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ABSTRACT  

In the present study, we examined the structure of the heart of the whale shark, Rhincodon 

typus, using a plastination technique and three-dimensional X-ray computer tomography (3DCT). 

Inspection of the atrium revealed a symmetric distribution of the pectinate muscles attached to 

the commissures of the sino-atrial valve, suggesting some functional advantages. The majority of 

the ventricular wall comprised spongiosa, and compacta accounted for only ~3% of the entire 

thickness. There were three major fiber orientations in the spongiosa: the fibers on the 

endocardial side formed trabeculae that were aligned with the blood flow tract, whereas those on 

the epicardial side formed a circular pattern around the flow tract. Transluminal myofibers 

connected the inner and outer layers in the spongiosa, which may serve as an intraventricular 

conduction pathway.  

Plastination and 3DCT is a powerful combination that allowed for multifaceted visualization of 

the internal structure of rare heart specimens in a non-destructive manner. 

 

Key words: heart, myocardial architecture, plastination, X-ray computed tomography, whale 

shark. 

 

 

INTRODUCTION 

The whale shark Rhincodon typus is the largest living fish in the world that inhabits tropical 

or warm oceans. While these fascinating fish have gained popularity among humans due to their 

large body size and placid nature, concerns have been raised regarding the sustainability of the 

species. In February 2016, the International Union for Conservation of Nature raised the Red List 

category of this species to “endangered” due to overexploitation. Several studies using satellite 
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tags have been performed to understand their ecology. These studies revealed that whale sharks 

travel long distances to pursue food or a warmer environment (Eckert and Stewart, 2001; Eckert 

et al., 2002; Hueter et al., 2013), and they are reported to dive to depths of approximately 1,900 

m (Wilson et al., 2006; Tyminski et al., 2015). This gigantic fish may be endowed with special 

physical properties that enable them to travel across such a wide range of territories and depths. 

The heart is a muscular organ that consistently pumps blood to the body against the workload. 

It is known that the architecture of the ventricular myocardium represents the activity of the 

given species. The elasmobranch heart ventricle possesses both inner spongiosa and outer 

compacta. Spongiosa is the major component of the ventricular wall in the elasmobranch, and 

compacta comprises no more than 40% of the ventricular wall (Santer and Greer Walker, 1980; 

Tota, 1983; Tota et al. 1983; Emery et al., 1985; Grimes and Kirby, 2009).  

Scarce information is available on the structure of the whale shark heart. White (1936) first 

described the structure of the whale shark heart, but the major focus of that report was the conus 

arteriosus, and the morphology of other structures was not fully addressed. 

Plastination is an organ preservation technique first developed by von Hagens (1979). In this 

technique, organic polymers are used to replace water and lipids in the tissue. Advantages of 

plastination over conventional preservation techniques include odorlessness, durability, and ease 

in handling (Riederer, 2014; Estai and Bunt, 2016). Despite its usefulness, inspection of the 

internal structures of the plastinated heart requires incision or resection of the tissue (Tiedemann 

and von Hagens, 1982; Gómez et al., 2012), which irreversibly changes the original shape of the 

organ. Changes made to the shape of rare specimens are a particularly serious issue. 

In the present study, we assessed the morphology of plastinated whale shark heart specimens 

using three-dimensional X-ray computed tomography (3DCT), focusing on the myocardial 

architecture of the ventricle. We also examined the histology of the whale shark ventricle to 
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assess the composition of the ventricular myocardium. 

 

MATERIALS AND METHODS 

Heart specimens 

  Four heart specimens (#1-4) were collected following autopsy of whale sharks incidentally 

captured by fishermen between 2006 and 2007. The total length, body weight, and weight of the 

heart were recorded at autopsy, and RHW was calculated as follows: RHW (%) = heart weight 

(kg) x 100 / body weight (kg). 

