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Abstract

An intricate meshwork of trabeculations lines the luminal side of cardiac ventricles.

Compaction, a developmental process, is thought to reduce trabeculations by adding

them to the neighboring compact wall which is then enlarged. When pig, a plausible

cardiac donor for xenotransplantation, is compared to human, the ventricular walls

appear to have fewer trabeculations. We hypothesized the trabecular volume is pro-

portionally smaller in pig than in human. Macroscopically, we observed in 16 pig

hearts that the ventricular walls harbor few but large trabeculations. Close inspection

revealed a high number of tiny trabeculations, a few hundred, within the recesses of

the large trabeculations. While tiny, these were still larger than embryonic trabecula-

tions and even when considering their number, the total tally of trabeculations in pig

was much fewer than in human. Volumetrics based on high-resolution MRI of addi-

tional six pig hearts compared to six human hearts, revealed the left ventricles were

not significantly differently trabeculated (21.5 versus 22.8%, respectively), and the

porcine right ventricles were only slightly less trabeculated (42.1 vs 49.3%, respec-

tively). We then analyzed volumetrically 10 pig embryonic hearts from gestational

day 14–35. The trabecular and compact layer always grew, as did the intertrabecular

recesses, in contrast to what compaction predicts. The proportions of the trabecular

and compact layers changed substantially, nonetheless, due to differences in their

growth rate rather than compaction. In conclusion, processes that affect the trabecu-

lar morphology do not necessarily affect the proportion of trabecular-to-compact

myocardium and they are then distinct from compaction.
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1 | INTRODUCTION

On the luminal side of mammal cardiac ventricles, there is a layer of

myocardium that is organized in a trabecular meshwork (Jensen

et al., 2016; Rowlatt, 1990). On the epicardial side, there is a wall of

compact myocardium (Benninghoff, 1933; Greenbaum et al., 1981;

Pettigrew, 1864; Streeter Jr, 1979). The trabeculations of the trabecu-

lar layer are too numerous to count macroscopically in human ventri-

cles (Gerger et al., 2013; Riekerk et al., 2022). In pig, the ventricular

walls appear to consist of many fewer trabeculations (Crick
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et al., 1998). This numerical difference presumably relates to the ges-

tational process of compaction. In compaction, trabeculations coa-

lesce into the compact wall whereby trabeculations become fewer in

number while they add to and therefore thicken the compact wall

(Gabriel et al., 2021).

Starting in the fifth week after conception in human, the embry-

onic heart forms numerous trabeculations (Sizarov et al., 2011). For-

mation of new trabeculations has mostly ended a couple of weeks

later (Faber, Hagoort, et al., 2021). In pig, a similar process is said to

occur approximately in the third and fourth week of development

(Gabriel et al., 2021). These embryonic trabeculations will give rise to

papillary muscles, trabeculations or trabeculae carneae, Purkinje cells,

and, perhaps, compact wall in the fetal period (Christoffels &

Moorman, 2009; Henderson & Anderson, 2009; Miquerol et al., 2010;

Sedmera et al., 2003). If trabeculations are added to the compact wall,

besides a reduction in their number, there should also be a reduction

in the ventricular cavity in between trabeculations, the intertrabecular

recesses (Towbin & Johnson, 2022). Compaction, however, may be a

subtle process only in mammals (Faber, D'Silva, et al., 2021) not with-

standing compaction seems to be a major driver of early ventricular

septation in chicken and lizard (Hanemaaijer et al., 2019;

Rychterova, 1971). Rather than compaction, differences in growth

rate of the trabecular and compact layer has a dramatic effect on the

relative thicknesses of the two layers in human, mouse, and chicken

(Faber et al., 2022; Faber, Hagoort, et al., 2021). In addition, ventricu-

lar dilation may be an additional factor, at least in the postnatal heart,

because it associates with an increase in the trabecular-to-compact

ratio as seen in pregnant women and Duchenne's muscle dystrophy

(Gati et al., 2014; Statile et al., 2013).

The notion of compaction as an important developmental process

gained attention when it was hypothesized that its absence, so-called

noncompaction, leads to a setting of excessive trabeculation and car-

diomyopathy (Chin et al., 1990; Finsterer et al., 2017; Jenni

et al., 2001; Kittleson et al., 2017; Oechslin et al., 2000; Vilcu

et al., 2020). That noncompaction results in a greater-than-normal

number of trabeculations in the fetus or adult, can be inferred from

the following quotations: the “stratum spongiosum of each ventricle

underwent differentiation but failed to resorb” (Van Praagh

et al., 1964); the “gross anatomical appearance is characterized by

numerous, excessively prominent trabeculations” (Chin et al., 1990);

“altered structure of the myocardial wall as a result of intrauterine

arrest of compaction of the myocardial fibers” (Oechslin et al., 2000).

