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Abstract

Background: Left ventricular noncompaction (LVNC) describes deep trabeculations in the left ventricular (LV)
endocardium and a thinned epicardium. LVNC is seen both as a primary cardiomyopathy and as a secondary
finding in other syndromes affecting the myocardium such as neuromuscular disorders. The objective of this study
is to define the prevalence of LVNC in the Duchenne Muscular Dystrophy (DMD) population and characterize its
relationship to global LV function.

Methods: Cardiac magnetic resonance (CMR) was used to assess ventricular morphology and function in 151
subjects: DMD with ejection fraction (EF) > 55% (n = 66), DMD with EF < 55% (n = 30), primary LVNC (n = 15) and
normal controls (n = 40). The non-compacted to compacted (NC/C) ratio was measured in each of the 16 standard
myocardial segments. LVNC was defined as a diastolic NC/C ratio > 2.3 for any segment.

Results: LVNC criteria were met by 27/96 DMD patients (prevalence of 28%): 11 had an EF > 55% (prevalence of
16.7%), and 16 had an EF < 55% (prevalence of 53.3%). The median maximum NC/C ratio was 1.8 for DMD with
EF > 55%, 2.46 for DMD with EF < 55%, 1.54 for the normal subjects, and 3.69 for primary LVNC patients.
Longitudinal data for 78 of the DMD boys demonstrated a mean rate of change in NC/C ratio per year of +0.36.

Conclusion: The high prevalence of LVNC in DMD is associated with decreased LV systolic function that develops
over time and may represent muscular degeneration versus compensatory remodeling.
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Background
Left ventricular noncompaction (LVNC) is character-
ized by deep trabeculations in the left ventricular (LV)
endocardium. The LVNC phenotype has been described
in several genetically mediated diseases including the
alpha-dystrobrevin mutation, mitochondrial mutations,
and Cypher/ZASP mutation [1,2]. In this setting, LVNC
has been thought to be a primary process resulting from
arrest in normal myocardial compaction during human
embryonic development between weeks 5–8 [3]. LVNC
has been associated with other cardiac phenotypes,
including LV hypertrophy, LV dilation and combined LV
hypertrophy and dilation. LVNC has been described in
genetic disorders with cardiac involvement, e.g. G4.5
(Barth syndrome) and Duchenne Muscular Dystrophy
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(DMD) [4-6]. The extent to which LVNC is a primary
defect or is a secondary, compensatory process in these
genetic disorders remains unclear [7,8].
Patients with DMD, a lethal X-linked skeletal and car-

diac myopathy caused by dystrophin mutations, univer-
sally develop cardiac dysfunction [9]. Echocardiography is
used to assess function in younger DMD patients; how-
ever, due to poor windows, cardiac magnetic resonance
imaging (CMR) is used to monitor function in older pa-
tients. CMR is also a sensitive tool for the diagnosis of
LVNC [10-16]. In the course of performing several hun-
dred DMD cardiac MR studies, a marked prevalence of
LVNC was noted. This study aimed to define the preva-
lence of LVNC in DMD patients and characterize its rela-
tionship to global LV function using CMR. LVNC imaging
criteria were used to evaluate the extent of LVNC in these
studies. Specific CMR criteria for LVNC have been pro-
posed, but there are no universally accepted guidelines.
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Figure 1 Example of measurement of noncompacted:
compacted ratio in the short axis view of CMR of a
DMD patient.
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A common criteria uses an anatomic measurement of
non-compacted (NC) to compacted (C) (NC/C) ratio > 2.3:1
in diastole as the threshold to distinguish pathologic
LVNC [14].

Methods
Study population
Data was analyzed from records of patients with DMD
or LVNC followed at Cincinnati Children’s Hospital
Medical Center (IRB). The diagnosis of DMD was con-
firmed by skeletal muscle biopsy in all patients. The
diagnosis of LVNC was made clinically based on ac-
cepted non-invasive imaging criteria. All DMD or LVNC
patients that underwent CMR between 2005 and 2010
were included. An age-matched control group of sub-
jects with completely normal CMR finding was also ana-
lyzed. For patients with more than one CMR study, the
most recent study was used for the primary analysis.
Serial data was evaluated for all DMD patients with mul-
tiple CMR studies. The study was approved by our Insti-
tutional Review Board.

