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Abstract

The ventricular walls of the human heart comprise an outer compact layer and an inner
trabecular layer. In the context of an increased pre-test probability, diagnosis left ven-
tricular noncompaction cardiomyopathy is given when the left ventricle is excessively
trabeculated in volume (trabecular vol >25% of total LV wall volume) or thickness
(trabecular/compact (T/C) >2.3). Here, we investigated whether higher spatial resolu-
tion affects the detection of trabeculation and thus the assessment of normal and
excessively trabeculated wall morphology. First, we screened left ventricles in 1112
post-natal autopsy hearts. We identified five excessively trabeculated hearts and this
low prevalence of excessive trabeculation is in agreement with pathology reports but
contrasts the prevalence of approximately 10% of the population found by in vivo
non-invasive imaging. Using macroscopy, histology and low- and high-resolution MRI,
the five excessively trabeculated hearts were compared with six normal hearts and
seven abnormally trabeculated and excessive trabeculation-negative hearts. Some
abnormally trabeculated hearts could be considered excessively trabeculated mac-
roscopically because of a trabecular outflow or an excessive number of trabecula-
tions, but they were excessive trabeculation-negative when assessed with MRI-based
measurements (T/C <2.3 and vol <25%). The number of detected trabeculations and
T/C ratio were positively correlated with higher spatial resolution. Using measure-
ments on high resolution MRI and with histological validation, we could not replicate
the correlation between trabeculations of the left and right ventricle that has been
previously reported. In conclusion, higher spatial resolution may affect the sensitivity
of diagnostic measurements and in addition could allow for novel measurements such
as counting of trabeculations.
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1 | INTRODUCTION

Trabeculations line the luminal side of the walls of the human
cardiac ventricles and compact wall comprises the epicardial
side (Greenbaum et al., 1981; Streeter Jr, 1979). Much attention
is given to trabeculations because they lead to the diagnosis of
noncompaction cardiomyopathy when they are excessive and
when there is a clinical suspicion or increased pre-test probability
(Arbustini et al., 2016; Jacquier et al., 2010; Petersen et al., 2018;
Thuny et al., 2010). Noncompaction is the hypothesized aetiol-
ogy defined as a failure of compaction (Chin et al., 1990), where
compaction itself is a process originally described in chicken
whereby embryonic trabeculation coalesce to become compact
wall (Rychterova, 1971). To date, however, no hard evidence exists
for compaction in human (Faber et al., 2021b). Instead, trabecu-
lations can be measured to grow throughout gestation (Blausen
et al., 1990; Faber et al., 2021a, 2021c) rather than exhibiting the
decrease in volume that would be expected if they coalesced into
compact wall (Faber et al., 2021b). In this study, therefore, we pre-
fer the term ‘excessive trabeculation’ as introduced by (Anderson
et al., 2017). It describes the setting of a few large trabeculations,
or hypertrabeculation (Finsterer et al., 2017), and, or, the setting
of a great number trabeculations, or so-called ‘noncompaction’,
while being neutral to the aetiology, or aetiologies, behind exces-
sive trabeculation (Anderson et al., 2017).

It was originally in post-mortem hearts that a setting of exces-
sive trabeculation was first described. The setting was considered
to be rare and characterized by a large amounts of tiny embryonic-
like trabeculations as revealed by histology (Finsterer & Zarrouk-
Mahjoub, 2013). Now, excessive trabeculation is diagnosed almost
exclusively on the basis of non-invasive imaging such as echocar-
diography and MRI (Amzulescu et al., 2015; Andreini et al., 2016;
Grigoratos et al., 2019; Taylor & Nutting, 2021; Towbin & Jefferies,
2017). Commonly used diagnostic criteria use measurements of
the relative thicknesses and masses of trabecular and compact lay-
ers (D'Silva & Jensen, 2020; Oechslin et al., 2000; Petersen et al.,
2005; Di Toro et al., 2021). Concomitantly, diagnosis has become
much more prevalent (D'Silva et al., 2020; Weir-McCall et al.,
2016). Images from echocardiography and MRI have a substantially
lower spatial resolution than microscopy of histological sections,
and changes in imaging resolution are thought to drive some of the
increase in prevalence (Hussein et al., 2015).

When structures have a size smaller than the lower limit of
the spatial resolution of the images they are assessed from, the
number and extent of such structures may be underestimated.
An example of this principle is the recent upward adjustment of
the measured number of trees (Brandt et al., 2020). The founda-
tional descriptions of excessively trabeculated ventricles showed
individual trabeculations, or trabeculae carneae, with a width of
a fraction of a millimeter (Burke et al., 2005; Dusek et al., 1975;
Feldt et al., 1969; Freedom et al., 2005; Grant & Regnier, 1926;
Ursell, 2013). Cardiac clinical MRI usually deploys a resolution of,
for example, 1.8 x 1.8 x 10mm (Xia et al., 2021). In the absence of
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direct comparisons, the relation between what non-invasive imag-
ing captures and what the pathologist sees macroscopically and
histologically remains unclear (Stollberger & Finsterer, 2021). In
addition, if compaction occurs, it is thought to reduce the number
of trabeculations, but these are too numerous be counted pre-
cisely by the unaided eye (Gerger et al., 2013). Counting of trabec-
ulations will then have to be done on images, but the number of
identifiable trabeculations may be limited by the spatial resolution.

The aim of this study was to test the hypothesis that spatial res-
olution impacts on the measurement of ventricular trabeculation. To
do so, we use post-mortem hearts to obtain transmural histology and
MR-based images with a resolution that exceeds that of usual clinical
non-invasive imaging investigations. We reasoned that any impact
of spatial resolution would be more readily discovered if the inves-
tigated hearts exhibited a broad range in the extent of trabecula-
tion. Thus, we first screened pathology archives for hearts that were
excessively or abnormally trabeculated and compared these with
hearts without abnormalities. Incidentally, this approach allowed for
an assessment of the prevalence of hearts that fulfill structural crite-
ria for excessive trabeculation. We hypothesize that a greater num-
ber of trabeculations may be detected when the left ventricular wall
is assessed at higher spatial resolutions. We also assess whether the
thickness of the trabecular layer relative to that of the compact layer
(T/C ratio) is dependent on spatial resolution. Wall ratios are rarely
measured for the right ventricle (RV) because the width of its com-
pact wall is at the limits of the spatial resolution of non-invasive im-
aging (Nucifora et al., 2014; Rao et al., 2020; Stollberger et al., 2015).
In this study we could measure the thickness of the RV compact wall
as well, and this enables us to test whether the mass and proportion
of trabecular muscle of the RV and of the LV are correlated.

2 | MATERIALS AND METHODS

Our study was retrospective and anonymized and therefore did not
require informed consent in compliance with institutional ethical
guidelines and the principles outlined in the Declaration of Helsinki.
The study design and work flow are illustrated in Figure 1. The data
that support the findings of this study are available from the corre-

sponding author upon reasonable request.

2.1 | Specimen archives and screening

The hearts were archived between 1972 and 1998, at a time when
there was little awareness of excessive trabeculation (D'Silva and
Jensen, 2020). A previous study on 474 autopsy hearts (Boyd et al.,
1987) showed no effect of sex and age on the prevalence of promi-
nent LV trabeculations. We therefore chose to screen the hearts
while blind to sex and age. Many specimens had no archived medical
history and we could not differentiate between excessive trabecu-
lation of genetic, pathological, physiological or sporadic origin (van
Waning et al., 2019). Our principal approach was to set aside hearts
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General pathology archive
Specimen code: SXX-XXXX
N=483

Gross morphological screening for
excessive trabeculation

Trabeculation suggesting
criteria positivity (N=21)

Trabecular and compact layer ratio
measured by ruler

T/C<2.3
N=17

N=4 N=8

High resolution MRI, 17-segment analysis, volume estimates & LV histology

Positive by one Abnormal but
criterion criteria negative
N=1 N=7

Trabeculation not suggesting
criteria positivity (N=1091)
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Cardiac pathology archive
Specimen code: TXX-XXXX
N=629

17-segment analysis

Area measures and Volume estimates
Trabeculation

Compact

Histology
Picro-sirius

N=6

Not abnormal
criteria negative

Wall measurements (MRI & Histology)
N=6

Final assessment (N=1112)

General pathology archive
Excessive trabeculated hearts: 1

Cardiac pathology archive
Excessive trabeculated hearts: 4

T/C
# Trabeculations

FIGURE 1 The selection of hearts for detailed investigation. T/C, trabecular layer thickness relative to the compact layer thickness

with LVs that were highly trabeculated and then investigate these
macroscopically, histologically and with MRI. These hearts were an-
alyzed by sequential segmental analysis for acquired and congenital
malformations (Anderson et al., 1984), the left ventricular wall was
assessed by the 17-segment model of the LV used for clinical imaging
(Cerqueira et al., 2002) (with ‘anterior’ substituted by the attitudinal
correct ‘superior’ (Partridge & Anderson, 2009)) and we used the
attitudinal appropriate nomenclature for structures and positions
(Anderson et al., 2013). Figure 2 shows a structurally normal heart
and gives an overview of the nomenclature for structures and posi-
tions used in this study (Anderson et al., 2013; Cerqueira et al., 2002;
Partridge & Anderson, 2009). It also illustrates that the trabecular
and compact layers are approximately equally thick when viewed
with the unaided eye and the T/C ratio is well below the threshold
for excessive trabeculation (T/C >2.3 (Petersen et al., 2005)).