Cohort studies and meta-analyses are now casting much doubt on the

alleged association of excessive trabeculation and poor pump function

(Aung et al., 2020; Weir-McCall et al., 2016; Zemrak et al., 2014). In

fact, a greater-than-normal extent of trabeculation has been associ-

ated with higher levels of physical activity (de la Chica et al., 2020;

Woodbridge et al., 2019). At tissue level, myocardium of the trabecu-

lar and compact layer is not different with regard to density of sarco-

meres, vasculature, and mitochondria and the cardiomyocytes of the

two layers do not differ in strength (Faber et al., 2022). There is then

a growing concern that the importance of compaction has been much

exaggerated (Anderson et al., 2017; Faber, D'Silva, et al., 2021;

Petersen et al., 2023).

Mice have been used much more extensively than pigs to study

compaction (Gabriel et al., 2021; MacGrogan et al., 2018; Wessels &

Sedmera, 2003). The porcine heart, on the other hand, has the advan-

tage of being similar in size to the human heart and the pig is now a

realistic donor of hearts for transplantation to human patients (Crick

et al., 1998; Raza et al., 2022). Because the anatomy and size of the

trabecular layer may affect pump function, it is important to clarify

how the porcine and human hearts differ in trabeculation. The trabec-

ular layer can be quantified by the number or prominence of trabecu-

lations, intricacy of the endocardial layer as assessed by a fractal

dimension score, and the mass or width of the trabecular layer relative

to the compact layer (Burke et al., 2005; Captur et al., 2017; Chin

et al., 1990; D'Silva & Jensen, 2020; Grothoff et al., 2012; Jacquier

et al., 2010; Jenni et al., 2001; Petersen et al., 2005; Stollberger &

Finsterer, 2004). In this study, we investigated hearts in various states

of contraction. Besides assessing the number of trabeculations macro-

scopically, we compared the absolute and relative volumes of trabecu-

lar and compact myocardium. Myocardial volumes, in principle, should

be independent of the state of contraction, whereas the ratio of

trabecular-to-compact wall thickness varies with the state of contrac-

tion (Faber, D'Silva, et al., 2021). The purpose of the study was to

compare human and porcine hearts to test the hypothesis that the

number of trabeculations in the adult ventricles predicts the propor-

tion of trabecular and compact myocardium. Specifically, the predic-

tion was that fewer trabeculations associate with a proportionally

smaller trabecular layer.

2 | MATERIALS AND METHODS

2.1 | Specimens

Sixteen pig hearts for the macroscopic investigations were collected

at a local abattoir (in the Netherlands) where they had been excised

from Dutch Landrace pigs of approximately 100 kg body mass that

were slaughtered for human consumption. The protocols were consis-

tent with the EC regulations 1069/2009 regarding slaughterhouse

animal material for diagnosis and research as supervised by the Dutch

Government (Dutch Ministry of Agriculture, Nature, and Food Qual-

ity). The hearts were removed and immediately perfused with ice-cold

cardioplegia (mM: 120 Na, 16 K, 1.2 Ca, 16 Mg, 144.4 Cl, 10 HCO3,

10 glucose, pH = 7.35–7.45) after which they were to be used in

electrophysiological experiments. The hearts that eventually were not

used were taken over by us and left in cardioplegia, unfixed, and

refrigerated for approximately 1 week. Thereafter, rigor mortis had

dissipated, and the chambers walls were quite pliable while the mac-

rostructure was intact. For the macroscopic inspections of the right

ventricular luminal side (N = 16), the free wall was resected by cuts

immediately to the right of the interventricular sulcus. The left ven-

tricular luminal side was exposed by a cut through the aortic root and

valve, the fibrous continuity, septal leaflet of the mitral valve, and the

mid-lateral wall to the apex (N = 10).

The six porcine hearts for MRI originated from Danish landrace

female swine each weighing 20 kg. The animals were pre-anesthetized
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with intramuscular administration of 0.5 mg/kg of midazolam and

2.5 mg/kg of ketaminol to allow establishment of an intravenous

access followed by intravenous administration of 3 mg/kg of propofol

to allow endotracheal intubation and coupling to a ventilator. Contin-

uous anesthesia was maintained using 2%–3% inhalational sevoflur-

ane and analgesia was achieved with fentanyl (25 μg/kg/h). A median

sternotomy was performed and after intravenous administration of

10.000 units of heparin, the animals were euthanized by means

of exsanguination by excision of the heart. Immediately after excision,

the hearts were perfused with phosphate-buffered formalin 10% (4%

v/v formaldehyde) and stored in formalin for at least 48 h. 24 h prior

to MRI imaging, the hearts were perfused with phosphate-buffered

saline and were allowed to adapt to scanner room temperature. All

procedures related to these six pigs were approved by the Danish Ani-

mal Inspectorate license no. 2013-15-2934-00869.

Eight human hearts were used, and they came from the Becker

archive at the Academic Medical Center, Amsterdam UMC. They were

fixed in formalin in an unknown state of contraction. Two hearts

were used for macroscopic inspection of the ventricular walls. Six

hearts in which all chambers were intact were scanned with MRI

(Table 1).