Imaging protocols
All CMR studies were performed according to standard
clinical protocol. Studies included standard cardiac func-
tional imaging using a retrospective vectorcardiographic
(VCG)-gated segmented steady-state free precession
(SSFP) sequence. Patients were imaged on both a Sie-
mens Avanto 3 T and GE 1.5 T magnets. A 3 T standard
imaging was preceded by frequency scouting and adjust-
ment. Subjects were breath-held as tolerated. For those
subjects who could not adequately breath-hold, a free
breathing technique with multiple signal averages was
used. Standard functional imaging included a short-axis
stack of cine SSFP images from cardiac base to apex.
The short axis was prescribed as the perpendicular plane
to the LV long axis in 2- and 4-chamber views as previ-
ously described [17,18]. Typical scan parameters included
field of view 32 to 38 cm, slice thickness 5 mm, echo
time/repetition time(TE/TR) 1.4/2.8 (Siemens Medical
Solutions), TE/TR 2.0/4.0 (GE Healthcare), and in-plane
resolution was 1.5 mm. A minimum of 12 slices were
performed, with 24 phases/slice. The typical temporal
resolution of the cine SSFP images was 30 to 40 ms, and
was adjusted according to the patient’s heart rate and abil-
ity to breath-hold. Myocardial Delayed Enhancement
(MDE) Imaging was performed when intravenous (IV)
access was obtained; at our center, IV access is routinely
obtained in all DMD subjects if possible, though in DMD
subjects < 10 years of age, IV gadolinium is deferred if suc-
cessful IV placement requires more than 1 venipuncture
attempt. MDE imaging was performed via a gradient echo
inversion sequence recovery protocol 10 min after
0.2 mmol/kg gadolinium diethylenetriamine penta-acetic
acid (Gd-DTPA) injection. MDE imaging was consid-
ered positive if any area of the myocardium showed
hyperenhancement as assessed by consensus of 2 inde-
pendent expert observers.
Global functional data
Ventricular volumes, mass, and global function were
assessed via standard planimetry with a semi-automated
technique (QMASS version 6.1.5, Medis Medical Im-
aging Systems, Leiden, the Netherlands) [19,20]. This
assessment was performed on images from either scan-
ner, independent of vendor or field strength [21]. Late
gadolinium enhancement (LGE) status for each segment,
ventricular volumes, mass, and EF were tabulated for
each subject and then exported to a RedCap database.
LVNC assessment
The LVNC status was assessed according to a standard
metric previously described [14]. Using a high fidelity
digital ruler within AMICAS PACS, the non-compacted
to compacted ratio (NC/C) was measured in all 16 seg-
ments according to the AHA 16 segment model. The
apical cap was not included in the assessment. All mea-
surements were made by the primary investigator. The
myocardium was considered to be positive for LVNC if
the noncompacted to compacted ratio was greater than
2.3:1 in diastole in one segment as described by Petersen
et al. [14]. A similar technique was used by Dawson et al.
in a study describing the characteristics of compacted and
non-compacted ratios [22] (Figure 1). The maximal NC/C
ratio was defined as the largest NC/C in any segment.
Care was taken to avoid areas of multihead attachment of
the papillary muscles to the left ventricle [23].
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Pathologic correlation
Three of the patients enrolled in the study (1 DMD and
2 primary LVNC) had specimens available for image
correlation. The DMD patient underwent placement of a
HeartMate left ventricular assist device and both pri-
mary LVNC patients underwent orthotopic heart trans-
plantation. An experienced pathologist analyzed the
specimens for the presence and extent of LVNC.

Statistical analysis
Prevalence of LVNC was compared using a Chi-Square
test and prevalence for each group was estimated using a
95% Wald confidence interval for proportions. Spearman’s
Rank correlation was used to determine association be-
tween the left ventricular end diastolic volume Z-score
and NC/C ratio. Median ratios were compared using the
Wilcoxon Rank-Sum test when two groups were present
and the Kruskal-Wallis test for more than two. Inter- and
intra- observer agreement was measured using the
intraclass correlation coefficient (ICC). These values range
from 0 to 1, with 0.0-0.2 indicating very little agreement,
0.2-0.4 little agreement, 0.4-0.6 moderate agreement,
0.6-0.8 strong agreement, and 0.8-1.0 very strong agree-
ment. For all tests, a p-value of < 0.05 was considered sta-
tistically significant. Corrections for multiple comparisons
were made using the Bonferroni method. All analyses
were performed using SAS version 9.2 (SAS Institute Inc.,
Cary, NC).