The hearts were either from our in-house pathology depart-
ment (S-archive, coded as S(year)-(specimen number), N = 483) or
they were sent to our institution for assessment (T-archive, coded
as T(year)-(specimen number), N = 629). The only patient informa-
tion we could retrieve for all cases was year of dying (all within the
period of 1972 and 1998), age at death and sex. The cause of death
was not known for all cases. Regions with signs of myocardial infarc-
tion, including regional thinning of the wall and scarring, were dis-
regarded in the assessment of trabeculations and wall thicknesses.
The LVs were mostly exposed either by a series of short-axis slices
from the apex to approximately the mid-height of the ventricle, re-
sulting in 4-5 slices, or by a long-axis cut to the anterior wall and
the lateral wall. In most instances, the trabecular and compact layer
had an approximately similar thickness (Figure 2), and the thick-
nesses were not measured with a ruler. Only the hearts in which
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Compact : Compact

Basal 1. Superior 2. Superoseptal 3. Inferoseptal 4. Inferior 5. Inferolateral 6. Superolateral
Mid 7. Superior 8. Superoseptal 9. Inferoseptal  10. Inferior 11. Inferolateral 12. Superolateral
Apical 13. Superior 14. Septal 15. Inferior 16. Lateral 17. Apex

FIGURE 2 Normal anatomy of the left ventricle of the human heart in the attitudinal appropriate orientation. This heart was cut in so-
called 3 chamber-view, showing the right half on the top-left and the left half on the top-right. Note that almost the entire ventricular wall
has trabeculation, only the outflow tract has a smooth wall. There are fine trabeculation between the infero-septal papillary muscle and the
septal surface (left-hand image). A few trabeculations cross over from the anterior wall to the septal surface (see Crossing trabeculation).
The bottom images show the approximate manner of dividing the left ventricle into the 17 segments of the 17-segment model (compared
with the original nomenclature of the 17 segments (Cerqueira et al., 2002), ‘anterior’ has been substituted by the attitudinal correct
‘superior’ (Partridge & Anderson, 2009)). PA, pulmonary artery; RVOT, right ventricular outflow tract

the LV was perceived as having an abnormally high T/C value, in for overt acquired and congenital malformations (Anderson et al.,
that it presented with an excessive number of trabeculations or 1984). Hearts that were excessively trabeculated were investigated
with prominent trabeculation were set aside. These hearts were for evaluation of atherosclerotic coronary artery disease by making
then surveyed along the cut planes of the autopsy for maximum T/C multiple transverse cuts along the course of the main epicardial ar-

with a ruler and further analyzed by sequential segmental analysis teries (Basso et al., 2017).
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2.2 | Magnetic resonance imaging and
image analysis

For control hearts, we selected six hearts that were normal by ex-
ternal appearance and which had an unopened LV, and we were
therefore blind to the state of the LV trabeculation. Later, we found
their LV walls were well below the threshold values for excessive tra-
beculation and these hearts were then considered normal. As nega-
tive control hearts, we selected hearts with abnormally trabeculated
LVs that had T/C less than 2.3 when measured macroscopically (one
was later seen to meet threshold values for excessive trabeculation).
Finally, as true cases, we selected three hearts in which the LV had at
least one segment with a T/C greater than 2.3 when measured mac-
roscopically (these were all excessively trabeculated by MRI-based
measurements). One heart that was excessively trabeculated macro-
scopically (§96-232.0) and was not imaged with MRI because it could
not be re-assembled to anything close to the intact morphology due
to it being cut in thin slices and its highly pliable walls.

Before MRI, hearts were rinsed in running tap water for several days.
We reassembled the cut hearts to the best of our ability and wrapped
them in gauze before submerging them in individual buckets filled with
tap water. The hearts were scanned on a 3T Ingenia clinical MRI scan-
ner (Philips, Best, the Netherlands) using a standard 16-channel head
coil. A 3D T1-weighted gradient-echo sequence was used in order to
suppress the fluid for optimal myocardium/lumen contrast. Specific se-
quence parameters were: TR/TE = 5.7/2.4 ms, flip angle = 20 degrees,
resolution = 0.5 x 0.5 x 0.5 mm3, number of averages = 4, total scan
time = 12 min. After scanning, the hearts were transferred to preserva-
tive and tissue blocks were collected later for histology.

To orient the MRI-generated image stacks to the three conven-
tional planes (short-axis/transverse, 2 chamber-view, 4 chamber-view),
we used Amira (Ver. 6.5.0 or 2019.3, Thermo Fisher Scientific). Briefly,
the module ‘Volume rendering’ was used to get a preliminary 3D model
and we then used ‘Transform editor’ to rotate the rendered volume to
the three conventional planes. To save this transformation, we used
‘Resample Transformed Image’ (settings: Interpolation, Lanczos; Mode,
extended; Preserve, Voxel size). Next, we used the short-axis images
to identify images for the 17-segment model analyses. To divide the
LV into the basal, mid, and apical parts of the 17-segment model, we
identified landmark images containing the basal most part of the LV,
the tips of the papillary muscles, the base of the papillary muscles, and
the last part of the apex. The images for analyses of basal, mid, and api-

cal segments were then found midway between two landmark images.

2.3 | Histology

We cut from 16 hearts LV and RV transmural tissue blocks, and
from one heart we cut a trans-septal block from its abnormally tra-
beculated outflow tract (T74-385). The tissue blocks came from
hearts that were normal (five hearts), abnormally trabeculated but
not excessively trabeculated (six hearts) or excessively trabecu-
lated (five hearts). These samples were used to characterize the LV
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histologically, to count the number of trabeculation in that location,
and to measure T/C (in comparison to MRI, see below). The tissue
blocks were imbedded in paraplast, sectioned at 10 um thickness on
a microtome, and stained in saturated picro-sirius red solution fol-
lowed by 2 min differentiation in 0.01 M HCI (myocardium is orange,
collagen is red). Each histological section was imaged at a resolution
of 258 pixels/mm with approximately 10 photos per section which
were stitched to a single image (jpeg) in Photoshop CSé (ver. 13.0.1,
Adobe) using the ‘Photomerge’ function (settings: Layout, Auto).

2.4 | Statistical analyses

We used Chi-square to test whether there was a difference in the
prevalence of excessive trabeculation in the two archives. Short-
axis MRI images were analyzed in Amira (v6.5.0 or 2019.3, Thermo
Fisher Scientific) for the 17-segment analyses, to measure T/C, and to
measure the volume of trabecular and compact wall by the Cavalieri
principle (Gundersen et al., 1988), or Simpson's rule. A minimum of
10 equidistant images were used per heart. Papillary muscle and other
ventricular trabecular muscle develop from embryonic trabecular
muscle (Anderson et al., 2017; Miquerol et al., 2010) and given this
common origin we included papillary muscle in all measurements. A
left ventricular trabecular volume in excess of 25% of the total LV wall
was taken to indicate excessive trabeculation (Grothoff et al., 2012).
Intertrabecular recesses (Jacquier et al., 2010) were not included in
the trabecular area measurements. For statistical analyses, we lin-
early correlated the trabecular proportion of the LV wall to the T/C
per segment (except the apex, segment 17) using Pearson correlations
in which the threshold for significance was (Bonferroni) corrected
for the number of tests (significance at p < 0.05/16). Lastly, we used
images from histology, high-resolution MRI, and low-resolution MRI
to investigate whether spatial resolution affected the T/C and the
number of trabeculations that could be counted, using two-factor
(sample and spatial resolution) ANOVA in which p < 0.05 was con-
sidered to be statistically significant. Statistics were computed in
Excel (version 16.16.27). The low-resolution images were made to ap-
proximate the resolution of typical clinical imaging by resampling the
image stacks from the original resolution of 0.5 x 0.5 x 0.5 mm? to
1.5 x 1.5 x 8.0 mm® using the ‘Crop editor’ function in Amira. Images
were imported to ImageJ (v1.56, NIH) and we counted the number of
trabeculations along trajectories from epicardium to endocardium and

measured the thickness of the trabecular (NC) and compact wall (C).

