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1  |  INTRODUC TION

While dissecting formalin-fixed spiny dogfish (Squalus acan-
thias) as part of an elective course for medical students at our 
institute, we came across one case of apparent dextrocardia in a 
male specimen that was outwardly mostly normal. A setting re-
sembling situs inversus has been reported in inbred strains of 
platyfish (Baker-Cohen,  1961) and farmed salmonids can exhibit 

various cardiac malformations, including abnormal chamber topol-
ogy (Frisk et al., 2020; Poppe et al., 2002). Given the high degree 
of left–right symmetry of the heart in the vast majority of bony fish 
(Icardo,  2017), even when a substantial conus arteriosus is pres-
ent (Icardo, 2006), it is challenging to assess whether the cardiac 
chambers may be affected by a laterality defect such as situs in-
versus (Baker-Cohen, 1961). Early in development, however, bony 
fish hearts exhibit much more asymmetry than in adult stages, both 
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Abstract
Dextrocardia is a rare congenital malformation in humans in which most of the heart 
mass is positioned in the right hemithorax rather than on the left. The heart itself may 
be normal and dextrocardia is sometimes diagnosed during non-related explorations. 
A few reports have documented atypical positions of the cardiac chambers in 
farmed teleost fish. Here, we report the casual finding of a left–right mirrored heart 
in an 85 cm long wild-caught spiny dogfish (Squalus acanthias) with several organ 
malformations. Macroscopic observations showed an outflow tract originating from 
the left side of the ventricular mass, rather than from the right. Internal inspection 
revealed the expected structures and a looped cavity. The inner curvature of the loop 
comprised a large trabeculation, the bulboventricular fold, as expected. The junction 
between the sinus venosus and the atrium appeared normal, only mirrored. MRI data 
acquired at 0.7 mm isotropic resolution and subsequent 3D-modeling revealed the 
atrioventricular canal was to the right of the bulboventricular fold, rather than on 
the left. Spurred by the finding of dextrocardia in the shark, we revisit our previously 
published material on farmed Adriatic sturgeon (Acipenser naccarii), a non-teleost 
bony fish. We found several alevins with inverted (left-loop) hearts, amounting to an 
approximate incidence of 1%–2%. Additionally, an adult sturgeon measuring 90 cm in 
length showed abnormal topology of the cardiac chambers, but normal position of the 
abdominal organs. In conclusion, left–right mirrored hearts, a setting that resembles 
human dextrocardia, can occur in both farmed and wild non-teleost fish.
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anatomically and molecularly (Icardo et al., 2004; Noël et al., 2013; 
Smith & Uribe, 2021). In humans, dextrocardia together with situs 
inversus of other organs can be a casual finding and only in about 
a quarter of the cases present with overt cardiac malformations 
(Bohun et al., 2007). To our knowledge, this is the first report of a 

left–right mirrored heart in a cartilaginous fish. In addition, we re-
visited the material of a series of studies on the heart of the Adriatic 
sturgeon (Icardo et al., 2002, 2004, 2009) and report left–right mir-
rored hearts in several alevins and in a specimen of approximately 
90 cm total length (TL).

F I G U R E  1  Spiny dogfish with laterality defects. (a) The shark that exhibited signs of laterality defects (right panel) looks normal.  
(b) The heart of the case specimen shows all the expected structural components, but the outflow tract is located to the left. Thus, it 
mirrors the normal setting (compare the dashed red arrows). (c) Caudal view of the sinuatrial valve, showing abnormal positions of the valve 
commissures in the case specimen.

F I G U R E  2  Overview of malformations in the Spiny dogfish with laterality defect. (a) On the left is shown in ventral view the approximate 
normal position and morphology of organs that were overtly malformed in the case shark. On the right are schematic representations of 
the malformations seen in the shark with laterality defect. (b) Volume rendering of the whole shark in ventral view, based on MRI. (c) The 
reconstructed ventricle recapitulates the macroscopic inspection shown in Figure 1b. (d) Reconstructed model of the heart in which the 
removal of the atrium reveals the right-sided position of the atrioventricular canal (AVC). L, left; R, right.
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2  |  MATERIAL S AND METHODS