Results
Study population
There were a total of 151 subjects enrolled; DMD (n =
96), normal control (n = 40) and primary LVNC (n = 15).
A total of 229 CMR studies were evaluated including 78
serial DMD studies. There were 96 DMD boys: EF > 55%
(n = 66) and EF < 55% (n = 30). All 40 normal control
subjects had an EF > 55%. Of the 15 patients with pri-
mary LVNC, 6 had an EF < 55% and 9 with an EF > 55%.
The median ages of the groups are included in Table 1.

LVNC in DMD
Among the 96 DMD boys, there were 27 cases meeting
the LVNC criterion, with an overall prevalence of 28%
(95% CI = 19.1% - 37.1%, p < 0.0001). Of the 27 LVNC
cases in DMD boys, 11 had an EF > 55%, and 16 with an
EF < 55%. The prevalence of LVNC in DMD boys with
Table 1 Demographic data of the study population

Group Total number Median age # Male (%)

DMD with EF >55% 66 13.7 66 (100)

DMD with EF <55% 30 15.1 30 (100)

Primary LVNC 15 17.6 8 (53.3)

Normal 40 16 22 (55)
EF > 55% was 16.7% (95% = 6.8% - 26.6%) compared to
53.3% (95% = 35.4% - 71.2%) for DMD boys with EF < 55%
(p = 0.0002). No normal subject had evidence of LVNV or
an NC/C ratio > 2.3 in any segment.
Particular LV segments that were positive for LVNC

with a NC/C ratio > 2.3 were in similar locations in pa-
tients with DMD with EF > 55%, DMD with EF < 55% or
LVNC. In all the subjects, the apical segments were
more likely to have ratios > 2.3 with segment 16 being
the most common segment to be positive. Segment 16
was positive in 73% of the primary LVNC patients, 40%
of DMD subjects with an EF < 55%, and 9.1% of DMD
subjects with an EF > 55%. The segments most com-
monly positive in the LVNC population were apical
segments 13, 15 and 16. In the DMD population, it was
segments 11,12 and 16. These segments correspond to
the segments that have been described to have scar tis-
sue burden with LGE analysis [24] (Figure 2).
Consistent with the previous data which suggests that

there is a higher prevalence of LVNC in the DMD boys
with decreased function, there was a correlation between
left ventricular end diastolic volume Z- score and NC/C
ratio (Figure 3). The relationship was linear with an
r = 0.40 (p <0.0001). As the left ventricular end diastolic
volume z-score increased so did the NC/C ratio.
The median NC/C ratios with interquartile ranges

were calculated for each of the groups. The median
maximal NC/C ratio was 1.8 (IQR 1.57, 2.02) for DMD
boys with EF > 55% compared to 1.54 (IQR 1.29, 1.78)
for the normal group (p < 0.0001). For DMD boys with
EF < 55% median maximal NC/C ratio was 2.46 (IQR
1.84, 3.04) compared to 3.69 (IQR 2.81, 4.23) for the
LVNC group (p < 0.0001) (Figure 4).
Figure 2 Distribution of positive segments by patient group.
Segment 16 (apical lateral) in both DMD and LVNC most commonly
fulfilled criteria for LVNC. The apical and lateral segments are more
frequently positive across all groups which is consistent with
previous findings in LVNC. DMD, Duchenne Muscular Dystrophy;
EF, ejection fraction; LVNC, left ventricular non-compaction;
NC, noncompacted length; C, compacted length.



Figure 3 LVED Z-score vs NC/C ratio. There is a linear relationship
with r = 0.40 (p < 0.0001). As the LVED increases the NC/C ratio also
increases. DMD, Duchenne Muscular Dystrophy; LVEDV, left
ventricular end diastolic volume; NC, noncompacted length;
C, compacted length.
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Of the 27 DMD boys who met criteria for LVNC (NC/
C ratio > 2.3 in any one segment), the mean number of
positive segments was 2.2. This can be compared to the
15 patients with primary LVNC who had a mean of 3.4
positive segments. The median maximal NC/C ratio for
all 27 DMD boys that met criteria for LVNC was 3.0
(IQR 2.61, 3.26).