Plastination 

Three plastinated heart specimens were created. The hearts were washed with water and fixed 

in 10% formalin for seven days at room temperature. Hydrostatic pressure was applied by 

occluding the openings of the branchial arteries to prevent shrinkage (Tiedeman and von 

Hagens, 1982). In specimen #2, the ventral side of the heart was incised to expose the conal 

valve. The specimens were then dehydrated by placing them in 100% acetone at -20°C for eight 

weeks. For the next four weeks, the acetone was replaced with silicone (Silicone S, NK Shoji 

Inc., Nago, Japan) containing curing material (Curing material A, NK Shoji Inc.). Silicone 

cross-linking was facilitated in a chamber containing vaporized curing material (Curing 

material C, NK Shoji Inc.) at room temperature over a period of two weeks. 

X-ray CT imaging 

X-ray CT scanning was performed using commercially available equipment (SOMATOM 

Definition AS+, Siemens, Munich, Germany) according to the following protocol: tube voltage = 

120 kV, scan time = 1 s, slice thickness = 0.6 mm. The acquired datasets were analyzed using 

dedicated computer software (Syngo CT VA46A, Siemens, Munich, Germany) based on 

volume-rendered 3D or 2D reconstructed images. Colors were applied semi-automatically by the 
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software according to the CT values of the regions. Dimensions of the chambers were measured 

along the estimated orthogonal axes of the fish body.  

Histology  

A transverse ventricle specimen was obtained from the mid-ventral wall of specimen #4. The 

specimen was fixed with 10% formalin, dehydrated in ethanol, and then embedded in a paraffin 

block. The specimen was sectioned at 4-µm thickness using a microtome. Microscopic 

assessment was performed using a digital microscope (BX53, Olympus, Tokyo, Japan) following 

hematoxylin-eosin staining.  

 

 

RESULTS 

Overview of the heart specimens  

The profiles of the fish and heart specimens are summarized in Table 1. The heart weight and 

RHW was 2.13 ± 0.54 kg (mean ± SD) and 0.17 ±0.02%, respectively. All plastinated hearts 

contained the wall of the sinus venosus, atrium, ventricle, conus arteriosus, and the proximal end 

of the ventral aorta (Fig. 1,2). Specimen #3 contained the entire ventral aorta and sinus venosus. 

The dimensions of the atrium, ventricle, conus arteriosus, and atrioventricular valve for each 

specimen are summarized in Table 2. 

Atrium and sinus venosus  

The atrium has a triangular shape and the largest volume among the four cardiac chambers. 

The atrium is located anterior to the sinus venosus, a thin-walled sac that collects venous blood 

from the duct of Cuvier and the hepatic veins. The sino-atrial (SA) valve, a large bileaflet valve, 

is interposed between the two chambers opening in the middle of the posterior atrial wall. 

Observation of the internal atrial wall revealed pectinate muscles lining most of the atrial wall, 
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many of which were attached to the commissures of the SA valve radiating in the antero-lateral 

direction (Fig. 3). 

Ventricle  

The ventricle has an asymmetric shape, with its atrio-ventricular (AV) and cono-ventricular 

orifices aligned in a left-to-right configuration. A horizontal cut image of the reconstructed 3DCT 

dataset showed that a muscular ridge, namely a cono-ventricular fold (van Mierop and Kutsche, 

1981) lying in the dorso-ventral direction between the two orifices, formed an arch that 

subdivided the ventricle into the ventricular inlet (left) and outlet (right, Fig. 4A, B). The 

ventricular inlet was connected to the atrium via the AV ring (Farrell and Jones, 1992), which 

contained the AV valve (Fig. 3A). The AV valve was bileaflet and attached to the ventricular wall 

either directly or via chords. In the axial cut image, the thickness of the ventricular wall was 

approximately 30 mm at the free wall, whereas it was thicker at the ventricular base (Fig. 4C). A 

high-density layer with a thickness of approximately 5 mm was seen along the epicardial as well 

as endocardial surfaces of the ventricle. The high-density layer was also seen on the cut surface 

of the spongiosa in specimen #2 (Fig. 4D) and therefore considered an artifact not representing 

the true nature of the original tissue. The internal aspect of the ventricle was significant for the 

presence of thick trabeculae. The trabeculae in the inlet were oriented dorso-ventrally, whereas 

those in the outlet were oriented antero-posteriorly. A convergence of trabeculae was observed at 

the apex. The middle layer demonstrated a complex meshwork of spongiosa surrounded by the 

lacunar system replaced by air. Manipulation of the data to make the high-density layers 

translucent revealed that the myofibers in the spongiosa formed a circular pattern around the 

atrioventricular valve, ventricular apex, and outlet (Fig. 5).  