Histological section series of whole pig embryos were used from

archived material at the Faculty of Veterinary Medicine, Utrecht Uni-

versity. These sections were either 6, 8, or 10 μm thick and stained

with hematoxylin–eosin. The section series came from embryos of

gestational day 14 (series #13), 16 (series #14), 17 (series #15),

19 (series #35), 21 (series #18), 23 (series #20), 25 (series #22),

28 (series #25), 31 (series #27), and 35 (series #30). Between 13 (series

#14) and 32 (series #18) equidistant sections were used to represent

the whole heart (the median number of sections was 20).

2.2 | Histology of postnatal porcine
ventricular wall

Transmural tissue blocks from various parts of the ventricular

wall were imbedded in paraffin and cut in 10 μm sections. Sections

were first stained yellow in Bouin's fixative for 1 h at 60�C after which

collagen was stained red in saturated picro-sirius red for 1 h at room

temperature followed by 2 min differentiation in 0.01 M HCl.

2.3 | MRI

Six human hearts were scanned in a Philips Achieva 1.5 T clinical sys-

tem (Philips Medical Systems, Best, Netherlands), equipped with Nova

Dual Gradients and Software Release 2.1.3. A 3D gradient echo imag-

ing protocol was applied with a slice thickness of 0.5 mm and an in-

plane resolution of 0.5 � 0.5 mm2. Repetition time: 15 ms, echo time:

7 ms. Scan time was approximately 15 minutes for each heart. Six por-

cine and was scanned using an Agilent 9.4 T MR-system (Agilent,

Santa Clara, California, USA), equipped with 400 mT gradients and

vnmrJ 4.0 software. Anatomical data was gathered from the b0

images of a diffusion-weighted sequence obtained using a standard

multi-slice 2D spin echo sequence with diffusion gradients. The repe-

tition time was 7000 ms, and echo time was 30 ms. The scan time

was approximately 16 h for each heart. A total of 125 slices with

0.8 mm slice thickness and no gap and was obtained with an in-

plane-resolution of 0.4 � 0.4 mm2.

2.4 | Image analyses in Amira

Papillary muscles are sometimes excluded from clinical assessments of

the trabecular layer volume. Nonetheless, because they derive from

the embryonic trabeculations, like the remainder of the trabecular

layer, the papillary muscles were included in the trabecular layer vol-

ume measurements (Faber et al., 2022; Luu et al., 2022). Image stacks

were imported to Amira (v2020.2, Thermo-Fisher). On equidistant

images in the transverse plane of the heart, we labeled the trabecula-

tions and compact wall of the ventricular walls for both left and right

ventricles in addition to the walls of the atria. The same approach was

used for the embryonic porcine hearts. There is no overt boundary

between the trabecular and compact layers, neither on thick sections

nor on histology (while a contrary example is seen in some species of

fish (Pieperhoff et al., 2009)). Here, we strove to set the

trabecular-compact boundary by connecting the deepest parts of the

intertrabecular recesses. The detection of trabeculations, and the

intertrabecular recesses, is dependent on spatial resolution (Riekerk

et al., 2022), and we cannot establish whether the spatial resolution

used here allows for the detection of the smallest and deepest parts

of the recesses. Approximately, 10 images were labeled for each

TABLE 1 Characteristics of the six human hearts that were scanned with MRI.

Case Year of death Age Sex Medical history Cardiac pathologies (on MRI) Coagulates

S77_076 1977 10 F Bicuspid PAV Possibly small membranous VSD No

S86_042 1986 59 M Lung cancer - No

S96_166 1996 69 F ALS, RF Potential PLSCV No

S2000_43 2000 86 F ALS, SD PFO RA, RV

S2000_98 2000 70 F Slow progressive ALS LV scar/infarct lateral apical region

RV much fatty infiltration

LA, LV

RA, RV

T93_6067 1993 ? ? ? Aortic root dilation RA, RV

Abbreviations: ALS, amyotrophic lateral sclerosis; F, female; LA, left atrium; LV, left ventricle; M, male; PAV, pulmonary arterial valve; PFO, persistent

foramen ovale; PLSCV, persistent left superior caval vein; RA, right atrium; RF, respiratory failure; RV, right ventricle; SD, sudden death; VSD, ventricular

septal defect; ?, unknown.
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chamber. According to Cavalieri's principle (Gundersen et al., 1988) or

Simpson's rule, these relate to the true volume with an error of

approximately 10%. Volume readouts of the labels were derived from

the Materials Statistics module in Amira. They were then multiplied

by the fixed distance between the labeled images.

2.5 | Statistics

Measured volumes between two chambers were compared using

two-tailed paired t-tests without the assumption of equal variance.

The relative trabecular volume of the left and right ventricles were

compared with a linear regression to test whether greater trabecula-

tion of one chamber associates with greater trabeculation of the other

chamber. A p-value less than 0.05 was considered significant. All sta-

tistics were done in Excel (version 16.16.27, Microsoft, USA).