LGE assessment
The presence of LGE was assessed in 90 of the 96 DMD
boys. LGE was positive for 30 of these 90 DMD boys. Of
the 30 with LGE, 9 (30%) had normal left ventricular
function and 21 (70%) had depressed function. There
were 12 of 30 (40%) with NC/C ratios greater than 2.3.
Figure 4 Noncompacted to compacted ratio. This is a box plot
showing the mean (diamond), median (middle vertical line), as well
as interquartile range (end of the boxes) of the highest NC/C ratio
for each population. DMD, Duchenne Muscular Dystrophy; EF, ejection
fraction; LVNC, left ventricular noncompaction; NC, noncompacted
length; C, compacted length.
Eleven of the 12 subjects with both LGE and LVNC had
depressed left ventricular function. The segments that
were affected for the 30 with LGE were most commonly
segments 5, 6, 11, 12, and 16. The most common seg-
ments with a NC/C ratio greater than 2.3 were again 11,
12, and 16. In the 12 patients with LGE and LVNC,
there were a total of 30 segments with a NC/C greater
than 2.3, 22 or 73% of these segments were also positive
for LGE. 12 of the 15 patients with primary LVNC had
LGE assessed. There was no evidence of LGE in any of
these 12 patients. None of the normal patents had evi-
dence of LGE.

LVNC in DMD (Analysis of serial studies)
There was longitudinal data available for 78 of the DMD
boys. The median rate of change in NC length per year
was +0.92 mm (IQR 0.34, 2.04). The median rate of
change in C length was −0.36 mm (IQR 0.78, 0). The
median rate of change in NC/C ratio per year was +0.36
(IQR 0.14, 0.68). In DMD patients with serial data avail-
able, the noncompacted layer increased in thickness as
the compacted layer decreased in thickness, leading to
an increase in NC/C ratio (Figures 5, 6, and 7).

Pathologic correlation
All three patients with available pathology were con-
firmed to have LVNC by standard pathologic criteria. An
example myocardial wedge is shown in Figure 8. There
is extensive non-compacted myocardium and relatively
thin areas of compacted myocardium. The DMD patient
showed extensive areas of fibrosis consistent with typical
changes of DMD cardiomyopathy.

Inter/Intra observer variability
Inter-observer and intra-observer variability was measured
on 10% of patients as described above. Intra-observer vari-
ability for NC/C ratio had an ICC mean of 0.68 for all
segments, which indicates a strong agreement. The inter-
observer variability had an ICC mean of 0.97, which indi-
cates a very strong agreement between observers.

Discussion
This study shows a markedly elevated prevalence of
LVNC in a large DMD population with 28% having a
NC/C ratio > 2.3 in at least one cardiac segment. DMD
boys with normal global function have a much lower
prevalence of LVNC than those with decreased systolic
function. There is an increase in the non-compacted
length with a decrease in compacted length over time in
the majority of DMD boys whether or not they met cri-
teria for LVNC.
Several case reports and small case series have found an

association of LVNC with neuromuscular disease. This is
the first study to describe the prevalence of LVNC within



Figure 5 Noncompacted length vs time. This graph shows the progression of noncompacted length over time in all DMD patients that
longitudinal data was available. There is an increase in noncompacted length over time. DMD, Duchenne Muscular Dystrophy; NC, noncompacted
length.
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a large DMD population. Stollberger and colleagues de-
scribed a cohort of 62 patients with LVNC in which 49
had a full neurological work-up. Remarkably, 40 of these
patients were found to have some type of myopathy [4].
Finsterer et al. described a case of a patient with DMD
who had evidence of LVNC [25].
The phenotypic noncompaction described in this popu-

lation of DMD is much more prevalent than would be
expected in the general population by autopsy or non-
Figure 6 Compacted length vs time. This shows the progression of com
available. There is a decrease in compacted length over time. DMD, Duche
invasive imaging. Boyd et al. described deep trabeculations
in only 4% of 474 normal hearts on autopsy [26]. Kohli
et al. described a cohort of CMRs of those diagnosed with
dilated cardiomyopathy and found that ~24% of them met
criteria for LVNC [27]. There is sparse data about the
prevalence of LVNC diagnosed via echo, and even less in
children. In one adult study there was a 3.7% prevalence of
definite or probable LVNC found in those with LVEF </=
45% and a 0.26% prevalence for all patients referred for
pacted length over time in all DMD patients that longitudinal data was
nne Muscular Dystrophy; C, compacted length.