Myocardial architecture was further assessed using reconstructed 2D slice images, which 

revealed three major groups of myofibers with different fiber orientations in the spongiosa. 
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Namely, myofibers on the endocardial side (inner layer) were oriented in the same direction as 

the trabeculae and sent branch fibers across the ventricular wall toward the epicardium 

(transmural fibers). Sagittal slice images demonstrated that some trabeculae connected the 

atrioventricular junction and apex. The myofibers on the epicardial side (outer layer) formed 

clusters due to the insertion of the transmural fibers (Fig. 6). These findings were also seen in the 

cut surface of the ventricle in specimen #2 (Fig. 1D).  

Histology of the ventricle  

Histology of the ventricular myocardium revealed that the spongiosa occupied almost the 

entire ventricular wall. The compacta comprised a single layer and accounted for approximately 

3% (1 mm) of the ventricular wall thickness. Compacta and spongiosa were differentiated by the 

“crisscrossed” fiber orientation (Brill and Chin Lai, 2015) and the presence of a lacunar system 

around the myocardial bundles in the spongiosa. Coronary vasculature was observed mainly in 

the epicardium and the transitional zone between the compacta and the spongiosa. However, it 

was also seen in the myocardial layer of both the compacta and spongiosa (Fig. 7). 

Conus arteriosus, ventral aorta, and coronary vessels  

The conus arteriosus consists of compact myocardium and two rows of thick tricuspid valves 

(Fig. 8A, B). The ventral aorta in specimen #3 was approximately 30 cm long and had four pairs 

of orifices of the afferent branchial arteries (Fig. 8C). It was confirmed at harvesting that the 

most distal orifice served as the common outlet for the first and second afferent branchial arteries. 

The orifice of the fifth branchial artery was located dorso-medially compared to the others.  

A pair of coronary arteries descended along the antero-lateral surface of the conus arteriosus 

to distribute branch vessels on the ventricular surface (Fig. 8D). Superficial cardiac veins 

gathered around the AV ring to form a coronary sinus that opened at the left proximity to the SA 

valve in the sinus venosus (Fig. 8E, F).  
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DISCUSSION 

Methodology 

In the present study, the anatomy of the plastinated whale shark heart was assessed by 3DCT 

imaging. The large-scale heart specimens revealed interesting morphologic characteristics of the 

atrial and ventricular myocardium that have not been previously reported. Plastinated heart 

specimens are advantageous for acquiring CT datasets as they can stand alone. The presence of 

air functions as a negative contrast, allowing for high-quality imaging of the internal structures. 

Furthermore, digitalized image datasets allow for the removal of unnecessary parts of the heart in 

a non-destructive manner. The cut image of the ventricle demonstrated a homogeneous layer 

with a 5-mm surface thickness. This layer, resembling compacta, was considered an artifact of 

the formation of a silicone layer, since the layer was also observed on the cut surface of the 

spongiosa. Histologic confirmation was therefore necessary to directly measure the thickness of 

the compacta.  

Gross morphology of the whale shark heart and relative heart weight 

    The overall characteristics of the whale shark heart were similar to those of other 

elasmobranch fish (Parker, 1886; White, 1936; Santer and Greer Walker, 1980; van Mierop and 

Kutsche, 1981; Tota, 1999; Icardo, 2017). The RHW reflects the level of physical activity of the 

given species. Typically, a higher RHW is seen in physically active animals such as mammals 

and birds. Poupa and Lindström (1983) demonstrated that Selachii have a relatively high RHW 

for fish (0.196%). The RHW of the whale sharks in our study was within this range and therefore 

not specific. 

Architecture of the atrium 
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The internal architecture of the atrium was remarkable in the presence of pectinate muscles 

attaching to the SA valve. It has been shown that pacemaker cells are located adjacent to the SA 

valve in the vertebrate heart (Keith and Flack, 1907; Lange et al, 1966; van Mierop, 1967; 

Komuro et al, 1986; Haverinen and Vornanen, 2007; Tessadori et al, 2012). Furthermore, 

pectinate muscles in the chick embryo form the conduction pathway (Sedmera et al, 2006). It can 

therefore be speculated that pacemaker cells are located in the SA junction in the whale shark as 

well and that action potentials radiate via the pectinate muscles. 