3 | RESULTS

3.1 | Selection of hearts

We screened 1112 hearts in which the trabeculation of the entire
LV was assessed macroscopically, including an assessment of the
relative thicknesses of the trabecular and compact layer along all
cut surfaces. Very few of the screened hearts appeared excessively
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trabeculated and ultimately only five were found to be quantitatively
excessively trabeculated (see Figure 1 and below). Four of the five
excessively trabeculated hearts came from the T archive (N = 629),
one heart came from the S archive (N = 483), but the prevalence of
excessive trabeculation was not significantly different between the
two archives (p = 0.295). In addition to the five excessively trabecu-
lated hearts, we selected 13 hearts on the basis of their normally
(n = 7) or abnormally trabeculated (n = 6) appearance (Figure 1). The

18 hearts in total were analyzed in depth.

3.2 | Validation of distinction between
trabecular and compact myocardium

One diagnostic criterion used here is that excessive trabeculation can
be assigned if the labelled trabecular volume exceeds 25% of total LV
volume (Grothoff et al., 2012; Macaione et al., 2021). Therefore, we
first tested whether our labelling of trabecular and compact myocar-
dium on the basis of high-resolution MRI corresponded to the label-
ling based on histology. We deliberately selected transmural samples
with great variation in degree of trabeculation and complexity of ap-
pearance. Figures 3, 4 show that labellings on the basis of MRI and
histology were strongly and highly significantly correlated for both LV
and RV (LV, R? = 0.96, p < 0.001; RV, R? = 0.78, p < 0.001).

3.3 | Analysis of excessively trabeculated hearts

Of all hearts, the five excessively trabeculated hearts had
the greatest proportion of trabeculation which in every case
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exceeded 25% of total LV wall volume (Table 1). In addition, they
also had the greatest T/C ratios (Table 1). Two observers (HCER,
BJ) labelled the proportion of left ventricular trabecular muscle
and both found that the measured volume percentages were posi-
tively and highly significantly correlated (single factor ANOVA,
p < 0.001) and not different (single factor ANOVA, p = 0.769).
The anatomical findings and measurements of each case are sum-
marized in Table 2. Common to all five cases were male sex and
some degree of LV dilation. The outflow tract was not excessively
trabeculated as trabeculations were absent. We correlated the
percentage of LV trabecular volume to the T/C score of each seg-
ment (1-16, excluding the apex). Only the apical segments (13-
16) had a significant correlation (Bonferroni-corrected threshold,
p = 0.05/16), in agreement with the observation that excessive
trabeculation is most frequently found in the apical segments
(Petersen et al. 2018).

The LV of Case 1, from a 74-year-old male, was the most ex-
cessively trabeculated of all screened LVs (Figure 5). The T/C
was greater than 5 in three segments and the volume of the
trabeculations exceeded 40% of the total left ventricular wall.
Reconstructed ventricular lumens showed a dilated state of the
ventricles (Figure 6). On histology, the compact wall had multiple
small spots of scar tissue that never were transmural (Figure 5c).
Case 2 came from an 80-year-old male. The greatest T/C on MRI
was 5.2, which was confirmed on histology, and the trabecula-
tion volume comprised almost 30% of the total left ventricular
wall (Table 2, Figure 7a-c). Patches of fibrosis were found in the
compact wall and trabeculations, and the superior part of the sep-
tum had old scarring presumably caused by ischemia. Coronary
artery disease was evident from old occlusion of the anterior

(©)
LV trabeculation (%)
100
e
80 o
60 -~
g ey
= "
B 40 -~
T P
.\" R2=0.96
® % o =0.
20 «® P<0.001
0
0 20 40 60 80 100

MRI

FIGURE 3 Validation of left ventricle labelling on high-resolution MRI with histology (trabecular muscle in red, compact muscle in blue).
(a) Labelling of a normal left ventricular wall. (b) Labelling of a very excessively trabeculated left ventricular wall. (c) Significant correlation
of proportion of trabecular muscle on the basis of MRI and histology of 19 regions from 16 hearts
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FIGURE 4 Validation of right ventricle labelling on high-resolution MRI with histology (trabecular muscle in red, compact muscle in blue).
(a) Labelling of a normal right ventricular wall. (b) Labelling of a difficult right ventricular wall that has been perturbed by cuts from the
autopsy and by displacement of the wall. (c) Significant correlation of proportion of trabecular muscle on the basis of MRI and histology of

16 regions from 16 hearts

TABLE 1 Summary of MRI-based comparisons of normal hearts, hearts that were abnormally trabeculated but not excessively
trabeculated (Abnormal), and excessively trabeculated hearts (ET)

T/C>2

T/C>2.3

Trabecular volume >25%
Average T/C (Segments 1-16)
Summed T/C (Segments 1-16)

% LV trabecular volume

Normal (N = 6) Abnormal (N = 7)
0 3

0 0

0 1

0.57 (0.11) 0.66(0.16)

8.86 (1.65) 10.40 (2.61)

15.6 (1.7) 20.8 (3.2)

Note: p values are of one-way ANOVAs. Values in the last three rows are given as average (standard deviation).

TABLE 2 Key findings on the five excessively trabeculated hearts

Case

Age at death
Sex
Macroscopic assessment
Max T/C
Severe CAD
LV cavity
Trabecular OFT
MRI assessment
Max T/C
Segments with T/C >2.3
Trabecular volume (%)
Histology

Mural fibrosis

1
74

male

6,7
No
Dilated
No

8,5
7

40,9

Patchy

2
80

male

3,3
yes
mildly dilated

no
5,2
3

29,5

patchy

52

male

3
no
extremely dilated

no
no MRI
no MRI

no MRI

patchy

ET(N=4)
4
3
4
1.45(0.91)
21.92(13.82)
34.2(4.8)
4
43
male
<2,3
no
mildly dilated
no
8
3
32,5
extensive

p value

0.016
0.021
<0.001

5
31

male

3,3

no

dilated

no

<2,3

34

patchy
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FIGURE 5 Excessive trabeculation Case 1. (a-b) Heart T91-14080 with a dilated left (and right) ventricle, thin compact wall and
trabeculations that are extremely excessive in number and prominence, both at mid-height (a) and apically (b). The outflow tract is without
trabeculations (a). (c) Histology showing an extremely thin compact wall regionally and patchy fibrosis in the trabeculations

interventricular artery. The other excessively trabeculated hearts,
Cases 3-5, were less extreme than Cases 1-2 (Table 2). They had
at least one segment with T/C >2.3, either on MRI, macroscopy,
histology, or all three. In Case 3 (52-year-old male), the cardiac
mass was greater than 800 g at autopsy or approximately twice
the expected mass. The LV was extremely dilated, the compact
wall was thin, 0.4-0.5 cm, yielding a T/C of 2.5-3.0 at multiple lo-
cations (Figure 7d,e). Histology revealed substantial fibrosis in the
left ventricular wall (Figure 7f). Because this heart was not possi-
ble to reassemble, it was not imaged with MRI. Case 4 came from
a 43-year-old male and was first categorized as not excessively
trabeculated by macroscopic measurements but later considered
excessively trabeculated because of MRI-based measurements.
All T/C measurements were less than 2.3 macroscopically, but on
MRI three segments had T/C greater than 2.3 and the trabecular
volume comprised more than 25% of the LV wall volume (Table 2,
Figure 7g,h). There was extensive fibrosis of the compact wall, less
so in the trabeculations (Figure 7i). In Case 5 (31-year-old male),
the compact wall was measured macroscopically to be thin, 0.6-
0.8 cm, yielding T/Cs greater than 3 laterally (Table 2, Figure 7j k).
On MRI, no segments had T/C >2.3, but the trabecular layer com-
prised more than 25% of the LV wall, and this, together with the
macroscopically measured T/Cs, led us to consider this heart to
be excessively trabeculated. The compact wall had some fibrosis
(Figure 71).