Figure 7 Noncompacted to compacted ratio vs time. This graph shows the progression of NC/C ratio over time in all DMD patients that
longitudinal data was available. There is an increase in NC/C ratio over time. DMD, Duchenne Muscular Dystrophy; NC, noncompacted; C,
compacted length.
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echocardiography over a one year period [28]. Whether
this represents an under-recognized population of those
with LVNC that then develop poor function and dilation
or that it is actually a compensatory mechanism of the fail-
ing ventricle has yet to be seen.
Figure 8 Pathologic specimen showing LVNC in a DMD patient.
The image shows a piece of myocardium removed from the apex
during implantation of a left ventricular assist device. There is
extensive noncompacted myocardium extending form the
compacted myocardium in finger-like projections. DMD, Duchenne
Muscular Dystrophy.
Although DMD related heart disease has been historic-
ally classified as a dilated cardiomyopathy, it has recently
been described as a unique entity characterized by our
group as left ventricular functional decline without signifi-
cant ventricular dilatation until late in disease progression.
It was shown that despite normal LVRI (left ventricular re-
modeling index), myocardial function assessed by CMR
strain decreases with age [29]. The LVNC associated with
DMD is a progressive phenotype. As DMD associated
cardiac disease progresses, LVNC may develop second-
ary to thinning of the compacted myocardium and
resulting in remodeling that appears as LVNC. This
apparent increase in trabeculations and thinning of the
compacted layer results in an increase in NC/C ratio
(Figures 5, 6 and 7). This pattern of increased trabe-
culation with thinning of the compacted layer seems to
occur in most DMD patients over time, further sup-
porting that this is a progressive phenotypic change
characteristic of the myocardial degradation.
Advanced DMD associated heart disease has also been

described to have thinning and fibrofatty replacement of
the apical and mid- LV free wall with markedly positive
late gadolinium enhancement (LGE) in these segments
on CMR [24,30]. As Figure 2 shows, the segments with
NC/C ratios greater than 2.3 are very similar to those
segments previously described as being positive for LGE.
In our patients, LGE was found in the same segments as
the LVNC as described above. One possible explanation
is that as the compacted tissue scars and thins, the non-
compacted tissue becomes more prominent.
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This study is limited by being retrospective. This study
is also limited by a lack of universal imaging criteria for
the LVNC phenotype. Different criteria for LVNC would
yield slightly different prevalence numbers for this popu-
lation. This group of DMD patients falls in a relatively
narrow age range with no patients less than 7 years of
age and relatively few older patients.

Conclusions
Although these data show that the progression of DMD
associated heart disease includes the development of
LVNC, these patients likely do not have classic primary
LVNC cardiomyopathy. Rather, the changes that occur
late in the disease process are characterized by marked
alteration in myocardial structure secondary to fibrofatty
replacement of myocardial cells and/or a compensatory
mechanism due to cardiac dysfunction. This data defini-
tively shows DMD patients that originally had normal
NC/C ratios later developed trabeculations as the disease
progressed. This may give some insight to the high preva-
lence of noncompacted tissue of those with cardiac dys-
function. It also raises the broader question of whether
LVNC in patients with LVNC cardiomyopathy and dilated
ventricles is a primary or secondary process.

Abbreviations
LVNC: Left ventricular non-compaction; LV: Left ventricular; EF: Ejection
fraction; DMD: Duchenne muscular dystrophy; CMR: Cardiac magnetic
resonance imaging; NC: Non-compacted; C: Compacted; LGE: Late
gadolinium enhancement; NC/C: Non-compacted to compacted ratio;
IQR: Interquartile range.

Competing interests
There are no competing interests for any of the authors to disclose.

Authors’ contributions
CS conceived of the study, and participated in its design and coordination,
carried out all data collection and helped to draft the manuscript. MT
participated in the design and coordination of the study and helped to draft
the manuscript. WM participated in the design and coordination of the
study and helped to draft the manuscript. LC helped with study design. EK
provided statistical support. JP provided statistical analysis. DWB helped with
design of the study and helped to draft the manuscript. KH conceived of the
study, and participated in its design and coordination, and helped to draft
the manuscript. All authors read and approved the final manuscript.

Author details
1Cincinnati Children’s Hospital Medical Center, Cincinnati, OH, USA. 2The
Ohio Heart and Vascular Center at The Christ Hospital, Cincinnati, OH, USA.
3Nationwide Children’s Hospital, Columbus, OH, USA. 4Children’s Hospital of
Wisconsin, Milwaukee, WI, USA.