It is of note that the central location of the SA valve and the distribution pattern of the 

pectinate muscles make the overall morphology of the whale shark atrium somewhat symmetric. 

The symmetric distribution of pectinate muscles may be advantageous to synchronize the 

contraction of the atrial wall and to effectively transport the blood into the ventricle. The 

symmetric aspect of the single atrium stands in contrast to the two-chambered, asymmetric shape 

of the atrium in tetrapods, in which the SA valve is deviated to the right and the chamber divided 

by the atrial septum to the left of the SA valve. Our findings imply that the symmetry of the 

single atrium has been lost in tetrapods as a result of architectural changes associated with 

evolution. 

Myocardial architecture of the ventricle 

The fish heart ventricle is categorized into four types based on the presence of the coronary 

vasculature and the proportion of compacta. In general, elasmobranchs have a mixed-type 

ventricle that is categorized as either type III or IV, as the coronary system and compacta are 

always present (Tota, 1983; Grimes and Kirby, 2009). The compacta in type III ventricles 

accounts for less than 30% of the entire ventricle and is seen in sedentary or bottom-dwelling 

species. On the other hand, the type IV ventricle consists of compacta at a proportion greater 

than 30% and is seen in highly active endothermic sharks or tunas (Basile et al., 1976; Emery et 
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al., 1985; Sanchez-Quintana and Hurle, 1987). Our study revealed that despite its large body size, 

the whale shark has a type III ventricle with extremely thin compacta, accounting only for 

approximately 3% of the ventricular wall thickness. This percentage is similar to that in 

Holocephali (Durán et al., 2015). We consider that this finding corresponds to the nature of 

whale sharks as placid, slow swimmers. Furthermore, this finding implies that the whale sharks’ 

horizontal and vertical movements in the ocean may not pose a significant workload on the 

ventricle.  

The spongiosa comprised myofibers with different fiber orientations, which formed 

crisscrossed appearance in the cut images. In contrast to the general understanding of the 

architecture of the spongiosa being anarchic (Tota et al., 1983; Sanchez-Quintana et al., 1996), 

however, our study revealed layer-specific, flow-oriented fiber alignments in the whale shark 

ventricular spongiosa. Namely, the myofibers on the endocardial side (inner layer) were oriented 

along the ventricular flow tract, whereas those on the epicardial side (outer layer) form a circular 

pattern along the tract. There were also myofibers directed transluminally. It can be speculated 

that each group of fibers play a significant role not only in interventricular conduction but also in 

ventricular mechanics. The myofibers of the inner layer are considered responsible for the 

transmission of action potentials from the atrium through the flow tract. As seen in the Xenopus 

and zebrafish (Sedmera et al., 2003), the trabeculae in the ventricular inlet may contribute to the 

transmission of action potentials from the atrio-ventricular junction to the apex. Transluminal 

fibers are believed to transmit action potentials to the outer layer. Contraction of the fibers in the 

outer layer is believed to constrict the flow tract. These fiber alignments are advantageous to 

efficiently generate an ejection force from the ventricular spongiosa. Further studies are 

necessary to elucidate whether the myocardial architecture seen in the present study is unique to 

the whale shark or if it also found in other elasmobranch fishes. 
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STUDY LIMITATIONS 

Our study has several limitations. First, the architecture of the ventricular compacta was 

compromised due to the presence of white epicardium and artifact formation, the latter 

presumably caused by silicone. The proportion of the compacta was assessed not based on the 

CT images but a histology specimen. Second, the proportion of the compacta was calculated 

based on the thickness. As significant methodological variability exists in literature for 

measuring the proportion of compacta, (Icardo, 2017), comparing the proportion of compacta 

among fish species requires caution. Third, the scarcity of specimens limited the extent of 

histological assessment on the whale shark heart in this study. 