3.4 | Abnormally trabeculated left ventricles in
diagnosis-negative hearts

We found several hearts that were abnormally trabeculated. The
cases most ambiguous regarding diagnosis of excessive trabecu-
lation are illustrated in Figures 8-10 and their measurements are
summarized in Table 1. The measurements of T/C and volume of
trabeculation relative to the total LV wall showed these hearts were
more trabeculated than normal hearts, but less excessive than the
excessively trabeculated hearts that fulfilled clinical diagnostic cri-
teria (Table 1). The case illustrated in Figure 8a was the most am-
biguous with regards to diagnosis. There were no overt signs of
coronary artery disease. A few large trabeculations crossed the
ventricular lumen (its peripheral part), which on echocardiography
may warrant diagnosis (Jenni et al., 2001). Their prominence yielded
T/C of 2 in segment 9 (MRI) and this measurement increased to 2.5
if we subtracted a layer of (likely) RV muscle from the septal com-
pact wall. The T/C was less than 2 in all other segments. Although
the trabecular layer volume comprised 25.9% of left ventricular wall
volume, we deemed this case not to be excessively trabeculated
because the compact wall was of normal thickness (Figure 8a). In
the second example (Figure 8b), a few small trabeculations crossed
from the anterior wall to the septal surface and these could likely
be considered prominent false tendons (Luetmer et al., 1986).

Histology revealed extensive fibrosis, both interstitial and patchy

FIGURE 6 Excessive trabeculation Case 1 compared with a normal heart. (a) MRI images of Case 1 from which all 17 segments were
assessed. Numbers in red indicate the segment number with a T/C greater than 2.3 (excessively trabeculated (Petersen et al., 2005)). (b)
Ventricular lumens cast in anterior view, showing a spongy appearance to the left ventricular lumen (LV) apically, laterally and basally. (c) MRI
images of a normal heart, no segments had a T/C greater than 2.3. (d) Ventricular lumens cast in anterior view, showing a less spongy left
ventricular lumen than in (b). Ao, aorta; LA, left atrium; My, mitral valve; RA, right atrium; RV, right ventricle; RVOT, right ventricular outflow
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FIGURE 7 Excessive trabeculation Cases 2-5. (a-c) Heart T76-5021 showing a dilated left ventricle (a), with a thin compact wall (b),
locally due to scarring. The trabeculations were very prominent relative to the thin compact wall, in part due to an excessive number of
trabeculations (b). The outflow tract was smooth (a). Fibrosis was patchy in the trabeculations and compact wall (c). (d-f) Case 3 (Heart S96-
232.0) showing an extremely dilated left ventricle (d) with a thin compact wall (d-e). The trabeculations were prominent relative to the thin
compact wall, but otherwise the trabecular layer was not thick, the number of trabeculations was not excessive and the outflow tract was
smooth (d-f). Fibrosis was more pronounced in the trabeculation than in the compact wall (f). (g-i) Case 4 (Heart T77-5129) showing a well-
developed compact wall in the ventricular base and a smooth outflow tract (g), whereas the ventricular wall in the apical region (h) showed
an excessive number of trabeculations and there was substantial fibrosis in the sub-endocardium of the trabeculations and in the compact
wall (i). Macroscopically and by histology, T/C was less than 2.3, but on MRI we found three segments to have T/C greater than 2.3. (j-I) Case
5 (Heart T76-5362) showing a dilated left ventricle (j) with a somewhat thin compact wall (j-k). The trabeculations were prominent relative
to the thin compact wall, but the number of trabeculations was not excessive and the outflow tract was smooth (j-k). Fibrosis was more

pronounced in the compact wall than in the trabeculation (l)
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FIGURE 8 Abnormally trabeculated hearts. (a) Left ventricle with thick trabeculations that span much of the cavity from the apical part
of the anterior wall to the outflow tract. (b) Short-axis slice of the left ventricle, approximately at mid-height of the ventricle, showing several
fine trabeculations (possibly false tendons) crossing the cavity from the anterior wall to the septal surface. On histology (b’), extensive
fibrosis was found in the LV wall and the crossing trabeculations contained substantial amounts of fat. (c) Short-axis slice of left ventricle
with deep clefts in luminal continuity with the left ventricular cavity within the compact ventricular septum and anterior wall (c’). epi,

epicardium; LV, left ventricle; RV, right ventricle

type, of the left ventricular wall and substantial fat in the crossing
trabeculations (Figure 8b’). Besides the crossing trabeculations, the
trabecular layer was not overtly abnormal, all 17 segments had a T/C
of less than 2.3, and the trabeculations comprised 17.3% of total
left ventricular wall. The third example is the only case we found
with clefts in the ventricular septum and compact wall, in segment
9 (Figure 8c). Endocardium lined the clefts and if they were consid-
ered intertrabecular recesses, T/C reached the threshold value of
2.3. The trabeculations, however, comprised less than 25% of the
left ventricular wall volume (21.3%). The fourth example was notable

for having trabeculations in the outflow tract, which could be an
expected outcome if compaction had failed, and that the trabecu-
lations were unusually even-sized (Figure 9). The trabeculations,
however, comprised 20.1% of total left ventricular wall and the high-
est T/C was only 1.3. Lastly, the LV shown in Figure 10 is remarkable
for its excessive network of fine trabeculation, which could be an
expected outcome if compaction had failed. However, the compact
wall was thick, the highest T/C was only 1.0, and the trabeculations
comprised 17.2% of left ventricular wall volume. The diminutive size
of the fine trabeculations appeared substantially below the spatial
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FIGURE 9 Left ventricle with unusual trabeculation. Left ventricle with numerous trabeculations in the outflow tract (indicated by arrows
in insert) and most trabeculations were unusually even-sized. IVS, interventricular septum

resolution of clinical MRI, and this suggested that clinical MRl may
underestimate the number of trabeculation.

3.5 | Number of trabeculations and T/C ratio

A visual comparison of histological sections against MRI suggested
the spatial resolution of MRI was not sufficient to discriminate in-
dividual trabeculations (Figure 11a,b). Next, on 12 left ventricular
transmural histological sections with very different degrees of tra-
beculation, we counted trabeculations along two trajectories per
sample from epicardium to the inner-most endocardium (Figure 11c).
The same measurements were performed on MRI with high and low
spatial resolution on the locations that the histological samples
were taken from (Figure 11c,d). Significantly more trabeculations
were detected at higher spatial resolutions (p < 0.001, Figure 11e),
indicating that the number of trabeculations will likely be underes-
timated if counted on images from clinical MRI. Measuring on the
same sections and along the same trajectories, we found that the
T/C was slightly but significantly larger at higher spatial resolu-
tions (p < 0.046, Figure 11f). This indicates that the compact layer

thickness may be slightly over-estimated if measured on images from
clinical MRI.

3.6 | The trabeculation of LV and
RV are not correlated

To test whether the extent of trabeculation of LV and RV was
correlated, we first measured absolute volumes of LV and RV tra-
becular and compact layers (Table 3). In addition, the mean total
ventricular tissue volume (approximately 200ml) and the ratio of
right ventricular tissue volume to left ventricular tissue volume
(approximately 0.4) were approximately normal (Dadgar et al.,
1979). Note that there is a relatively large variation in left ven-
tricular trabecular volume because of the inclusion of excessively
trabeculated hearts. For the multiple linear regression analysis, we
first tested with a Shapiro-Wilk test whether the distribution of
the dependent variable (LV trabecular volume (ml)) deviated from
normal and it did not (p = 0.346). We then correlated the volume
of LV trabeculation to the volumes of LV compact, RV compact and
RV trabeculation and found a significant correlation in the general
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FIGURE 10 Left ventricle with excessive trabeculation and thick compact wall. Left ventricle with an excessive number of fine
trabeculations together with a thick compact wall and a smooth outflow tract. The histology shown in Figure 11a comes from the region

indicated by the dashed box

model (adjusted R? = 0.343; p = 0.046). An effect of outliers was
not evident, as all standardized residuals were between -3 and
3 (range -1.02 to 2.67). The RV trabecular volume was not sig-
nificantly correlated to LV trabecular volume (p = 0.735), whereas
there was a significant correlation to RV compact volume (Table 3).
In addition, RV and LV trabecular volumes were also not signifi-
cantly correlated if the volumes were expressed relative to total
ventricular wall volume (Figure 12a). Since much of the variation
in LV trabecular volume came from the excessively trabeculated
hearts, we tested whether the LV trabecular proportion (%) was
correlated to total ventricular volume and RV/LV ratio, and we
found non-significant correlations in both instances (Figure 12b,c).
Thus, the excessively trabeculated hearts were not abnormal in
total size nor in the size of their RV.