Received: 14 March 2013 Accepted: 7 July 2013
Published: 1 August 2013

References
1. Ichida F, Tsubata S, Bowles KR, Haneda N, Uese K, Miyawaki T, Dreyer WJ,

Messina J, Li H, Bowles NE, Towbin JA. Novel gene mutations in patients
with left ventricular noncompaction or Barth syndrome. Circulation. 2001;
103:1256–63.

2. Vatta M, Mohapatra B, Jimenez S, Sanchez X, Faulkner G, Perles Z, Sinagra G,
Lin JH, Vu TM, Zhou Q, et al. Mutations in Cypher/ZASP in patients with
dilated cardiomyopathy and left ventricular non-compaction. J Am Coll
Cardiol. 2003; 42:2014–27.
3. Weiford BC, Subbarao VD, Mulhern KM. Noncompaction of the ventricular
myocardium. Circulation. 2004; 109:2965–71.

4. Stollberger C, Finsterer J, Blazek G. Left ventricular hypertrabeculation/
noncompaction and association with additional cardiac abnormalities
and neuromuscular disorders. Am J Cardiol. 2002; 90:899–902.

5. Stollberger C, Winkler-Dworak M, Blazek G, Finsterer J. Prognosis of left
ventricular hypertrabeculation/noncompaction is dependent on cardiac
and neuromuscular comorbidity. Int J Cardiol. 2007; 121:189–93.

6. Stollberger C, Winkler-Dworak M, Blazek G, Finsterer J. Age-dependency of
cardiac and neuromuscular findings in left ventricular noncompaction.
Int J Cardiol. 2006; 111:131–5.

7. Pignatelli RH, McMahon CJ, Dreyer WJ, Denfield SW, Price J, Belmont JW,
Craigen WJ, Wu J, El Said H, Bezold LI, et al. Clinical characterization of left
ventricular noncompaction in children: a relatively common form of
cardiomyopathy. Circulation. 2003; 108:2672–8.

8. Kelley-Hedgepeth A, Towbin JA, Maron MS. Images in cardiovascular
medicine. Overlapping phenotypes: left ventricular noncompaction and
hypertrophic cardiomyopathy. Circulation. 2009; 119:e588–9.

9. Hamosh A, Scott AF, Amberger JS, Bocchini CA, McKusick VA. Online
Mendelian Inheritance in Man (OMIM), a knowledgebase of human
genes and genetic disorders. Nucleic Acids Res. 2005; 33:D514–7.

10. Dursun M, Agayev A, Nisli K, Ertugrul T, Onur I, Oflaz H, Yekeler E. MR
imaging features of ventricular noncompaction: emphasis on
distribution and pattern of fibrosis. Eur J Radiol. 2010; 74:147–51.

11. Fazio G, Novo G, D’Angelo L, Visconti C, Sutera L, Grassedonio E, Galia M,
Ferrara F, Midiri M, Novo S. Magnetic resonance in isolated
noncompaction of the ventricular myocardium. Int J Cardiol. 2010;
140:367–9.

12. Duncan RF, Brown MA, Worthley SG. Increasing identification of isolated
left ventricular non-compaction with cardiovascular magnetic resonance:
a mini case series highlighting variable clinical presentation. Heart Lung
Circ. 2008; 17:9–13.

13. Ivan D, Flamm SD, Abrams J, Kindo M, Heck K, Frazier OH. Isolated
ventricular non-compaction in adults with idiopathic cardiomyopathy:
cardiac magnetic resonance and pathologic characterization of the
anomaly. J Heart Lung Transplant. 2005; 24:781–6.

14. Petersen SE, Selvanayagam JB, Wiesmann F, Robson MD, Francis JM,
Anderson RH, Watkins H, Neubauer S. Left ventricular non-compaction:
insights from cardiovascular magnetic resonance imaging. J Am Coll
Cardiol. 2005; 46:101–5.

15. Alhabshan F, Smallhorn JF, Golding F, Musewe N, Freedom RM, Yoo SJ.
Extent of myocardial non-compaction: comparison between MRI and
echocardiographic evaluation. Pediatr Radiol. 2005; 35:1147–51.

16. Stollberger C, Kopsa W, Tscherney R, Finsterer J. Diagnosing left ventricular
noncompaction by echocardiography and cardiac magnetic resonance
imaging and its dependency on neuromuscular disorders. Clin Cardiol.
2008; 31:383–7.

