac magnetic resonance imaging (cMRI) was retrospectively observed among 105 consecutive
cases. We measured LV end-systolic (ES) noncompacted:compacted ratio, RV ejection fraction
(EF), RV apical trabecular thickness, and RV end-diastolic (ED) noncompacted:compacted ratio.
A control group of 40 subjects was also reviewed to assess the exploratory measures. Comparing
those with LV ES noncompacted:compacted ratio ≥ 2, < 2, and the normal control group, adjusted
means for RV apical trabecular thickness and RV ED noncompacted:compacted ratio were
generated. Logistic regression was used to evaluate the association of composite events
traditionally associated with LV NC with RV EF after adjustment for above covariates,
cardiovascular risk factors, delayed enhancement, LV EF, and LV ES noncompacted:compacted
ratio. Analysis of RV morphology found greater apical trabecular thickness among those with LV
ES noncompacted:compacted ratio ≥ 2 as compared with LV ES noncompacted:compacted ratio <
2 or normal control group (31 ± 5 mm vs. 27 ± 2.6 mm vs. 22 ± 4 mm; p = 0.03 and p = 0.003,
respectively). There was no difference between the groups in relation to the RV end-diastolic (ED)
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noncompacted:compacted ratio . Low RV EF and LV ES noncompacted:compacted ratio ≥ 2 had
significant association with clinical events in this population even after adjusting for clinical and
imaging parameters (p = 0.04 and p < 0.001, respectively). In conclusion, RV dysfunction in a
morphologic LVNC population is strongly associated with adverse clinical events. LVNC is
associated with increased trabeculations of the RV apex.
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Introduction
The most validated criteria for left ventricular (LV) noncompaction (NC) cardiomyopathy
were proposed by Jenni et al.1,2 While most reports have focused on the LV, limited studies
with echocardiography and cardiac magnetic resonance imaging (cMRI) have described the
possibility of right ventricular dysfunction associated with LV trabeculations.3,4 To
determine whether RV structure or function is related to potential LVNC, we reviewed 105
cardiac MRI cases where left ventricular trabeculation was noted. We assessed RV size and
ejection fraction (EF), as well as ES measures of LVNC. In addition, several exploratory
assessments for RV trabeculation were performed. For comparison, a normal control group
of 40 subjects was reviewed for comparison to the study group. Finally, we assessed the
relationship between RV function and traditional LVNC events. We hypothesized that
LVNC would be associated with morphological and functional changes of the RV, and that
RVEF would be associated with traditional LVNC clinical events.

Methods
After obtaining institutional review board approval, we retrospectively queried the clinical
cMRI database at Wake Forest Baptist Hospital for descriptions of trabeculation or non-
compaction. A total of 122 patients had cMRI studies performed between January 2007 and
April 2011, who had reports that included these descriptors comprised our study population.
Of these cases, 17 were excluded due to the presence of coronary artery disease. Given that
24 subjects met criteria for LVNC, a control group of 40 patients was used to compare RV
morphological features. Clinical and demographic data were extracted from the electronic
medical record.

Images were acquired on a 1.5 T (Avanto; Siemens Medical Solutions, Erlangen, Germany)
using Steady-State Free Precession (SSFP). Cine images (echo time/repetition time 1.5/3.0
ms, flip angle 60°) were acquired in three long-axis views (i.e., 2 chamber, 3 chamber, and 4
chamber views), planned on short-axis pilots at 60° angles to each other. Multi-slice cine
views were also acquired in short axis plane from the base to the apex to visualize all 17
segments according to the American Heart Association recommendation.5 Right ventricular
volumes were measured at end-diastole and end-systole (ES) with a modified Simpson’s
technique which involved assessing the area of right ventricle per slice multiplied by the
slice thickness and summed from base to apex.6