2.1  |  Spiny dogfish

Six spiny dogfish of approximately 85 cm length and both sexes, previ-
ously fixed, were dissected as part of an elective course on evolution 
at Amsterdam UMC. The case specimen and an ostensibly normal 
shark were kept afterward in a preservation fluid containing low con-
centrations of ethanol, glycerol, and phenol. For MRI, to wash out 
compounds in the preservation fluid that diminishes the tissue-free 
fluid contrast, the two sharks were placed under running tap water 
for 3 days. After that, over the weekend, they were stored at 5°C 
in a sealed plastic bag before being MRI scanned on Whit Monday. 
They were scanned on a 3T Ingenia clinical MRI scanner (Philips, 
Best, the Netherlands) using a standard 16 channel anterior coil in 
combination with 12 posterior coil elements fixed in the MRI table. 
A high-resolution isotropic 3D T1-weighted gradient-echo sequence 
was used in order to suppress the fluid for optimal contrast. Specific 
sequence parameters were: TR/TE = 10/2.1 ms, flip angle = 20°, 
FOV = 400 × 280 × 150 mm, resolution = 0.7 × 0 .7 × 0.7 mm3, total 
scan time = 14 min. The MRI image stack of the case specimen is 
given as Supporting Information Figure S1. We imported the image 
stack to the 3D software Amira (version 3D 2021.2, FEI SAS, Thermo 
Fisher Scientific). A Volume Rendering was made of the whole scan 
and a plane of sectioning was made using the Slice module. Next, 
labeling of the cardiac chambers and the atrioventricular canal was 
done in the Segmentation Editor module. From the label file, using 
the Generate Surface function, a surface file was made that was visu-
alized using the Surface View function. This was done in the same 
window as the volume rendering whereby the heart model was pro-
jected into it. The conversion of the 3D model to an interactive pdf 
was done as previously described (de Bakker et al., 2016).

2.2  |  Adriatic sturgeons

Cardiac malformations in alevins of the autochthonous Adriatic 
sturgeon Acipenser naccarii (A. naccarii Bonaparte 1836) were found 
among specimens from previous studies (Icardo et al.,  2004, 2009). 
Briefly, alevins obtained from the Sierra Nevada Fishery at Riofrío, 
Granada, Spain, were collected between days 1 and 28 post-hatching 
(dph). For scanning electron microscopy (SEM), the specimens were 
fixed in 3% glutaraldehyde in phosphate-buffered saline (PBS) for 3–5 h. 
Then, the samples were microdissected under a stereomicroscope, 
dehydrated in graded acetone, dried by the critical-point method with 
CO2 as the transitional fluid and coated with gold following routine 
procedures. Samples were observed with an Inspect S microscope (FEI 
Company) working at 15–20 KV. In addition, an unpublished case of 

laterality defect in a sturgeon of approximately 90 cm TL was found 
among the material of a previous study (Icardo et al., 2002).

3  |  RESULTS AND DISCUSSION

The dissected sharks measured 85 cm TL (Figure 1). Due to dissec-
tion and preparation, several organs were displaced. The heart of the 
case specimen, however, was in situ when it was realized that the 
ventricle was left–right mirrored. The stomach of the case specimen 
was full with partially digested fish and the testis were enlarged indi-
cating that the shark had entered the reproductive stage. There was 
bilateral agenesis of the spiracles, whereas the pseudo branches and 
the gills appeared normal. Most of the spiral intestine was prolapsed 
out of the cloaca. It was not clear whether the prolapse had already 
occurred when the shark was still alive. The liver was relatively large, 
yellowish in color. It comprised two large lobes, as expected, but it 
lacked the third, smaller, right-sided medial lobe found in the other 
specimens (Figure  2a). On the left cranial-medial side of the right 
liver lobe, a small fibrotic sack-like structure was found. Presumably, 
this is an atrophied gall bladder. The stomach was mostly right-sided 
instead of being mostly on the left. Possibly, the filling of the stom-
ach by prey combined with the cloacal prolapse, may have contrib-
uted to its shifted position. The pylorus curved to the left. From the 
pylorus, the small intestine curved cranially, then crossed to the left 
side and, finally, curved caudally (Figure  2a). Both the spleen and 
pancreas had an abnormal morphology. Instead of the normal trian-
gular shape, the spleen had an elongated shape, was located on the 
ventro-lateral side of the stomach and continued over the additional 
looping of the intestines (Figure 2a). The dorsal pancreas was also 
excessively elongated and followed the looping of the small intes-
tine. The ventral pancreas had a normal position with respect to the 
intestine. Both pancreatic lobes were situated on the left side of the 
body. In aggregate, the visceral organs gave multiple indications of 
pronounced deviations from the normal topology.