 

 

CONCLUSIONS 

The structure of the whale shark heart was assessed using 3DCT imaging, which allowed for 

visualization of the internal structure of rare heart specimens in a non-destructive manner. Our 

study revealed ordered myocardial fiber alignments in both the atrium and ventricle, suggesting 

some functional advantages. Histology revealed that the whale shark has a type III ventricle 

comprising an extremely thin compact myocardial layer, consistent with their placid nature. 
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Figure Legend 

Figure 1. (A)-(C): External aspects of plastinated heart specimens #1 (A), #2 (B), and #3 (C). (D): 

Sagittal cut surface of the ventral wall of specimen #2 showing crisscross appearance of the 

spongiosa. Asterisks indicate transluminal fibers. 

An, anterior; At, atrium; CA, conus arteriosus; En, endocardium; Ep, epicardium; Po, posterior; 

Sp, spongiosa; SV, sinus venosus; V, ventricle; VA, ventral aorta. Scale bars = 5 cm in (A-C) and 1 

cm (D). 
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Figure 2. (A)-(E): Reconstructed three-dimensional images of the whale shark heart. Ventral (A), 

dorsal (B), left lateral (C), right lateral (D), and posterior (E) aspects of specimen #1. (F): Ventral 

aspect of specimen #2. (G): Left lateral aspect of specimen #3. For abbreviations, refer to Fig 1. 

Scale bars = 5 cm. 

Figure 3. (A)-(D): Structure of the atrium and sinus venosus of the whale shark. 

Ventral (A), dorsal (B), lateral (C), and posterior (D) aspects of the internal atrial wall. Note the 

pectinate muscles attached at the commissures of the sino-atrial valve (asterisk) with 

symmetrical distribution. (E) and (F): The external (E) and internal (F) aspects of the sinus 

venosus showing openings of the duct of Cuvier (arrowheads) and hepatic veins (arrows). AVV, 

atrio-ventricular valve; SAV, sino-atrial valve. Scale bars = 5 cm. 

 

Figure 4. (A) and (B): Horizontal cut images of the ventricle showing the dorsal (A) and ventral 

(B) aspects of the ventricular interior. Note the cono-ventricular fold (arrowheads) demarking 

the ventricular inlet (IL) and outlet (OL) and the different orientation of the trabeculae between 

the inlet and outlet. Majority of the ventricular wall comprises spongiosa with a complex 

meshwork. (C): Axial cut image of the ventricle. (D): Axial cut images of the ventricle in specimen 

#2 showing an artifact seen as a homogenous high-density layer on the cut surface of the 

spongiosa (asterisk). (E) and (F): Sagittal cut images of the ventricle showing the 
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atrio-ventricular connection (arrows) via atrio-ventricular valve (AVV). Scale bars = 5 cm. 

 

Figure 5. (A)-(F): Ventral (A), dorsal (B), anterior (C), posterior (D), the left lateral (E), and right 

lateral (F) aspects of the ventricle showing the myocardial fiber orientation in the spongiosa. The 

data is adjusted so that the high-density layer on the ventricular surface appears translucent. 

Note the myocardial fibers forming a circular pattern around the apex (asterisk, panel A), 

atrio-ventricular valve (AVV, B), and outlet (OL, C). Scale bars = 5 cm. 

 

Figure 6. Reconstructed two-dimensional slice images of the ventricle. The signal intensity is 

affected by silicone and does not reflect the property of the original tissues. (A-C): Axial slice 

image of the conus arteriosus (CA, panel A) and outlet (B and C) demonstrating the circular 

arrangement of the myofibers. (D-G): Myofibers in the inner layer aligned along the inlet 

(asterisk) and transluminal fibers (arrowheads). Arrows indicate the atrio-ventricular 

connections. (H): Myofibers in the outer layer aligned perpendicularly to those in the inner layer. 

(I and J): Horizontal slice images demonstrating the circular arrangement of myofibers around 

the atrio-ventricular valve. (K and L): Sagittal slice images demonstrating trabeculae connecting 

the atrio-ventricular junction and apex. Scale bars = 5 cm. 