3 | RESULTS

3.1 | Gross morphology of the right ventricular
wall in pig and human

The RV free walls of pig and human are the same in the sense that trabe-

culations cover almost the entire inner surface (Figure 1). Only the wall

most proximal to the pulmonary valve is without trabeculations. This

a-trabecular region was never large and varied between approximately

2%–6% of the total RV free wall. Compared with the human heart, the

RV wall of the porcine heart has markedly fewer trabeculations

(Figure 1). Most of the prominent porcine trabeculations are large and

many of them are comparable to the human papillary muscles in size

(see labels 1–5 in Figure 1). Macroscopically, they may pass for “false pil-

lars” since most of them are fused with the compact wall and a probe

cannot be passed behind them. In the human RV, by contrast, numerous

trabeculations connect with neighboring trabeculations and these are

then individual struts in a meshwork. In pig, free-standing trabeculations

are mostly confined to the areas around the parietal papillary muscle

group and the wall most proximal to the hinge line of the tricuspid valve.

3.2 | Variation in macroscopic trabeculation of the
right ventricle in pig

We noted that the trabecular layer of the porcine right ventricle was

never fully identical between hearts. For example, the trabeculations

immediately below the tricuspid valve in the free wall typically takes the

form of approximately four to six approximately even-sized trabecula-

tions with a long-axis from the hinge line of the tricuspid valve toward

the ventricular apex (Figure 2A). These trabeculations may be fused just

below the hinge line, and in one out of six hearts this fusion assumed the

F IGURE 1 Right ventricular free wall of pig and human. The same principal components are present in both ventricles (valves and papillary
muscles), and they have approximately the same positional relation to each other in both species. The porcine wall, however, is dominated by a
few very large trabeculations, five of which are indicated with numbers 1–5. In contrast, the trabecular layer of the human right ventricle appears
much more as a meshwork of a high number of small trabeculations. In both specimens, the tendinous cords of the tricuspid valve have been cut
and the leaflets are pulled toward the right atrium to fully expose the trabeculations.
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appearance of a transverse trabeculation (Figure 2B). The ventral-most

two trabeculations or so will reach the base of the papillary muscle

whereas the dorsal-most trabeculations will reach deeper toward the

apex. In four out of six hearts that were inspected in detail the trabecula-

tions reached the apex (Figure 2C), whereas in the remaining two hearts

the trabeculations were quite coalesced, the intertrabecular recesses

were shallow, and the overall appearance in the apical region was a sort

of plateau (Figure 2A). The papillary muscle was positioned similarly in all

six hearts, half-way down and immediately to the right of a line extend-

ing from the apex to ventral-most hinge of the tricuspid valve

(Figure 2A). It was a solitary structure in five hearts, in the sixth heart

there was a smaller second papillary muscle juxtaposed dorsally to the

main one. There was much variation in how the moderator band con-

nected to the papillary muscles; in two hearts there was a thick connec-

tion (Figure 2A), in two hearts only a thin strand, and in the remaining

two hearts the moderator band connected into the trabeculations of the

free wall ventrally to the papillary muscle (Figure 2D). From the apex to

the base of the pulmonary valve, most trabeculations appeared oriented

along this axis. Just below the pulmonary valve, the wall appeared

a-trabecular, but this region (pars glabra) is always small (Figure 2A) if not

very small (Figure 2E). Consequently, almost the entire cavity of the right

ventricle can be considered lined with trabeculations.

3.3 | Small trabeculations in the porcine and
human right ventricle

In the human right ventricle, there are numerous free-standing tra-

beculations and this is particularly apparent between the papillary

muscles and the compact wall (Figure 3A). A similar setting is found

in pig, only the trabeculations are fewer than in human (Figure 3B).

In pig, these trabeculations are much smaller than the large trabecu-

lations that dominate the macroscopic appearance of the free wall.

Generally, small trabeculations are prevalent in the deep recesses

between the large trabeculations (Figure 3C) and many of these

likely remain obscure even under close inspection of deep recesses.

These trabeculations were myocardial (Figure 3D–H) and despite

their diminutive appearance, they were substantially larger than tra-

beculations of embryos. We did not investigate whether they con-

tain Purkinje cells, but either way their origin is most likely

embryonic trabeculations. The solitary small trabeculation in

Figure 3F (marked by an arrow), for example, is longer (700 μm) and

wider (300 μm) by approximately one order of magnitude than an

embryonic trabeculation. Even the tiniest trabeculations we saw

were larger than embryonic trabeculations (see the struts in the

enclosed area of Figure 3G). A precise tally of all large and small tra-

beculations, then, was not possible. In addition, numerous dimples

could be found, and it could not be determined whether these were

unrelated to trabeculations or whether they were small and shallow

intertrabecular recesses (Figure 3B). These difficulties of counting

trabeculations were exacerbated in the human RV. Within the

encircled area in Figure 3A, for example, some 25 semi-superficial

trabeculations can be seen but there are undoubtedly more trabecu-

lations deeper in the trabecular layer (in Figure 3B, a similar count

yields some 15 trabeculations). Considering the entire free wall, a

cautious estimate could be that in pig there are approximately

200 trabeculations whereas in human there could easily be more

than 1000.