4 | DISCUSSION

We find higher spatial resolution impacts on the number of detect-
able trabeculations and on measurements of layer ratios such as T/C

that are used to diagnose excessive trabeculation. This suggests that
reported prevalence ranges of excessive trabeculation may be con-
founded by the historical and ongoing improvements of the spatial
resolution of non-invasive imaging. Our findings also suggest that
improvements in spatial resolution may offer opportunities, such as

the counting of trabeculations.

4.1 | Prevalence of left ventricular excessive
trabeculation

To find excessively trabeculated LVs, we screened 1112 autopsy
hearts from two archives that are likely to be enriched in pathol-
ogies. Yet we identified five excessive trabeculated hearts only.
Such low prevalence is consistent with previous pathology-based
investigations in which excessive trabeculation is considered rare
(Burke et al., 2005; Dusek et al., 1975; Feldt et al., 1969; Finsterer
& Zarrouk-Mahjoub, 2013; Freedom et al., 2005; Grant & Regnier,
1926; Ursell, 2013). It is in contrast, however, to the prevalence
based on non-invasive imaging which is more than an order of
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FIGURE 11 Left ventricular wall morphometrics. (a) Transmural histology of the LV wall of the heart shown in Figure 10, showing
numerous fine trabeculations. (b) High resolution MRI (0.5 x 0.5 x 0.5 mm) of the same region as shown in (a), showing individual

trabeculations are blurred together. (c) High-resolution MRI short-axis view of heart T76-5362, onto which the histological section of Figure
71 has been placed in the position it was taken from. The white lines indicate the two trajectories along which the number of trabeculations
was counted and T/C was measured. (d) Short-axis image from the same position as shown in C from the image stack that was resampled to
low spatial resolution (1.5 x 1.5 x 8 mm). (€) The number of detected trabeculations increased significantly with greater spatial resolution
(two-factor ANOVA). (f) A significantly greater T/C was measured with greater spatial resolution (two-factor ANOVA). The red line indicates
the threshold value (2.3) for excessive trabeculation by the criterion of (Petersen et al., 2005). The graphs of (e) and (f) are based on histology

of 12 tissue samples from 11 hearts and the corresponding MRIs. On each image (N = 12), we measured along two distinct transmural

trajectories yielding a total of 24 samples

magnitude greater, or approximately 10% (lvanov et al., 2017;
Kawel et al., 2012; Weir-McCall et al., 2016; Zemrak et al., 2014).
This suggests that pathology assessments do not assign diagnosis-
positivity to most hearts that are excessively trabeculated when
in vivo non-invasive imaging is used. This is unfortunate because
pathology assessments impart validity to clinical diagnoses, in par-
ticular in cases of sudden cardiac death (Oechslin & Jenni, 2018).
Compared with non-invasive imaging, pathology assessments may

have a reduced sensitivity in detecting excessive trabeculation be-
cause of several factors, such as variation in the planes of imaging
or sectioning and a greater variation in the state of contraction
(Gerger et al., 2013). At least in systole on clinical MRI, much of the
trabecular layer changes in appearance to resemble compact wall
(Grothoff et al., 2012). Whether these are the causal factors that
could better be assessed by comparisons of hearts that were first
assessed in vivo and then investigated post-mortem by pathology
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TABLE 3 Tissue volumes of the hearts that were investigated with MRI

Average STD
LV trabeculation (ml) 35.3 14.1
LV compact (ml) 107.3 304
RV trabeculation (ml) 25.2 6.5
RV compact (ml) 31.3 8.0
Ventricles (ml) 199.1 44.6
RV/LV 0.41 0.11

St. beta, standardized beta coefficient; STD, standard deviation.
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FIGURE 12 The proportion of trabeculation is not correlated between the ventricles. (a) The proportion of trabecular muscle in the left
and right ventricle was not significantly correlated, despite a wide range of left ventricular trabeculation from normal (left-hand image) to
noncompacted (right-hand image). (b-c) The proportion of left trabecular muscle was not correlated to total volume of the ventricles (b) or

the relative volume of the RV to the LV (c)

assessments including ex vivo MRI assessments such as those per-
formed here.

Left ventricles such as the ones shown in Figures 9-10 are highly
ambiguous with regards to diagnosis of excessive trabeculation. On
the one hand, they are clearly not diagnosis-positive, because the
trabeculations comprise less than 25% of the LV wall and there is
a well-developed compact wall (T/C was less than 1.5 in segments
1-16 in both hearts). On the other hand, they are clearly excessively
trabeculated because of either a highly trabecular outflow tract

(Figure 9) or an excessive number of trabeculations (Figure 10). If a
process of compaction reduces the number of trabeculations, includ-
ing changing the ventricular septal crest from trabecular to compact,
then these hearts can be considered ‘noncompacted’. Compaction
and hence noncompaction, however, may only have a very limited
role in determining the final proportion of trabecular to compact
wall in human compared with differential growth rates of the trabec-
ular and compact layer (Faber et al., 2021a). Also, genetically mod-
ified mice show that trabeculation can become so excessive that it
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vastly exceeds any normal stage (Rhee et al., 2018; Sandireddy et al.,
2019) and the excessiveness of the trabeculation therefore cannot

be explained by failed compaction alone.

4.2 | Impact of spatial resolution

Pathology assessments of trabeculation in post-mortem hearts may
reveal features that are not easily captured by non-invasive imag-
ing of hearts in vivo. Trabeculation may be excessive in number by
macroscopic inspection, even if they are difficult to count precisely
(Gerger et al., 2013), and we show that greater spatial resolution in
the range from clinical-like MRI to histology yields a greater num-
ber of detected trabeculations. Since a greater-than-normal number
of trabeculations must be a predicted outcome if ‘compaction’ has
failed, the counting of trabeculations may be important to estab-
lish the aetiology of excessive trabeculation. Trabeculations can be
found in parts that are normally not trabeculated such as the left
ventricular outflow tract, although, surprisingly, the occurrence of
outflow tract trabeculation appears to be independent of the set-
ting of excessive trabeculation (Jacquier et al., 2010; Petersen et al.,
2018; Stollberger & Finsterer, 2019; Thuny et al., 2010). Histology
can reveal the fine spatial distribution of fibrosis, and our histology
is in agreement with previous reports (Burke et al., 2005; Freedom
et al., 2005; Jenni et al., 2001; Ursell, 2013) showing that fibrosis in
excessively trabeculated ventricles is highly variable with no obvi-
ously distinctive patterns across cases. Also, histology allows for
precise measurements of trabecular size. Size of the trabeculations
is important in so far, it allows for the categorization of the trabecu-
lations as being adult-like (large) or embryonic-like (less than 50um
wide and avascular), the latter of which would be expected if exces-
sive trabeculation is the persistence of the embryonic ventricular
design (Angelini et al., 1999; Freedom et al., 2005; Oechslin & Jenni,
2011). Although a great number of embryonically sized trabecula-
tions have been reported in a few cases (Dusek et al., 1975; Steiner
et al., 1996), we show here in agreement with previous studies
(Angelini et al., 1999; Burke et al., 2005; Chin et al., 1990; Freedom
et al., 2005; Jenni et al., 2001; Ursell, 2013; Val-Bernal et al., 2010)
that the trabeculations in most excessively trabeculated ventri-
cles are much greater than embryonic trabeculations. We suggest,
therefore, that these trabeculations should be considered distinct
from the embryonic trabeculations (Jensen et al., 2016, 2017). In
addition, such distinction should be made on the basis of histol-
ogy and not with current clinical MRI due to insufficient spatial

resolution.