Using short axis cine images, the non-compacted and compacted layers were visually
identified, and the papillary muscles were specifically excluded from measurement. The
region with the largest non-compacted to compacted ratio was measured at ES using
WebPAX (Heart Imaging Technologies, LLC, Durham, NC, USA). Apical short axis views
16–24 mm from the true apical slice were used for all measurements. In accord with
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previously published standards, individuals were categorized as LVNC if the ES
noncompacted:compacted ratio was ≥ 2.1

From the 4 chamber SSFP cine images, the right ventricle was evaluated for the presence of
apical and lateral wall trabeculations. At ED, the RV apical trabecular thickness was
measured from the RV apical insertion point to the trabecular trough (see figure 1). From the
same images, the RV lateral wall compacted and noncompacted layers were identified and
measured at ED (see figure 1). To avoid over-measuring the apical trabeculations, these
measurements were only obtained at the lower mid-level. From these measurements, a right
ventricular ED non-compacted:compacted ratio was calculated. An ED measurement was
chosen because of the difficulty inherent in measuring the change in right ventricular free
wall thickness during the cardiac cycle.

Delayed enhancement images of the myocardium were reviewed and recorded as being
present or absent. If any delayed enhancement was seen, it was categorized as present. If no
delayed enhancement was seen, it was categorized as absent. Initially, we attempted to
stratify by extent of delayed enhancement, but it provided no additional information above
the delayed enhancement being present or absent.

Heart failure (HF) was defined as having a clinical diagnosis of HF by medical record.

The occurrences of death, heart failure readmission, embolic events, and ventricular
arrhythmias were collected retrospectively as these have been previously associated with
LVNC2. To assess, both the medical chart and the social security death index were
reviewed. Ventricular arrhythmias were required to have either a reviewed cardiology
consultation for ventricular arrhythmia, Holter monitor or implanted loop recorder that
documented the ventricular arrhythmia, or an electrophysiology study documenting VT as
source of rhythm disturbance. Heart failure readmissions, death, ventricular arrhythmias,
and embolic events were pooled for statistical power and taken to represent a clinical
phenotype of LVNC cardiomyopathy.

All cMRI baseline data were presented as mean ± standard deviation. Nominal data were
tested using the chi-square test. Continuous data were tested using Student’s T-test. For this
analysis, baseline variables are presented for the overall trabeculated population, the normal
control group, those with LV ES noncompacted:compacted ratio was ≥ 2, and those < 2.
Adjusted means are presented with 95% confidence intervals.

Associations were further evaluated by analysis of covariance (ANCOVA) models.
Adjustment was made for age, race, gender, and body surface area. Right ventricular ED
volume and right ventricular EF were used as dependent variables to generate adjusted
means by ES noncompacted:compacted ratio. The trabeculated population was stratified into
those who met LVNC criteria and those who did not. Adjusting for the covariates above, in
each group RV EF was compared between those with and without HF.

To describe the RV morphology, the population was divided into those who had LV ES
noncompacted:compacted ratio ≥ 2 and those with LV ES noncompacted:compacted ratio <
2. ANCOVA was used to generate adjusted means for the RV apical trabecular thickness
and RV free wall noncompacted:compacted ratio in the control group, the ES
noncompacted:compacted ratio ≥ 2 group, and the LV noncompacted:compacted ratio < 2
group. Further adjustment was made for age, race, gender, and body surface area.

Categorical data were analyzed using logistic regression. The dependent variable used was
combined clinical events associated with LVNC. Covariates used for adjustment included:
age, race, gender, body surface area, hypertension, hyperlipidemia, diabetes mellitus, HF,
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LV EF, the presence of delayed enhancement, LV ES noncompacted:compacted ratio, and
RV EF. Further analyses with logistic regression and ROC curve testing were performed to
attempt to identify a potential cut-off value of RV apical trabecular thickness to help identify
those with LV ES noncompacted:compacted ratio ≥ 2. A p value of <0.05 was considered
statistically significant. Correlations were also used to describe unadjusted linear
relationships. All statistical analyses were performed using SAS software version 9.1 (SAS
Institute, Inc.; Cary, NC). All graphs were produced with GraphPad Software, version 4
(San Diego California USA; www.graphpad.com).