F IGURE 2 Variation in macroscopic trabeculation of the right ventricle. (A). Overview of the porcine right ventricular free wall. (B). A large
transverse trabeculation was found under the hinge line of the tricuspid valve in one heart. (C). A few large and long trabeculations reached the
apex in four hearts, whereas these were fused into a plateau in two hearts as exemplified in A. (D). In two hearts the moderator band would
connect to the free wall rather than to the papillary muscles as exemplified in A. (E). Compared with the total RV wall, the a-trabecular region of
the outflow tract could be a very small fraction.
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F IGURE 3 Small trabeculations of the right ventricle. A. Human RV, showing approximately 25 trabeculations in the region marked by the
dashed line which is between a papillary muscle (P) and the compact wall. B. Pig RV, similar region as in A, showing approximately 15 small
trabeculations in the region marked by the dashed line. The arrow marked with C, indicates the line of inspection of the intertrabecular recess in
image C. C. Two large trabeculations are pulled apart which exposes approximately 12 small trabeculations. D. Overview of porcine RV free wall
and four sample sites for histology (stained with picro-sirius, red is collagen, orange is myocardium). E–H. Small myocardial trabeculations (arrows)
revealed by histology of the apex (E), outflow tract (F), base (G), and mid-wall (H). In G, notice the tiny myocardial struts in the enclosed areas,
which, despite their diminutive size are substantially larger than embryonic trabeculations (the insert is a 4-chamber view of the pig heart at
gestational day 31 and both ventricles contain a high number of tiny trabeculations).
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3.4 | Gross morphology of the left ventricular wall
in pig and human

The LV free wall of pig and human are similar in that trabeculations

cover almost all of the inner surface of the chamber wall (Figure 4).

Trabeculations are only absent in the septal part most proximal to the

aortic valve, the outflow tract region (pars glabra). Compared with

the human heart, the LV wall of the pig heart has markedly fewer tra-

beculations (Figure 4). Most of the trabeculations are large and by

size, many of them could almost pass for a human papillary muscle. Of

these, there are typically four particularly large trabeculations with an

apex-to-base orientation on the septal surface between the anterior

and posterior papillary muscles (N = 3, see labels 1–4 of Figure 4).

The porcine papillary muscles are very big. Like in the RV, most of the

porcine large trabeculations and the base of the papillary muscles are

fused with the compact wall so that a probe cannot be passed behind

them. In the human LV, by contrast, the papillary muscles have a tra-

becular base (Axel, 2004) and numerous trabeculations connect to

neighboring trabeculations and these are then individual struts in a

meshwork (Figure 4).

3.5 | Myocardial volumes of the porcine and
human hearts

The volume of myocardium of the pig heart was estimated based on

labelling of equidistant MRI images of the transverse plane

(Figure 5A,B). On average, the total myocardial volume (atrial and

ventricular myocardium combined) was 94.7 mL (±7.1, standard

deviation) which translates into a heart-body mass index of approxi-

mately 0.5%. As expected, the LV had the most myocardium,

followed by the RV, and the volume of the left and right atrial walls

were smaller than that of the RV (Figure 5B). The fraction of atrial to

ventricular myocardium was 0.15 (±0.02, SD), and thus typical of

vertebrates (Jensen, van den Berg, et al., 2013), while the fraction of

right atrium to left atrium was 1.01 (±0.18, SD) and not different

from 1 (one sample t-test for difference from 1, p = 0.931). Both LV

and RV had more compact than trabecular myocardium (Figure 5C),

and the LV was proportionally significantly less trabeculated than

was the right ventricle (21.5% ± 1.7 versus 42.1% ± 1.4, paired t-

test, p < 0.001). Finally, using a Pearson correlation, we found that

the proportion of trabeculation of the LV was not correlated to that

of the RV (p = 0.583).

Myocardial volumes of the six human hearts were estimated in

the same way as for the porcine hearts (Figure 6A,B). Total myocardial

volume was 178.6 mL (±32.8, SD). As expected, the LV had the most

myocardium, followed by the RV, and the volume of the left and right

atrial walls were smaller than that of the RV (Figure 6B). The fraction

of atrial to ventricular myocardium was 0.22 (±0.06, SD), while the

fraction of right atrium to left atrium was 1.07 (±0.17, SD) and not dif-

ferent from 1 (one sample t-test for difference from 1, p = 0.383).

Only the LV had significantly more compact than trabecular myocar-

dium (Figure 6C) and the LV was proportionally less trabeculated than

was the RV (22.8% ± 1.8 versus 49.3% ± 2.1, t-test, p < 0.001). The

proportion of trabeculation of the LV was not correlated to that of

the RV (p = 0.362).

Given the almost twice greater myocardial volume of the human

hearts relative to the porcine hearts, we only compared the propor-

tions of trabeculation. The porcine RV was less trabeculated than the

human one (42.1% ± 1.4 versus 49.3% ± 2.1, t-test, p < 0.001),

whereas the porcine LV was no less trabeculated than the human one

(21.5% ± 1.7 versus 22.8% ± 1.8, t-test, p = 0.240).