4.3 | Correlations of left and right ventricular
trabeculation

Data from heart development show substantial similarity in the
trabeculation of the LV and RV. Trabecular formation begins in the
embryo in the early stages of chamber development under the

RIEKERK ET AL.

influence of growth factors from the endocardium and transcrip-
tion factors that are broadly expressed in the myocardium (Del
Monte-Nieto et al., 2018; Rhee et al., 2018; Sedmera et al., 2000;
Sizarov et al., 2011; Stennard et al., 2003; Wilsbacher & McNally,
2016). Accordingly, trabecular volumes of both ventricles undergo
a pronounced increase and they are therefore positively correlated
in this period (Blausen et al., 1990; Faber et al., 2021b). Important
developmental processes impact differently on the two ventri-
cles, however. The LV derives from the linear heart tube and first
heart field, whereas the RV is derived from the embryonic outflow
tract and second heart field (Dyer & Kirby, 2009; Kelly et al., 2014).
Trabeculation initiates later in the RV, and right ventricular trabecu-
lations undergo greater thickening (Blausen et al., 1990; Crick et al.,
1998; Faber et al., 2021b; Wenink, 1992). In addition, it has been
shown that left ventricular trabeculation can grow such that infants
become excessively trabeculated after birth (Stollberger et al., 2015)
and women can become excessively trabeculated during pregnancy
(Gati et al., 2014). In our assessment, the data on development of
trabeculations do not indicate whether left and right ventricular tra-
beculation of the adult heart are correlated and our data suggest
they are not.

To the best of our knowledge, only one previous study com-
pared trabeculation of the two ventricles of normal adult hearts
using in vivo imaging, and a moderate correlation (R? = 0.21) was
found (Andre et al., 2015). Trabeculations in that study were mea-
sured as the area occupied by the trabeculations together with
the intertrabecular recesses and trabeculations measured such
has been used to diagnose excessive trabeculation (Jacquier et al.,
2010). Later studies, however, have shown there is a greater sen-
sitivity in detecting excessive trabeculation that associates with
adverse outcomes when the intertrabecular recesses are excluded
and only the trabeculations are measured (Grothoff et al., 2012;
Macaione et al., 2021). In contrast to Andre et al. (2015), we did
not find the left and right ventricular trabeculation to be correlated
and we measured the volume of trabeculations only. In patient
populations of excessive LV trabeculation, excessive trabeculation
of the RV does occur, but it is much more frequent that only the LV
is excessively trabeculated (Burke et al., 2005; Ichida et al., 1999;
Nucifora et al., 2014). In excessive trabeculation of the RV, it is
less clear how often the LV is excessively trabeculated, but cases
of isolated excessive trabeculation of the RV do occur (Fazio et al.,
2010; llyas et al., 2013; Montanarella et al., 2021). Such observa-
tions are consistent with at least some degree of independence be-
tween the LV and RV in the establishment of the final proportions
of trabeculations.

5 | CONCLUSION

Greater spatial resolution improves the detection of ventricular tra-
beculation of the human heart and this is most clearly seen in the
number of counted trabeculations. One implication is that spatial
resolution may affect the sensitivity of diagnostic measurements
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of excessive trabeculation. Improved imaging could allow for novel
measurements such as counting of trabeculations, which is currently

not possible in the clinic.

ACKNOWLEDGEMENTS

Megan Vos provided excellent assistance with histology. SEP ac-
knowledges support from the National Institute for Health Research
(NIHR) Cardiovascular Biomedical Research Centre at Barts. VMC
received funding from Netherlands Heart Foundation OUTREACH.

AUTHOR CONTRIBUTIONS

Conceptualization of the study was by BJ; acquisition of data was
by HCE, BFC, GS, ACvdWal and BJ; data analysis and interpretation
were HCE and BJ; drafting of the manuscript was by HCE, BFC and
BJ; critical revision of the manuscript was by SEP, MNS, R-JO, VMC
and BJ.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID
Roelof-Jan Oostra "= https://orcid.org/0000-0002-2452-8307

Bjarke Jensen " https://orcid.org/0000-0002-7750-8035

REFERENCES

Amzulescu, M.S., Rousseau, M.F., Ahn, S.A., Boileau, L., De Meester De,
R.C., Vancraeynest, D. et al.(2015) Prognostic impact of hypertra-
beculation and noncompaction phenotype in dilated cardiomyopa-
thy: a CMR study. JACC.Cardiovascular Imaging, 8, 934-946.

Anderson, R.H., Becker, A.E., Freedom, R.M., Macartney, F.J., Quero-
Jimenez, M., Shinebourne, E.A. et al. (1984) Sequential segmen-
tal analysis of congenital heart disease. Pediatric Cardiology, 5,
281-287.

Anderson, R.H., Jensen, B., Mohun, T.J., Petersen, S.E., Aung, N., Zemrak,
F. et al. (2017) Key Questions relating to left ventricular noncom-
paction cardiomyopathy: is the emperor still wearing any clothes?
Canadian Journal of Cardiology, 33, 747-757.

Anderson, R.H., Spicer, D.E., Hlavacek, A.J., Hill, A. & Loukas, M. (2013)
Describing the cardiac components-attitudinally appropriate no-
menclature. Journal of Cardiovascular Translational Research, 6,
118-123.

Andre, F., Burger, A., Lossnitzer, D., Buss, S.J., Abdel-Aty, H., Gianntisis,
E. et al. (2015) Reference values for left and right ventricular tra-
beculation and non-compacted myocardium. International Journal
of Cardiology, 185, 240-247.

Andreini, D., Pontone, G., Bogaert, J., Roghi, A., Barison, A., Schwitter, J.
et al. (2016) Long-term prognostic value of cardiac magnetic reso-
nance in left ventricle noncompaction: a prospective multicenter
study. Journal of the American College of Cardiology, 68, 2166-2181.

Angelini, A., Melacini, P., Barbero, F. & Thiene, G. (1999) Evolutionary
persistence of spongy myocardium in humans. Circulation, 99, 2475.

Arbustini, E., Favalli, V., Narula, N., Serio, A. & Grasso, M. (2016) Left ven-
tricular noncompaction: a distinct genetic cardiomyopathy? Journal
of the American College of Cardiology, 68, 949-966.

Basso, C., Aguilera, B., Banner, J., Cohle, S., dAmati, G., de Gouveia,
R.H. et al. (2017) Guidelines for autopsy investigation of sudden
cardiac death: 2017 update from the Association for European
Cardiovascular Pathology. Virchows Archiv, 471, 691-705.

T AN T MG, wiLey-L”

Blausen, B.E., Johannes, R.S. & Hutchins, G.M. (1990) Computer-based
reconstructions of the cardiac ventricles of human embryos.
American Journal of Cardiovascular Pathology, 3, 37-43.

Boyd, M.T., Seward, J.B., Tajik, A.J. & Edwards, W.D. (1987) Frequency
and location of prominent left-ventricular trabeculations at au-
topsy in 474 normal human hearts - implications for evaluation of
mural thrombi by two-dimensional echocardiography. Journal of the
American College of Cardiology, 9, 323-326.

Brandt, M., Tucker, C.J.,, Kariryaa, A., Rasmussen, K., Abel, C., Small,
J. et al. (2020) An unexpectedly large count of trees in the West
African Sahara and Sahel. Nature, 587, 78-82.

Burke, A., Mont, E., Kutys, R. & Virmani, R. (2005) Left ventricular non-
compaction: a pathological study of 14 cases. Human Pathology, 36,
403-411.

Cerqueira, M.D., Weissman, N.J., Dilsizian, V., Jacobs, A.K., Kaul, S.,
Laskey, W.K. et al. (2002) Standardized myocardial segmenta-
tion and nomenclature for tomographic imaging of the heart. A
statement for healthcare professionals from the Cardiac Imaging
Committee of the Council on Clinical Cardiology of the American
Heart Association. Circulation, 105, 539-542.

Chin, T.K., Perloff, J.K., Williams, R.G., Jue, K. & Mohrmann, R. (1990)
Isolated noncompaction of left ventricular myocardium. A Study of
Eight Cases. Circulation, 82, 507-513.

Crick, S.J., Sheppard, M.N., Ho, S.Y., Gebstein, L. & Anderson, R.H. (1998)
Anatomy of the pig heart: comparisons with normal human cardiac
structure. Journal of Anatomy, 193(Pt 1), 105-119.

Dadgar, S.K., Tyagi, S.P., Singh, R.P. & Hameed, S. (1979) Factors influ-
encing the normal heart weight-a study of 140 hearts. Japanese
Circulation Journal, 43, 77-82.