 

Page 16 of 29



Figure 7. Photomicrograph of the ventricular myocardium of the whale shark. (A): Montage 

photomicrograph of the ventricular wall to capture its entire thickness. Note that the majority of 

the ventricular wall consisted of spongiosa (Sp). (B): Enlarged image of the box in panel A 

showing the crisscrossed alignment of the myofibers. The thickness of the compacta (Co) is 1 mm, 

accounting for 3% of the entire thickness. Scale bar = 1 mm. (C): Enlarged image of the upper box 

in panel B showing the coronary artery in the Sp (arrow). (D): Enlarged image of the lower box in 

panel B showing the coronary vasculatures seen in the epicardium (Ep) and the transitional zone 

between the compacta and the spongiosa. A small vessel is also seen within the compacta 

(asterisk). Scale bars = 2 mm (A), 1 mm (B-D). 

 

Figure 8. The structure of the conus arteriosus, ventral aorta, and coronary vessels. (A): Short 

axis view of the conal valve. Note the cross section of the coronary arteries (arrows). (B): Internal 

aspect of the conus arteriosus demonstrating two rows of conal valves. (C): Dorsal aspect of the 

ventral aorta showing four orifices of branchial arteries (I-V). Note that the most distal orifice 

serves as the common outlet for the first and second afferent branchial arteries (I + II). (D): 

Lateral aspect of the heart showing the coronary artery (arrow) and veins (arrowheads). (E): 

Coronary veins forming the sinus (arrowheads) around the atrio-ventricular ring. (F): The 

opening of the coronary sinus (asterisk) located in left-proximity to the sino-atrial valve (SAV) in 
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the sinus venosus (SV). Scale bars = 5 cm. 
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Table 1. Profiles of the individual whale shark, Rhincodon typus. 

# Sex Total length (cm) Body weight (kg) Heart weight (kg) Relative heart weight (%) 

1 M 595 1050 2.05 0.195 

2 F 665 1720 2.75 0.160 

3 M 585 1260 2.25 0.179 

4 M 573 965 1.45 0.150 

Mean±S.D. 605±41 1249±338 2.13±0.54 0.171±0.020 
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Table 2. The dimensions of the plastinated hearts. 

 

Dimensions are demonstrated as length x width x thickness. N.A.: not applicable. 

 

# Atrium (cm) Ventricle (cm) Ventricular wall 

thickness (mm) 

Conus arteriosus 

(cm) 

Atrio-ventricular valve 

(cm) 

1 18.7 x 17.7 x 8.4 15.3 x 15.2 x 13.4 24.0  7 .0x 7.0 x 7.0 5.4 x 5.7 

2 14.2 x 16.3 x 11.0 N.A 27.7  N.A. 4.1 x 5.4 

3 17.8 x 18.2 x 9.9 13.8 x 12.7 x 9.4 29.4 7.8 x 7.4 x 7.2 5.1 x 6.0 

Page 20 of 29



  

 

 

(A)-(C): External aspects of plastinated heart specimens #1 (A), #2 (B), and #3 (C). (D): Sagittal cut 
surface of the ventral wall of specimen #2 showing crisscross appearance of the spongiosa. Asterisks 

indicate transluminal fibers.  

An, anterior; At, atrium; CA, conus arteriosus; En, endocardium; Ep, epicardium; Po, posterior; Sp, 
spongiosa; SV, sinus venosus; V, ventricle; VA, ventral aorta. Scale bars = 5 cm in (A-C) and 1 cm (D).  
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(A)-(E): Reconstructed three-dimensional images of the whale shark heart. Ventral (A), dorsal (B), left 
lateral (C), right lateral (D), and posterior (E) aspects of specimen #1. (F): Ventral aspect of specimen #2. 

(G): Left lateral aspect of specimen #3. For abbreviations, refer to Fig 1. Scale bars = 5 cm.  

 
297x420mm (300 x 300 DPI)  
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(A)-(D): Structure of the atrium and sinus venosus of the whale shark.  
Ventral (A), dorsal (B), lateral (C), and posterior (D) aspects of the internal atrial wall. Note the pectinate 
muscles attached at the commissures of the sino-atrial valve (asterisk) with symmetrical distribution. (E) 

and (F): The external (E) and internal (F) aspects of the sinus venosus showing openings of the duct of 
Cuvier (arrowheads) and hepatic veins (arrows). AVV, atrio-ventricular valve; SAV, sino-atrial valve. Scale 

bars = 5 cm.  
 