F IGURE 4 Left ventricle of pig and human. The same principal components are present in the ventricles of pig and human—mitral valve,
anterior (ap) and posterior papillary muscles (pp), outflow tract (oft)—and they have approximately the same position in relation to each other. In
addition, the porcine wall is dominated by a few very large trabeculations, four of which are indicated with numbers 1–4, whereas in the human
LV there is a meshwork of a much higher number of fine trabeculations. Small trabeculations can also be found in the porcine LV, one example is
indicated by the white arrow, but these are much fewer than in the human heart. In both specimens, the fibrous continuity of the mitral valve to
the aortic root has been cut to expose the outflow tract.
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3.6 | Morphometrics of pig heart development

Myocardial and cavity volumes were measured in embryos from

14 days of gestation, at which point the chambers were only just

forming, to 35 days of gestation, which, when compared with murine

and human development, is well into the fetal stages of heart develop-

ment (Figure 7A–C). The heart grows fast, at every older stage the

heart is bigger, and between 14 and 35 days the ventricles increase

approximately 400-fold in myocardial volume, from less than

0.001 mL to almost 0.4 mL (Figure 7D). Only the myocardial outflow

tract, a tubular component downstream of the ventricles, decreased in

length and tissue volume in the oldest stages (Figure 7D). Ventricular

trabeculation was greater in volume in all older stages, in contrast to

what could be expected if compaction transfers trabeculations to the

compact wall (Figure 7D). In fact, for both ventricles the trabecular

and compact tissue volumes were positively and significantly corre-

lated (RV R2 = 0.97, p < 0.001; LV R2 = 0.93, p<0.001; Figure 7E-F).

Likewise, the thickness of the left ventricular compact wall increased

approximately 10-fold (into more than 250 μm). Finally, while com-

paction supposedly would reduce the intertrabecular recesses, the

recesses of both ventricles increased in volume to more than 0.01 mL,

corresponding to an approximately 200-fold increase (Figure 7G).

Subsequently, we expressed the thickness of the trabecular layer

as a ratio relative to the thickness of the compact layer, which is a

ubiquitously used diagnostic criterion (Petersen et al., 2005). There

was a rapid change from a ratio of approximately 3 at 2 weeks of ges-

tation, to approximately 8 at around 3 weeks, and then down to

3 again in the oldest stages (Figure 8). The pronounced and fast

change in the diagnostic criterion is then the outcome of the two

layers growing at different rates rather than trabeculations becoming

(A)

(B) (C)

F IGURE 5 Volumetrics of the porcine heart. (A). Every 10 transverse section was segmented for left ventricle (LV) and right ventricle
(RV) trabecular (trab) and compact (com) wall, and left and right atrium (LA and RA respectively). Notice most of the ventricular septum is
segmented as being compact left ventricle. Structures that were prominent in the ventricular cavity were labeled as part of the trabecular layer,
including papillary muscles (P) and most of the supraventricular crest of the right ventricle (s). In the small insert, black arrowheads points to blood
coagulates in the deepest parts of the intertrabecular recesses, that is, landmarks for identifying the boundary between compact wall and the
trabecular layer. (B). The LV had the greatest tissue volume of the four chambers, the RV an intermediate volume, and the two atria had the
smallest volumes and these were not different from each other. (C). Both LV and RV had significantly more compact than trabecular tissue. All
tests were paired t-tests assuming unequal variance.

JENSEN ET AL. 447

 10982353, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ca.24135 by C

ochrane N
etherlands, W

iley O
nline L

ibrary on [04/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



compact wall (Figure 8). The trabecular proportion of both ventricles

peaked at around 3 weeks of gestation at which time approximately

two-thirds of the ventricular myocardium was trabecular in organiza-

tion. Interestingly, the adult proportions were not achieved even in

the oldest stages in which much of the ventricular wall still had a

trabecular-like appearance (Figure 9). Altogether, diagnostic measure-

ments of noncompaction exhibit substantial changes in early heart

development, they do not coincide with a decrement in volume of

the trabecular myocardium.

4 | DISCUSSION

Visually, the pig ventricular walls could be the proof-positive result

of extensive compaction because they clearly harbor many fewer

trabeculations than do the equivalent walls of the human heart.

Interestingly, the pig heart also has fewer trabeculations behind,

for example, the papillary muscles of the right ventricle and such

regions are located within the trabecular layer rather than being

juxtaposed to the compact wall. The lower number of trabecula-

tions there cannot be caused by trabeculations becoming compact

wall, that is, by compaction. Perhaps the pig embryonic ventricle

was never much trabeculated, but as shown before (Shaner, 1928)

and confirmed here, the porcine embryonic ventricles are much tra-

beculated. Rather than invoking compaction, the lower number of

trabeculations in the adult heart can easily be explained if trabecu-

lations coalesce with one another (Henderson & Anderson, 2009).

Coalescence could also easily explain trabeculations such as those

numerated in Figures 1 and 4, which are several centimeters long

and whose shape cannot be traced back to when the trabeculations

first form in the embryo. In aggregate, our observations suggest

that a low number of trabeculations does not necessarily reflect

the transfer of trabeculations to the compact wall, that is, compac-

tion. A process of trabecular coalescence within the trabecular

layer appears to be a more likely explanation for the observations

we report here.