Del Monte-Nieto, G., Ramialison, M., Adam, A.A.S., Wu, B., Aharonov, A.,
D'Uva, G. et al. (2018) Control of cardiac jelly dynamics by NOTCH1
and NRG1 defines the building plan for trabeculation. Nature, 557,
439-445,

di Toro, A., Urtis, M., Giuliani, L., Pizzoccheri, R., Aliberti, F., Smirnova, A.
et al. (2021) Spectrum of phenotype of ventricular noncompaction
in adults. Progress in Pediatric Cardiology, 101416.

D'Silva, A., Captur, G., Bhuva, A.N., Jones, S., Bastiaenen, R., Abdel-Gadir,
A. et al. (2020) Recreational marathon running does not cause
exercise-induced left ventricular hypertrabeculation. International
Journal of Cardiology, 315, 67-71.

D'Silva, A. & Jensen, B. (2020) Left ventricular non-compaction cardiomy-
opathy: how many needles in the haystack? Heart, 107, 1344-1352.

Dusek, J., Ostadal, B. & Duskova, M. (1975) Postnatal persistence of
spongy myocardium with embryonic blood supply. Archives of
Pathology, 99, 312-317.

Dyer, L.A. & Kirby, M.L. (2009) The role of secondary heart field in car-
diac development. Developmental Biology, 336, 137-144.

Faber, JW., D'Silva, A., Christoffels, V.M. & Jensen, B. (2021) Lack of
morphometric evidence for ventricular compaction in humans.
Journal of Cardiology.

Faber, JW., Hagoort, J., Moorman, A.F.M., Christoffels, V.M. & Jensen,
B. (2021) Quantified growth of the human embryonic heart. Biology
Open, 10.

Faber, J., Wust, R., Dierx, |., Hummelink, J., Kuster, D., Nollet, E. et al.
(2021) Differential growth rates, rather than compaction, determine
left ventricular wall formation. In Review preprint server. Research
Square. https://doi.org/10.21203/rs.3.rs-608669/v1

Fazio, G., Lunetta, M., Grassedonio, E., Gullotti, A., Ferro, G., Bacarella,
D. et al. (2010) Noncompaction of the right ventricle. Pediatric
Cardiology, 31, 576-578.

Feldt, R.H., Rahimtoola, S.H., Davis, G.D., Swan, H.J. & Titus, J.L. (1969)
Anomalous ventricular myocardial patterns in a child with complex
congenital heart disease. American Journal of Cardiology, 23,732-734.

Finsterer, J., Stollberger, C. & Towbin, J.A. (2017) Left ventricular non-
compaction cardiomyopathy: cardiac, neuromuscular, and genetic
factors. Nature Reviews Cardiology, 14, 224-237.


https://orcid.org/0000-0002-2452-8307
https://orcid.org/0000-0002-2452-8307
https://orcid.org/0000-0002-7750-8035
https://orcid.org/0000-0002-7750-8035
https://doi.org/10.21203/rs.3.rs-608669/v1

Ly ey ANATQMICA! TS

Finsterer, J. & Zarrouk-Mahjoub, S. (2013). Grant et al. 1926 did not pro-
vide the first description of left ventricular hypertrabeculation/
noncompaction. International Journal of Cardiology, 169, e51-e52.

Freedom, R.M., Yoo, S.J., Perrin, D., Taylor, G., Petersen, S. & Anderson,
R.H. (2005) The morphological spectrum of ventricular noncom-
paction. Cardiology in the Young, 15, 345-364.

Gati, S., Papadakis, M., Papamichael, N.D., Zaidi, A., Sheikh, N., Reed, M.
et al. (2014) Reversible de novo left ventricular trabeculations in
pregnant women: implications for the diagnosis of left ventricular
noncompaction in low-risk populations. Circulation, 130, 475-483.

Gerger, D., Stollberger, C., Grassberger, M., Gerecke, B., Andresen, H.,
Engberding, R. et al. (2013) Pathomorphologic findings in left ven-
tricular hypertrabeculation/noncompaction of adults in relation to
neuromuscular disorders. International Journal of Cardiology, 169,
249-253.

Grant, R.T. & Regnier, M. (1926) The comparative anatomy of the cardiac
coronary vessles. Heart, 13, 285-317.

Greenbaum, R.A., Ho, S.Y., Gibson, D.G., Becker, A.E. & Anderson, R.H.
(1981) Left ventricular fibre architecture in man. British Heart
Journal, 45, 248-263.

Grigoratos, C., Barison, A., lvanov, A., Andreini, D., Amzulescu, M.S,
Mazurkiewicz, L. et al. (2019) Meta-analysis of the prognostic role
of late gadolinium enhancement and global systolic impairment in
left ventricular noncompaction. JACC: Cardiovascular Imaging, 12,
2141-2151.

Grothoff, M., Pachowsky, M., Hoffmann, J., Posch, M., Klaassen, S.,
Lehmkuhl, L. et al. (2012) Value of cardiovascular MR in diagnosing
left ventricular non-compaction cardiomyopathy and in discrim-
inating between other cardiomyopathies. European Radiology, 22,
2699-2709.

Gundersen, H.J., Bendtsen, T.F., Korbo, L., Marcussen, N., Moller, A.,
Nielsen, K. et al. (1988) Some new, simple and efficient stereolog-
ical methods and their use in pathological research and diagnosis.
APMIS, 96, 379-394.

Hussein, A., Karimianpour, A., Collier, P. & Krasuski, R.A. (2015) Isolated
noncompaction of the left ventricle in adults. Journal of the American
College of Cardiology, 66, 578-585.

Ichida, F., Hamamichi, Y., Miyawaki, T., Ono, Y., Kamiya, T., Akagi, T. et al.
(1999) Clinical features of isolated noncompaction of the ventric-
ular myocardium: long-term clinical course, hemodynamic prop-
erties, and genetic background. Journal of the American College of
Cardiology, 34, 233-240.

llyas, S., Ganote, C., Lajoie, D., Robertson, J. & Cline-Parhamovich, K.
(2013) Sudden death and isolated right ventricular noncompac-
tion cardiomyopathy: report of 2 autopsied adult cases. American
Journal of Forensic Medicine and Pathology, 34, 225-227.

Ivanov, A., Dabiesingh, D.S., Bhumireddy, G.P., Mohamed, A., Asfour, A.,
Briggs, W.M. et al. (2017) Prevalence and prognostic significance
of left ventricular noncompaction in patients referred for cardiac
magnetic resonance imaging. Circulation: Cardiovascular Imaging,
10.

Jacquier, A., Thuny, F., Jop, B., Giorgi, R., Cohen, F., Gaubert, J.Y. et al.
(2010) Measurement of trabeculated left ventricular mass using
cardiac magnetic resonance imaging in the diagnosis of left ven-
tricular non-compaction. European Heart Journal, 31, 1098-1104.

Jenni, R., Oechslin, E., Schneider, J., Attenhofer, J.C. & Kaufmann, P.A.
(2001) Echocardiographic and pathoanatomical characteristics of
isolated left ventricular non-compaction: a step towards classifica-
tion as a distinct cardiomyopathy. Heart, 86, 666-671.

Jensen, B., Agger, P., de Boer, B.A,, Oostra, R.J., Pedersen, M., van der
Wal, A.C. et al. (2016) The hypertrabeculated (noncompacted) left
ventricle is different from the ventricle of embryos and ectothermic
vertebrates. Biochimica et Biophysica Acta, 1863, 1696-1706.

Jensen, B., van der Wal, A.C., Moorman, A.F.M. & Christoffels, V.M.
(2017) Excessive trabeculations in noncompaction do not have

RIEKERK ET AL.

the embryonic identity. International Journal of Cardiology, 227,
325-330.

Kawel, N., Nacif, M., Arai, A.E., Gomes, A.S., Hundley, W.G., Johnson,
W.C. et al. (2012) Trabeculated (noncompacted) and compact
myocardium in adults: the multi-ethnic study of atherosclerosis.
Circulation: Cardiovascular Imaging, 5, 357-366.

Kelly, R.G., Buckingham, M.E. & Moorman, A.F. (2014) Heart fields and
cardiac morphogenesis. Cold Spring Harbor Perspectives in Biology, 4.

Luetmer, P.H., Edwards, W.D., Seward, J.B. & Tajik, A.J. (1986) Incidence
and distribution of left ventricular false tendons: an autopsy study
of 483 normal human hearts. Journal of the American College of
Cardiology, 8, 179-183.

Macaione, F., Meloni, A., Positano, V., Barison, A., Todiere, G., Pistoia,
L. et al. (2021) The prognostic role of CMR using global planimet-
ric criteria in patients with excessive left ventricular trabeculation.
European Radiology.