The heart of cartilaginous fish has a pronounced left–right asym-
metry. The ventricular inlet, or atrioventricular canal, is in the dorsal-
left part of the ventricular mass (Hirasaki et al., 2018; Icardo, 2017; 
Sanchez-Quintana & Hurle,  1987). Blood ejected from the ventri-
cle exits on the right, into the myocardial conus arteriosus (Grimes 
& Kirby, 2009; Lorenzale et al., 2018). There is then a pronounced 
loop in the central cavity of the ventricle, around the so-named 
bulboventricular fold (Goor et al., 1972; Icardo et al., 2004; Jensen 
et al., 2013; Van Mierop & Kutsche, 1984). This configuration, con-
served through evolution, is the retention of the cardiac looping 
that took place during embryogenesis (Pelster & Bemis, 1991). On 
the luminal side of the ventricle, the bulboventricular fold appears 
as a large ridge-like aggregate of trabecular muscle (Figure  1b).  

F I G U R E  3  Adriatic sturgeon (Acipenser naccarii) with laterality defects. (a) The adult sturgeon with signs of laterality defects (right panel) 
looks normal generally. However, the ventricle is displaced to the right and the outflow tract is displaced to the left. Other organs keep the 
normal spatial relationships, such as the U-shaped stomach (S), the pyloric appendage (P), and the anterior intestine (I). (b) Hearts of sturgeon 
alevins with normal, right-loop of the ventricle (top row) and cases of mirrored looping, or left-loop (bottom row). A, atrium; OFT, outflow tract.
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The bulboventricular fold was readily seen both in the normal hearts 
and in the heart with the laterality defect (Figure 1b). This suggests 
that the ventricle of the case specimen contained all the normal 
structural components. However, whereas the conus arteriosus is 
normally found to the right of the bulboventricular fold, the conus 
arteriosus of the case specimen was located to the left of the bul-
boventricular fold (Figure 1b). A large coronary vessel was present 
on either side of the conus arteriosus in all sharks. In the normal 
shark, the sinuatrial junction was located in the midline and appeared 
guarded by a two-leaflet valve (Figure  1c) (Gallego et al.,  1997; 
Hirasaki et al., 2018). The free margin of the leaflets formed a mid-
line slit that was slightly askew to the dorsoventral axis (Figure 1c). 
This orientation was inverted in the case specimen (Figure 1c).

The high-resolution MRI volume rendering recapitulated the 
anatomy of the whole shark and the inner anatomy of the ventricle 
(Figure 2b,c). Based on the MRI, we made a 3D reconstruction of 
the heart which revealed a right-sided atrioventricular canal and 
the left-sided position of the conus arteriosus in the ventricular 
mass (Figure 2d). This gave further support for the notion of dex-
trocardia in this specimen. The atrium and sinus venosus did not ex-
hibit clear left–right asymmetries on the MRI. This likely reflected 
the limitations of the spatial resolution and the sinuatrial valve slit, 
for example, was only seen on two image slices. The 3D model is 
available as an interactive pdf (Supporting Information Figure S2).

Based on the material of previous studies on the Adriatic stur-
geon (Icardo et al., 2002, 2004), we report here a cardiac chamber 
topology defect in a specimen of 90 cm TL (Figure 3a). In this speci-
men, other organs had the normal spatial relationships. In addition, 
out of the approximately 300 hundred alevins of sturgeon that were 
previously analyzed to study heart development (Icardo et al., 2004, 
2009), about 10 per cent exhibited cardiac defects including mirror-
looping of the heart, or dextrocardia. Several examples are shown 
in Figure 3b. In early alevins, the single sign of organ asymmetry is 
the heart looping since the liver occupies a middle position and the 
intestine has not differentiated. Intestine development begins at 
3–4 days post hatching when the yolk sac adopts a tubular shape 
and the separate anlage of the gastric and intestinal portions can 
first be recognized (Ostos-Garrido et al., 2009). Also, at 4dph, the 
liver appears divided into left and right lobes with the gallbladder 
developing at the cranioventral portion of the right lobe. While later-
ality defects of the gastrointestinal tract could not be discarded, our 
records indicate that the gallbladder was always located under the 
liver right lobe irrespective of heart loop direction. The incidence of 
dextrocardia in the alevins is estimated to be between one and two 
per cent. This incidence is approximately similar to that reported for 
developing Xenopus frogs (van Veenendaal et al., 2013), but it is two 
orders of magnitude more frequent than the approximate 1:10.000 
occurrence of dextrocardia reported in humans (Bohun et al., 2007). 
Of note, dextrocardia was found more frequently in younger than in 
older alevins. This suggests that either the malformation is detrimen-
tal in later stages, and/or, is associated with severe extracardiac mal-
formations which, at least in humans, can occur (Bohun et al., 2007).

In conclusion, left–right mirrored hearts occur in both farmed 
and wild fish. Our findings indicate that laterality defects can eas-
ily be identified in cartilaginous fish due to heart asymmetry. These 
defects may be more difficult to identify in bony (and especially in 
teleost) fish due to the more left–right symmetric arrangement of 
the heart chambers.
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