(B)

(A)

(C)

F IGURE 6 Volumetrics of the human heart. A. Every 15th transverse section was segmented for left ventricle (LV) and right ventricle
(RV) trabecular (trab) and compact (com) wall, and left and right atrium (LA and RA respectively). Structures that were prominent in the ventricular
cavity were labeled as part of the trabecular layer, including papillary muscles (P) and most of the supraventricular crest of the RV (s). B. The LV
had the greatest tissue volume of the four chambers, the RV an intermediate volume, and the two atria had the smallest volumes, and these were
not different from each other. C. Only the LV had significantly more compact than trabecular tissue. All tests were t-tests assuming unequal
variance.
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F IGURE 7 Pig heart development. A–C. Four-chamber view of developing hearts, on the same scale from gestational days 14, 21, and 31.
D. All chamber components grow fast (the myocardial volume is displayed on a logarithmic scale), whereas the outflow tract did not, as expected
(Faber, Hagoort, et al., 2021; Jensen, van den Berg, et al., 2013). E,F. The trabecular and compact tissue volume was positively and significantly
correlated for the right ventricle (E; R2 = 0.97, p < 0.001) and left ventricle (F; R2 = 0.93, p < 0.001). The shaded area indicates where more than
50% of myocardium is compact. G. The intertrabecular recesses of both ventricles increased much in volume.
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An important challenge when assessing compaction from over-

view macroscopic inspection is revealed by close inspection and his-

tology, namely that the porcine ventricular walls contain quite a few

tiny trabeculations (many of these could very well be part of the Pur-

kinje network). While these trabeculations are very small in the con-

text of the adult heart, they are in fact bigger than the trabeculations

of the embryonic heart that they have developed from. It is easy to

miss the tiny trabeculations and if they are missed, the actual number

of trabeculations will be underestimated. To the extent that a lower

number of trabeculations equates greater compaction, then, the effect

of compaction in pig is easy to overestimate.

Early heart development in pigs and humans are quite similar in

the sequence of appearance of structures (Sissman, 1970). Two fairly

detailed accounts of the development of the porcine ventricular walls

F IGURE 8 Differential growth rates drive changes to the relative thickness of trabecular layer. The left ventricular trabecular layer thickness
relative to the neighboring compact wall thickness (LV trab/com) changes dramatically around 15–20 days and this change is driven by a faster
thickening of the compact wall relative to the increasing widening of the trabecular layer. Architecturally, the 31 days LV wall looks much
different from the proportionally much trabeculated LV of 21 days. Yet the trabecular layer of those two ages is approximately equally thick
(measurements were done along the transmural line), whereas the older stage has an expanded cavity and a thicker compact wall. This can give
the impression of a flattening of the trabecular layer.
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are published (Gabriel et al., 2021; Shaner, 1928), but they appear to

be contradictory. In the paper by Shaner (Shaner, 1928), a zone of

trabeculation-like “ridges” is described to develop from the compact

wall or “cortical” layer. These ridges are located between the trabecu-

lar, or “sponge,” layer and the compact wall and they have seemingly

formed by a sort of de-compaction. Our analysis did not confirm or

disprove the presence of such process. The other study, by Gabriel

and colleagues (Gabriel et al., 2021), emphasizes a developmental

thickening of the compact wall brought upon by compaction around

Days 26 and 30 even though actual thicknesses are not reported and

the scale of the supporting images are not given. In our series, the

greatest decrement in the ratio of trabecular-compact wall thickness

occurs in the days immediately before Day 26. In our view, this decre-

ment may equate to what Gabriel and colleagues (Gabriel et al., 2021)

call compaction. But the decrement is brought about by a greater

thickening of the compact layer compared with the thickening of the

trabecular layer, in absolute terms, rather than by compaction.

Here, we quantified the trabecular and compact layers by actual

volumes, proportions, and thicknesses in addition to the volume of

intertrabecular recesses. While compaction could be expected to

entail a decrease of the trabecular layer thickness and volume, in addi-

tion to disappearance of the intertrabecular recesses, all of these mea-

surements instead showed an increase. In this way, pig heart

development resembles early heart development of humans, mice,

shrews, and chicken (Chang et al., 2022; Faber et al., 2022; Faber,

Hagoort, et al., 2021). Morphometry, then, does not support a sub-

stantial role for compaction in determining the morphology of the por-

cine ventricular wall. The formed pig heart, nonetheless,

macroscopically appears much more compacted than does the adult

human heart. This state of greater compaction, however, appears to

be a misinterpretation, because the proportion of trabecular myocar-

dium in the formed heart is not much different in pigs and humans. In

essence, the porcine ventricles compared with the human ventricles

are dominated macroscopically by fewer but larger trabeculations,

while the proportional volumes of the trabecular and compact layers

are quite similar between the two species. In pig, then, it is likely that

coalescence of trabeculations changes the trabecular layer the most.

The effect of coalescence on the compact layer is more subtle if pre-

sent at all. To what extent coalescence is involved in the formation of

large atrial trabeculations, the pectinate muscles, is not clear at this

point.