Miquerol, L., Moreno-Rascon, N., Beyer, S., Dupays, L., Meilhac, S.M.,
Buckingham, M.E. et al. (2010) Biphasic development of the mam-
malian ventricular conduction system. Circulation Research, 107,
153-161.

Montanarella, M., Szames, D. & Gopireddy, D. (2021) Use of cardiac MRI
in the diagnosis of rare right ventricular noncompaction. Cureus, 13,
e14601.

Nucifora, G., Aquaro, G.D., Masci, P.G., Pingitore, A. & Lombardi, M.
(2014) Magnetic resonance assessment of prevalence and cor-
relates of right ventricular abnormalities in isolated left ventricular
noncompaction. American Journal of Cardiology, 113, 142-146.

Oechslin, E.N., Attenhofer Jost, C.H., Rojas, J.R., Kaufmann, P.A. & Jenni,
R. (2000) Long-term follow-up of 34 adults with isolated left ven-
tricular noncompaction: a distinct cardiomyopathy with poor prog-
nosis. Journal of the American College of Cardiology, 36, 493-500.

Oechslin, E. & Jenni, R. (2011) Left ventricular non-compaction revisited:
a distinct phenotype with genetic heterogeneity? European Heart
Journal, 32, 1446-1456.

Oechslin, E. & Jenni, R. (2018) Left ventricular noncompaction: from
physiologic remodeling to noncompaction cardiomyopathy. Journal
of the American College of Cardiology, 71, 723-726.

Partridge, J.B. & Anderson, R.H. (2009) Left ventricular anatomy: its no-
menclature, segmentation, and planes of imaging. Clinical Anatomy,
22,77-84.

Petersen, S., Almeida, A.G., Angelini, A. & Han, Y. (2018) Non-compaction
or excessive trabeculation cardiomyopathy. The EACVI Textbook of
Cardiovascular Magnetic Resonance.

Petersen, S.E., Selvanayagam, J.B., Wiesmann, F., Robson, M.D., Francis,
J.M., Anderson, R.H. et al. (2005) Left ventricular non-compaction:
insights from cardiovascular magnetic resonance imaging. Journal
of the American College of Cardiology, 46, 101-105.

Rao, K., Bhaskaran, A., Choudhary, P. & Tan, T.C. (2020) The role of mul-
timodality imaging in the diagnosis of left ventricular noncompac-
tion. European Journal of Clinical Investigation, 50, e13254.

Rhee, S., Chung, J.I., King, D.A., D'Amato, G., Paik, D.T., Duan, A. et al.
(2018) Endothelial deletion of Ino80 disrupts coronary angiogen-
esis and causes congenital heart disease. Nature Communications,
9, 368.

Rychterova, V. (1971) Principle of growth in thickness of the heart ven-
tricular wall in the chick embryo. Folia Morphologica (Praha), 19,
262-272.

Sandireddy, R., Cibi, D.M., Gupta, P., Singh, A., Tee, N., Uemura, A. et al.
(2019) Semaphorin 3E/PlexinD1 signaling is required for cardiac
ventricular compaction. JCl Insight, 4.

Sedmera, D., Pexieder, T., Vuillemin, M., Thompson, R.P. & Anderson, R.H.
(2000) Developmental patterning of the myocardium. Anatomical
Record, 258, 319-337.

Sizarov, A., Ya, J., de Boer, B.A., Lamers, W.H., Christoffels, V.M. &
Moorman, A.F. (2011) Formation of the building plan of the human



RIEKERK ET AL.

heart: morphogenesis, growth, and differentiation. Circulation, 123,
1125-1135.

Steiner, ., Hrubecky, J., Pleskot, J. & Kokstejn, Z. (1996) Persistence
of spongy myocardium with embryonic blood supply in an adult.
Cardiovascular Pathology, 5, 47-53.

Stennard, F.A., Costa, M.\W,, Elliott, D.A., Rankin, S., Haast, S.J., Lai, D.
et al. (2003) Cardiac T-box factor Tbx20 directly interacts with
Nkx2-5, GATA4, and GATAS in regulation of gene expression in the
developing heart. Developmental Biology, 262, 206-224.

Stollberger, C. & Finsterer, J. (2019) Understanding left ventricular hy-
pertrabeculation/noncompaction: pathomorphologic findings and
prognostic impact of neuromuscular comorbidities. Expert Review
of Cardiovascular Therapy, 17, 95-109.

Stollberger, C. & Finsterer, J. (2021) Correlation between pathoanatomic
findings, imaging modalities, and genetic findings in patients with
left ventricular hypertrabeculation/noncompaction. Expert Review
of Cardiovascular Therapy, 1-12.

Stollberger, C., Wegner, C. & Finsterer, J. (2015) Fetal ventricular hy-
pertrabeculation/noncompaction: clinical presentation, genetics,
associated cardiac and extracardiac abnormalities and outcome.
Pediatric Cardiology, 36(7), 1319-1326.

Streeter Jr, D.D. (1979) Gross morphology and fiber geometry of the
heart. Handbook of Physiology. American Physiology Society.

Taylor, C. & Nutting, A. (2021) Imaging in ventricular noncompaction.
Progress in Pediatric Cardiology, 101414.

Thuny, F., Jacquier, A., Jop, B., Giorgi, R., Gaubert, J.Y., Bartoli, J.M. et al.
(2010) Assessment of left ventricular non-compaction in adults: side-
by-side comparison of cardiac magnetic resonance imaging with
echocardiography. Archives of Cardiovascular Diseases, 103, 150-159.

Towbin, J.A. & Jefferies, J.L. (2017) Cardiomyopathies due to left ven-
tricular noncompaction, mitochondrial and storage diseases, and
inborn errors of metabolism. Circulation Research, 121, 838-854.

Ursell, P.C. (2013) Noncompaction in the fetus and neonate: an autopsy
study. American Journal of Medical Genetics Part C-Seminars in
Medical Genetics, 163, 169-177.

Val-Bernal, J.F., Garijo, M.F., Rodriguez-Villar, D. & Val, D. (2010) Non-
compaction of the ventricular myocardium: a cardiomyopathy in

T AN T QMIGA witey-L”

search of a pathoanatomical definition. Histology and Histopathology,
25,495-503.

van Waning, J.I., Caliskan, K., Michels, M., Schinkel, A.F.L., Hirsch, A.,
Dalinghaus, M. et al. (2019) Cardiac phenotypes, genetics, and risks
in familial noncompaction cardiomyopathy. Journal of the American
College of Cardiology, 73, 1601-1611.

Weir-Mccall, J.R., Yeap, P.M., Papagiorcopulo, C., Fitzgerald, K., Gandy,
S.J., Lambert, M. et al. (2016) Left ventricular noncompaction:
anatomical phenotype or distinct cardiomyopathy? Journal of the
American College of Cardiology, 68, 2157-2165.

Wenink, A.C. (1992) Quantitative morphology of the embryonic heart: an
approach to development of the atrioventricular valves. Anatomical
Record, 234, 129-135.

Wilsbacher, L. & McNally, E.M. (2016) Genetics of cardiac developmental
disorders: cardiomyocyte proliferation and growth and relevance
to heart failure. Annual Review of Pathology: Mechanisms of Disease,
11, 395-419.

Xia, Y., Ravikumar, N., Greenwood, J.P., Neubauer, S., Petersen, S.E.
& Frangi, A.F. (2021) Super-resolution of cardiac MR cine imag-
ing using conditional GANs and unsupervised transfer learning.
Medical Image Analysis, 71, 102037.

Zemrak, F., Ahlman, M.A., Captur, G., Mohiddin, S.A., Kawel-Boehm,
N., Prince, M.R. et al. (2014) The relationship of left ventricular
trabeculation to ventricular function and structure over a 9.5-
year follow-up the MESA study. Journal of the American College of
Cardiology, 64, 1971-1980.

How to cite this article: Riekerk, H.C.E., Coolen, B.F.,
Strijkers, G.J., van der Wal, A.C., Petersen, S.E., Sheppard,
M.N,, et al (2021) Higher spatial resolution improves the
interpretation of the extent of ventricular trabeculation.
Journal of Anatomy, 00, 1-19. https://doi.org/10.1111/
joa.13559



https://doi.org/10.1111/joa.13559
https://doi.org/10.1111/joa.13559