297x420mm (300 x 300 DPI)  
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(A) and (B): Horizontal cut images of the ventricle showing the dorsal (A) and ventral (B) aspects of the 
ventricular interior. Note the cono-ventricular fold (arrowheads) demarking the ventricular inlet (IL) and 
outlet (OL) and the different orientation of the trabeculae between the inlet and outlet. Majority of the 

ventricular wall comprises spongiosa with a complex meshwork. (C): Axial cut image of the ventricle. (D): 
Axial cut images of the ventricle in specimen #2 showing an artifact seen as a homogenous high-density 

layer on the cut surface of the spongiosa (asterisk). (E) and (F): Sagittal cut images of the ventricle showing 
the atrio-ventricular connection (arrows) via atrio-ventricular valve (AVV). Scale bars = 5 cm.  

 
297x420mm (300 x 300 DPI)  
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(A)-(F): Ventral (A), dorsal (B), anterior (C), posterior (D), the left lateral (E), and right lateral (F) aspects 
of the ventricle showing the myocardial fiber orientation in the spongiosa. The data is adjusted so that the 
high-density layer on the ventricular surface appears translucent. Note the myocardial fibers forming a 

circular pattern around the apex (asterisk, panel A), atrio-ventricular valve (AVV, B), and outlet (OL, C). 
Scale bars = 5 cm.  

 
297x420mm (300 x 300 DPI)  
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Reconstructed two-dimensional slice images of the ventricle. The signal intensity is affected by silicone and 
does not reflect the property of the original tissues. (A-C): Axial slice image of the conus arteriosus (CA, 

panel A) and outlet (B and C) demonstrating the circular arrangement of the myofibers. (D-G): Myofibers in 

the inner layer aligned along the inlet (asterisk) and transluminal fibers (arrowheads). Arrows indicate the 
atrio-ventricular connections. (H): Myofibers in the outer layer aligned perpendicularly to those in the inner 
layer. (I and J): Horizontal slice images demonstrating the circular arrangement of myofibers around the 
atrio-ventricular valve. (K and L): Sagittal slice images demonstrating trabeculae connecting the atrio-

ventricular junction and apex. Scale bars = 5 cm.  
 

297x420mm (300 x 300 DPI)  
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Photomicrograph of the ventricular myocardium of the whale shark. (A): Montage photomicrograph of the 
ventricular wall to capture its entire thickness. Note that the majority of the ventricular wall consisted of 
spongiosa (Sp). (B): Enlarged image of the box in panel A showing the crisscrossed alignment of the 

myofibers. The thickness of the compacta (Co) is 1 mm, accounting for 3% of the entire thickness. Scale bar 
= 1 mm. (C): Enlarged image of the upper box in panel B showing the coronary artery in the Sp (arrow). 
(D): Enlarged image of the lower box in panel B showing the coronary vasculatures seen in the epicardium 
(Ep) and the transitional zone between the compacta and the spongiosa. A small vessel is also seen within 

the compacta (asterisk). Scale bars = 2 mm (A), 1 mm (B-D).  
 

297x420mm (300 x 300 DPI)  
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The structure of the conus arteriosus, ventral aorta, and coronary vessels. (A): Short axis view of the conal 
valve. Note the cross section of the coronary arteries (arrows). (B): Internal aspect of the conus arteriosus 
demonstrating two rows of conal valves. (C): Dorsal aspect of the ventral aorta showing four orifices of 

branchial arteries (I-V). Note that the most distal orifice serves as the common outlet for the first and 
second afferent branchial arteries (I + II). (D): Lateral aspect of the heart showing the coronary artery 
(arrow) and veins (arrowheads). (E): Coronary veins forming the sinus (arrowheads) around the atrio-

ventricular ring. (F): The opening of the coronary sinus (asterisk) located in left-proximity to the sino-atrial 
valve (SAV) in the sinus venosus (SV). Scale bars = 5 cm.  
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This is an image file for consideration as a possible cover illustration of reconstructed three-dimensional 
computed tomographic images of the whale shark heart showing the dorsal (left) and ventral aspects of the 

atrial interior.  
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