Perhaps the strongest case for substantial compaction is the

observation of Purkinje cells deep within the formed compact wall

which is found in pigs and in ungulates in general (Abramson &

Margolin, 1936; De Almeida et al., 2021; Elbrond et al., 2023;

Oosthoek et al., 1993). Studies in mouse, including lineage tracing,

show that the peripheral Purkinje system originates from the embry-

onic trabecular layer (Miquerol et al., 2010; Sedmera et al., 2003; van

Weerd & Christoffels, 2016). In mouse and human, the Purkinje sys-

tem is only on the endocardial side of the wall and it does not have

the deep intramural penetrance seen in ungulates. The simplest

assumption must be that in pig the Purkinje cells originate from the

embryonic layer only, which in turn suggests substantial compaction

because of the deep penetrance of the Purkinje cells, but that

assumption has not been tested. Although our developmental findings

cover the entire period in which compaction is said to occur (Gabriel

et al., 2021), the ventricular wall of the oldest periods still appears

immature compared to the ventricular wall morphology of the adult

animal. Specifically, there are still relatively deep intertrabecular

recesses and the trabecular proportion has not yet reached the low

levels of the adult heart.

The transition from a proportionally much trabeculated ventricle to

one dominated by the compact wall is seen in normal development of

the endothermic mammals and birds. This development is different

from that of hearts of reptiles which likely represents the evolutionary

ancestral condition to hearts of mammals and birds (Benninghoff, 1933;

Burggren et al., 2014; Jensen & Christoffels, 2019; Jensen, Wang,

et al., 2013; Sedmera et al., 2000). In reptiles, the highly trabeculated

state is maintained. Not much has been done to understand the evolu-

tionary transition from the highly trabeculated wall to one dominated

by compact myocardium. It is speculated to relate to a reduction in the

time it takes to fill and empty the ventricles, and this could enable high

F IGURE 9 Proportional changes to chambers in pig heart
development. The upper graph shows that the left and right ventricle
(LV and RV respectively) are proportionally most trabeculated around
20 days. The adult proportions of trabecular muscle where not
achieved even in the oldest gestational stages that were investigated.
The lower graph shows that the LV has more myocardium than the
RV in early gestation. The atria progressively become smaller relative
to the ventricles as in other vertebrates (Jensen, van den Berg,
et al., 2013).
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heart rates (Anderson et al., 2017; Jensen & Smit, 2018; Van Mierop &

Kutsche, 1984).

The developmental transition from the highly trabeculated wall to

one dominated by compact myocardium has mostly been investigated in

a biomedical context to give perspectives to so-called noncompaction

(Freedom et al., 2005; MacGrogan et al., 2018; Sedmera et al., 2000; Shi

et al., 2023; Wilsbacher & McNally, 2016). Since noncompaction presup-

poses compaction, the increasing interest in noncompaction (Finsterer

et al., 2017; Hussein et al., 2015; Towbin & Johnson, 2022) has likely led

to a misattributed and exaggerated importance to compaction (D'Silva &

Jensen, 2020; Faber, D'Silva, et al., 2021; Henderson & Anderson, 2009;

Petersen et al., 2023). In biology, shape change is often driven by differ-

ential growth rates (Gould, 1966), and this is also the case for the pig, as

we show here, and in human, mice, and chicken (Faber et al., 2022), and

even in animals with an almost “smooth” RV ventricular wall such as

shrews (Chang et al., 2022).

4.1 | Limitations

Compared to the humans whose hearts were studied, the pigs had

experienced a lot less variation in age and they were comparatively

young. At least in human, the degree of trabeculation may be under

some influence of life history. Compared with humans, pigs raised for

slaughter grow much faster. It is not clear to us, to what extent these

factors exaggerate or diminish the well-established species differ-

ences in trabeculation (Crick et al., 1998).

Concerning the precision of the morphometric measurements

based on MRI and to a lesser degree also on histology, the discrimina-

tion of ventricular trabeculations from lumen appears good, especially

when blood coagulates are absent. In contrast, the discrimination from

lumen of even the largest atrial trabeculations, the pectinate muscles,

is difficult and between these there can be numerous finer trabecula-

tions. In addition, it is challenging to define the border between trabe-

culations and compact wall in a precise and standardized manner.

These imaging limitations, together the expected 5%–10% error in

volume estimates per specimen, may have obscured small differences

in trabeculation between pig and human.

5 | CONCLUSION

Our volumetric analysis of porcine heart development shows that com-

pact and trabecular myocardium grows and cavities expand. These find-

ings do not support a role for compaction in shaping the ventricular

wall architecture. The observations on adult hearts of strikingly fewer

trabeculations in pig compared with human could suggest extensive

compaction in pig. It is then somewhat contradictory that the propor-

tions of ventricular trabecular myocardium are much similar in pig and

human. However, there is no contradiction if, in pig, many and small

trabeculations are coalesced to fewer and larger trabeculations. Such

process of coalescence is likely restricted to the papillary muscles in

human, whereas in pig it could affect the trabecular layer at large.
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