17. Pohost GM, Hung L, Doyle M. Clinical use of cardiovascular magnetic
resonance. Circulation. 2003; 108:647–53.

18. Pennell DJ, Sechtem UP, Higgins CB, Manning WJ, Pohost GM, Rademakers
FE, van Rossum AC, Shaw LJ, Yucel EK. Clinical indications for
cardiovascular magnetic resonance (CMR): Consensus Panel report.
J Cardiovasc Magn Reson. 2004; 6:727–65.

19. van der Geest RJ, Buller VG, Jansen E, Lamb HJ, Baur LH, van der Wall EE, de
Roos A, Reiber JH. Comparison between manual and semiautomated
analysis of left ventricular volume parameters from short-axis MR
images. J Comput Assist Tomogr. 1997; 21:756–65.

20. van der Geest RJ, Reiber JH. Quantification in cardiac MRI. J Magn Reson
Imaging. 1999; 10:602–8.

21. Hinton DP, Wald LL, Pitts J, Schmitt F. Comparison of cardiac MRI on 1.5
and 3.0 Tesla clinical whole body systems. Invest Radiol. 2003; 38:436–42.

22. Dawson DK, Maceira AM, Raj VJ, Graham C, Pennell DJ, Kilner PJ. Regional
thicknesses and thickening of compacted and trabeculated myocardial
layers of the normal left ventricle studied by cardiovascular magnetic
resonance. Circ Cardiovasc Imaging. 2011; 4:139–46.

23. Axel L. Papillary muscles do not attach directly to the solid heart wall.
Circulation. 2004; 109:3145–8.

24. Puchalski MD, Williams RV, Askovich B, Sower CT, Hor KH, Su JT, Pack N,
Dibella E, Gottliebson WM. Late gadolinium enhancement: precursor to
cardiomyopathy in Duchenne muscular dystrophy? Int J Cardiovasc
Imaging. 2009; 25:57–63.



Statile et al. Journal of Cardiovascular Magnetic Resonance 2013, 15:67 Page 8 of 8
http://jcmr-online.com/content/15/1/67
25. Finsterer J, Stollberger C, Feichtinger H. Noncompaction in Duchenne
muscular dystrophy: frustrated attempt to create a compensatory left
ventricle? Cardiology. 2006; 105:223–5.

26. Boyd MT, Seward JB, Tajik AJ, Edwards WD. Frequency and location of
prominent left ventricular trabeculations at autopsy in 474 normal
human hearts: implications for evaluation of mural thrombi by two-
dimensional echocardiography. J Am Coll Cardiol. 1987; 9:323–6.

27. Kohli SK, Pantazis AA, Shah JS, Adeyemi B, Jackson G, McKenna WJ, Sharma
S, Elliott PM. Diagnosis of left-ventricular non-compaction in patients
with left-ventricular systolic dysfunction: time for a reappraisal of
diagnostic criteria? Eur Heart J. 2008; 29:89–95.

28. Sandhu R, Finkelhor RS, Gunawardena DR, Bahler RC. Prevalence and
characteristics of left ventricular noncompaction in a community
hospital cohort of patients with systolic dysfunction. Echocardiography.
2008; 25:8–12.

29. Mazur W, Hor KN, Germann JT, Fleck RJ, Al-Khalidi HR, Wansapura JP, Chung
ES, Taylor MD, Jefferies JL, Woodrow Benson D, Gottliebson WM. Patterns
of left ventricular remodeling in patients with Duchenne Muscular
Dystrophy: a cardiac MRI study of ventricular geometry, global function,
and strain. Int J Cardiovasc Imaging. 2012; 28:99–107.

30. Silva MC, Meira ZM, Gurgel Giannetti J, da Silva MM, Campos AF, Barbosa
Mde M, Starling Filho GM, Ferreira Rde A, Zatz M, Rochitte CE. Myocardial
delayed enhancement by magnetic resonance imaging in patients with
muscular dystrophy. J Am Coll Cardiol. 2007; 49:1874–9.

doi:10.1186/1532-429X-15-67
Cite this article as: Statile et al.: Left ventricular noncompaction in
Duchenne muscular dystrophy. Journal of Cardiovascular Magnetic
Resonance 2013 15:67.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population
	Imaging protocols
	Global functional data
	LVNC assessment
	Pathologic correlation
	Statistical analysis

	Results
	Study population
	LVNC in DMD
	LGE assessment
	LVNC in DMD (Analysis of serial studies)
	Pathologic correlation
	Inter/Intra observer variability

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