To assess inter- and intra-observer agreement, a subset of cases were randomly selected and
interpreted by a second reader blinded to all information (n=20). Inter- and intra-observer
agreement was assessed with intraclass correlation analyzing the trabecular trough to apex
length, mid RV free wall compacted and noncompacted layer thickness.

Results
Baseline characteristics are presented in Table 1 first column. The overall population is
predominantly Caucasian (69%) with approximately 1/3 having HF. Out of 105 patients, 24
(23%) had an ES noncompacted:compacted ratio ≥ 2. Both the control group and those with
LV ES noncompacted:compacted ratio < 2 had higher LV and RV EFs than the LV ES
noncompacted:compacted ratio ≥ 2 group. Scatter plots of RV EF and LV ES
noncompacted:compacted ratio by RV apical trabecular thickness are provided with simple
linear regression analysis (see figure 2).

The adjusted right ventricular ED volumes and EFs by LV ES noncompacted:compacted
ratio < 2 vs. ≥ 2 are presented in Table 2. Those who had LV ES noncompacted:compacted
ratio ≥ 2 demonstrated statistically lower RVEF (35 ± 6% vs. 45 ± 3.2%; p = 0.0018) and
had higher volumes (171 ± 18 ml vs. 147 ± 10 ml; p = 0.017). For those with LV ES
noncompacted:compacted ratio ≥ 2, the adjusted RV EF was lower for those with HF than
those without HF (30 ± 6% vs. 50 ± 12%; p = 0.012). The same pattern was seen in those
with ES noncompacted:compacted ratio < 2 (38 ± 6% vs. 44 ± 3.5%, respectively; p = 0.05;
see figure 3).

Analyzing RV morphology using ANCOVA (see figure 4), those with LV ES
noncompacted:compacted ratio ≥ 2 had thicker apical trabecular thickness than those with
LV ES noncompacted:compacted ratio < 2 or the normal control group (31 ± 5 mm vs. 27 ±
2.6 mm vs. 22 ± 4 mm; p = 0.03 and p = 0.003, respectively). There was no meaningful
difference in RV free wall noncompacted:compacted ratio between LV ES
noncompacted:compacted ratio ≥ 2, LV ES noncompacted:compacted ratio < 2, or the
control group (2.4 ± 2 vs. 3.3 ± 1.4 vs. 2.2 ± 1.8, respectively; overall p > 0.5).

Using logistic regression, after adjustment for covariates previously listed, the RV EF and
the LV ES noncompacted:compacted ratio continued to have a significant association with
clinical events associated with LVNC (p = 0.04 and p < 0.001, respectively). The LV EF had
no clear relationship (p = 0.2), and the presence of delayed enhancement was not
significantly related to the LVNC events (p > 0.2). From the ROC curve analysis to
determine a cut-point value of RV apical trabecular thickness to identify potential LVNC,
the AUC was 0.67, which suggests only a fair ability to identify potential LVNC. If one
were to take an RV apical trabecular thickness ≥ 40 mm as indicative of potential LVNC, it
would yield a specificity of 91.2 % and a sensitivity of 38.7%. However, given the limited
AUC, it is difficult to confidently identify a clinically useful cut-point at this time.

The inter-observer agreement on apical trabecular thickness, mid RV free wall
noncompacted layer, and RV compacted layer by intraclass correlation were 0.86, 0.88, and
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0.81, respectively. The intra-observer agreement on apical trabecular thickness, mid RV free
wall noncompacted layer, and RV compacted layer by intraclass correlation were 0.93, 0.9,
and 0.85, respectively.

Discussion
This study presents several novel observations concerning the relationship between RV
morphology and function among individuals noted to have increased LV trabeculations by
cMRI. First, individuals with LV ES noncompacted:compacted ratio ≥ 2 had higher RV ED
volumes and lower RV EFs. Second, those with LVNC had increased RV apical trabecular
thickness; a relationship which was further correlated with the severity of LV trabeculation.
Third, among those with trabeculated left ventricles, markedly reduced right ventricular
systolic function was associated with higher clinical events traditionally associated with
LVNC, even after adjustment for LV EF and presence of delayed enhancement.

Historically, the right ventricle has served as a marker of advanced LV disease and clinical
events. Right ventricular dysfunction is associated with decreased exercise capacity in those
with left-sided failure.7 However, even in moderate HF, right ventricular function serves as
an independent predictor of survival.8 Among patients with myocarditis, right ventricular
dysfunction has been associated with a higher risk of adverse outcomes,9 and among those
with idiopathic dilated cardiomyopathy, right ventricular dysfunction portends increased
mortality.10 Further, those with biventricular failure have worse outcomes than those with
only left-sided dysfunction.11

LVNC is often associated with severe left ventricular systolic dysfunction, 1, 12 as reflected
by original reports which were isolated to populations that had refractory heart failure and
subsequently died or required heart transplantation.1, 12 Increasing awareness of LVNC has
been mediated by advances in imaging technologies, particular cMRI, and it is likely that
only a fraction of morphologic descriptions of LV trabeculation represent LVNC. We have
recently demonstrated that cMRI assessments of LV ESNCCR ≥ 2 among patients with
morphologic description of trabeculation are strongly associated with clinical events
commonly associated with LVNC (heart failure, death, ventricular arrhythmias, and embolic
events).2 Limited data are available regarding RV structure and function among this
population of patients and its influence on clinical outcome. Previous case series have
described echocardiographic Doppler surrogates of RV function to be altered in LVNC. 3

Similarly, a small case series of 14 patients evaluated with cardiac MRI have noted severe
RV systolic dysfunction among those diagnosed with LVNC.4 Our study extends these
observations and demonstrates increased RV EDV, decreased RV EF, and increased RV
apical trabecular thickness among those who meet ES criteria for LVNC (see figure 5 for
example). Further, after separating this population into those with LV ES
noncompacted:compacted ratio ≥ 2 vs. < 2, those with lower RV EF had a higher incidence
of HF and traditional LVNC events. . Therefore, decreased RV EF by cMRI may help to
segregate risk in this population of patients. .Furthermore, we demonstrated that a
decreasing RV EF is independently associated with experiencing clinical events associated
with LVNC, even after adjustment for the LV ES noncompacted:compacted ratio and LV
EF.

Originally, NC was a term used to describe a pathological process mainly seen in the left
ventricle. The criteria proposed by Jenni and colleagues did not include RV size or
function,1, 13 nor did criteria proposed by Chin et al.12 These investigations did report that
there were often increased trabeclations seen in the RV apex of those diagnosed with
LVNC.13,14 Small case reports have suggested potential RVNC by morphology,15 but no
one has proposed measurements or cut-points to definitively diagnosis it. It is also unclear if
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RVNC can occur or has clinical significance in the absence of LVNC.16,17 To further
complicate matters, the normal right ventricle often has significantly more trabeculations
than the left ventricle, which makes separating normal from pathological somewhat
challenging. Given the difficulty in measuring the thin RV wall, this would further
complicate efforts at quantification if one were to assess it as it is done in the LV.

As part of this study, we made efforts to identify patterns of trabeculation of the right
ventricle that may aid in the diagnosis of LVNC. Overall, most patients have trabeculations
in the right ventricular apex. However, our study demonstrated a correlation between RV
apical trabecular thickness and degree of LV trabeculation (see figure 2 example).
Additional studies should be conducted to to determine whether a cut-point for RV apical
trabecular thickness can be used to evaluate LVNC.

The limitations associated with the present study include those that are inherent in any
retrospective database analysis. As such, our results are primarily hypothesis-generating, and
ideally, they will need to be validated by a more prospective approach. However, given the
rarity of LVNC a multi-institutional database may help validate our observations.
Importantly, since the MRI laboratory at Wake Forest Baptist Hospital is a tertiary care
referral center, some degree of referral bias may have enriched the study population. Third,
while rigorous effort were undertaken to identify clinical events, our population may have
suffered from under reporting since events were not defined and collected prospectively.
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Figure 1.
4 chamber view showing RV apical trabeculations extending at least 1/3 distance up the
septal wall in someone with significant LV trabeculations. The white line along the septum
is measuring the distance from the RV apical insertion to the nadir of the RV apical
trabeculations. The yellow line in the RV free wall is measuring the RV free wall compacted
layer. The white line along the RV free wall is measuring the RV non-compacted layer.
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Figure 2.
Scatter plots with linear regression lines and formulas of LV end-systolic non-compacted:
compacted ratio and RV ejection fraction by RV apical trabecular thickness, respectively.
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Figure 3.
Adjusted means for RV ejection fraction by presence of HF stratified by those who have LV
end-systolic noncompacted:compacted ratio. ANCOVA adjusted for age, race, gender, body
surface area.
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Figure 4.
Adjusted means for RV apical trabecular thickness and RV free wall
noncompacted:compacted ratio by the normal control group, LV end-systolic
noncompacted:compacted ratio < 2, and LV end-systolic noncompacted:compacted ratio ≥
2. An asterisk (*) denotes a p < 0.05 difference in comparison with the control group. (NC:C
Ratio = noncompacted:compacted ratio)
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Figure 5.
Example of RV apical trabecular thickness extending to over half the distance between the
apex and base.
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Table 1

Baseline characteristics: Overall study population listed to the left with breakdown by those with LV ES
noncompacted:compacted ratio ≥ 2 vs those with < 2. Normal functioning, non-trabeculated ventricles
presented for comparison.

Overall
Trabeculated

Population

Control Group LV End-Systolic
Noncompacted:Compacted Ratio

≥ 2

Variable (n = 105) (n=40)
No

(n=81)
Yes

(n=24)

Age (years) 57 ± 17.5 58 ± 13 57.8 ± 16.9 51 ± 19.5

Black 31% 31% 32% 30%

Female 52% 57% 48% 58%

Body Surface Area (m2) 2.0 ± 0.4 2.01 ± 0.26 2.0 ± 0.3 1.9 ± 0.2

Diabetes Mellitus
  -Diagnosed by physician

17% 14% 13% 30%*,‡

Hypertension
  -Diagnosed by physician

56% 62% 58% 50%

Hyperlipidemia
  -Diagnosed by physician

35% 42% 32% 39%

LV Ejection Fraction (%) 44 ± 16 61 ± 12 48.5 ± 14.6 31 ± 11.7*,‡

RV Ejection Fraction (%) 42.5 ± 15 59 ± 11 46 ± 13 35 ± 18*,‡

Heart Failure 20% 0% 18% 30%*,‡

Delayed Enhancement Present 26% 0% 24% 36%*,‡

Mean values presented with standard deviation.

Frequencies presented as percent.

(*)
means statistical difference with p < 0.05 in comparison between those with LV ES noncompacted:compacted ratio ≥ 2 vs <2.

(‡)
means statistical difference with p < 0.05 in comparison between those with LV ES noncompacted:compacted ratio ≥ 2 vs the normal, non-

trabeculated control group.
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Table 2

ANCOVA analysis to generate adjusted means with 95% confidence intervals.

Measure Right
Ventricular

End-
Diastolic

Volume (ml)

p-Value Right
Ventricular

Ejection
Fraction

(%)

p-Value

ES NC:C
Ratio ≥ 2

171 ± 18 0.017 35 ± 6 0.0018

ES NC:C
Ratio < 2

147 ± 10 45 ± 3.2

Adjusted for age, race, gender, BSA. (ES = End-Systolic; NC:C = Noncompacted-to-Compacted)
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