


COMPARATIVE VALVULAR ANATOMY AND VALVULOMETRY OF THE PULMONARY VALVE IN SHEEP AND GOAT
	

ABSTRACT

The pulmonary valve in sheep and goat had three semilunar cusps viz., left, right and posterior that were attached to a ring like annulus at the base of the pulmonary root. Each of the cusp in both species had a hinge, belly and a free margin. The free edge comprised a nodule of Arantius in its middle and lunula on either sides. These cusps formed three commissures; left-right, right-posterior and posterior-left placed at the sino-tubular junction.  The mean annular diameter was significantly different between the two species and was 1.3 ± 0.02 cm and 1.4 ± 0.04 cm in sheep and goat respectively. The free edge mean length of left, right and posterior cusps was significantly higher in goat and measured 2.2 ± 0.04 cm, 2.0 ± 0.03 cm and 1.9 ± 0.06 cm respectively. The right-posterior commissural mean height was significantly higher in goat and was 0.8 ± 0.04 cm while the left-right commissural mean height was higher in sheep and was 0.8 ± 0.06cm. The mean depth of these cusps and the mean height of the Posterior-left commissure was without significant difference between species.
The cusps in both species were connected by annulus made of densely arranged connective tissue  to the ventricular myocardium. All the culsps in both species possessed lamina spongiosa supported by loosely arranged collagen bundles, few elastic and reticular fibers towards the right ventricular side.  Lamina radialis was formed of dense, radial and regularly arranged collagen bundles with few elastic fibers. Lamina fibrosa was seen towards the pulmonary trunk and was formed of dense, regularly arranged collagen bundles, few elastic, reticular fibers and was lined by endothelial cells. The differential mean thickness of left, right and posterior leaflets were insignificant between sheep and goat. Histochemical studies revealed that the histological layers of these cusps showed PAS activity, AB activity, AKP activity and ACP activity at different intensities. No positive reaction for Oil red O and cholesterol was observed in both species.
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INTRODUCTION

Pulmonary valve form part of the fibrous skeleton of heart in all domestic animals (Dyce et al., 2010). They guard the pulmonary orifice situated at the summit of the conus arteriosus (Getty, 1975). This semilunar valves are passive structures that can open, close and ensures that the blood from the right ventricle flows in one direction ie., towards the pulmonary artery and not in the opposite direction (Frandson et al., 2009). This valve of the pulmonary trunk consists of right, left and intermediate semilunar cusps, or valvulae (Evans and Lahunta., 2013). Their convex surface face the ventricular side while the concave surface is towards the pulmonary side (Frandson et al., 2009)
The extent of development of these valves depends mainly on the blood pressure levels (Evans and Lahunta, 2013). Pregnancy, ageing, developmental anomalies and heart diseases can cause valvular dysfunction and failure leading to Valvular Heart Disease. Pathologies associated with pulmonary valve include pulmonary stenosis, pulmonary regurgitation and pulmonary atresia. Pulmonary valve stenosis is one that prevents blood flow from the right ventricle to the lungs. It accounts 5.1% of Congenital heart disease (CHD) in humans (Yadav, 2015) and is one of the most common cause of CHD in dogs (Markovic, 2020). It is often due to fusion or dysplasia of the cusps of the pulmonary valve. Affected valves are to be repaired and or replaced for proper functioning. In humans, pulmonary valve is used as a substitute for aortic valve replacements (Ross procedure) for its suitability (Supadevi and Subramaniam 2019). 
Ovines has been traditionally used as an experimental animal model for preclinical testing of pulmonary valve implants (Flameng et al., 2006). However, Ovine models have a disadvantage to undergo ventricular fibrillation even with minor cardiac intervention (Shofti et al., 2004) and rapid calcification (Schoen et al., 1994; Flameng et al., 2006). Porcines are also considered unsuitable for long term studies due to their rapid growth. (Hecke et al., 2023)
Species specific variation in the outcomes of preclinical valvular repair and replacement trials in animal models is still challenging. The search for most suitable, feasible and manageable animal model for valvular research is still continuing. Further, the choice for an appropriate animal model depends on the research problem. This study is a detailed histological interspecies comparison of the pulmonary valve in sheep and goat to better understand their valvular anatomy, similarities and differences that will help assess the relative suitability of this species in preclinical studies.   

MATERIALS AND METHODS


	The heart of sheep and goat for the present study were collected from apparently healthy animals that were slaughtered in the nearby slaughter houses of Rajendranagar, Hyderabad. The hearts immediately after their collection were carefully removed of their outer peritoneal covering and were washed thoroughly to remove blood and blood clots on their surfaces. The hearts were then gently dissected for the pulmonary artery and valves. The sinuses of the valves were packed with cotton wool to maintain the valvular geometry and the contour of its cusps. The valves were then subjected to gross morphologic and morphometric observations such as shape, location, relations of the cusps, size, annular diameter,  valvular free edge, cusp/leaflet depth, commissural height etc., by using vernier caliper, and  scale - thread method (Vijay et al., 2025).
	The hearts were then carefully dissected and washed in normal saline  before fixing them in  10% Neutral Buffered Formalin (Singh and Sulochana, 1997) for paraffin embedded tissue sectioning.  Each leaflet of the pulmonary valve was cut from the center of its free edge to its base/attached border at the annulus for processing and histomorphological observations. Paraffin sections of 4-5µm thickness were processed for staining by routine and special stains to record their microanatomical features. This include the Hematoxylin & Eosin method for micro-architecture, Van Gieson‟s method for collagen fibers and Wilder‟s method for reticular fibers (Singh and Sulochana 1997), Verhoeff‟s method for identification of elastic fibers (Culling 1974), Masson‟s trichrome method to differentiate muscle and CT (Luna, 1968). The thickness of the valves were recorded by micrometry.
	For histochemical analysis, fresh frozen sections of 10 – 15 µm and paraffin sections were utilized. These sections were subjected to PAS reaction to demonstration glycogen, PAS–AB method for acid and neutral muco polysaccharides, Gomori‟s method for localization of ACP enzyme, Oil red-O in propylene glycol method for demonstration of fats, Tris Buffer (Gomori) Method for demonstration of succinic dehydrogenase enzyme (Singh and Sulochana 1997) and Schutz‟s method for cholesterol (Carleton et al., 1980) respectively.
RESULTS AND DISCUSSION

The pulmonary or right semilunar or right arterial valve in sheep and goat was seen at the right atrio-ventricular orifice and it separated the right ventricle from the pulmonary trunk as reported in other farm animals (Frandson et al., 2009). It was seen cranial and towards the left of the aortic valve as reported by (Evans and Lahunta 2013) in dog.  It comprised a pulmonary root, annulus and three cusps (Fig. 1).  The annulus was placed more towards the right ventricle and gave attachments to three cusps while the ventriculo-arterial junction was placed above the annulus and separated the right ventricle from pulmonary root in both the species (Fig.1) as reported by Getty (1975) and Dyce et al., (2010) in other domestic animals. In contrary, Stamm et al., (1998) and Stradins et al., (2004) reported that the annulus marked the ventriculo-arterial junction between free-standing right ventricular myocardium and the fibroelastic walls of pulmonary sinuses in humans.  The root of the pulmonary valve does not have a circular form and was not a well defined fibrous structure in humans (Misfeld and Sievers, 2007).  
This pulmonary cusps based on their topology were identified as right, left and intermediate/posterior cusps or valvulae in both the species (Fig: 1). Each of these valvulae had a hinge, belly and free margin. The free edge in all cusps comprised a thick circular fibrous nodule or nodule of Arantius in its middle, which provided the coapation area to the neighboring valve leaflets. These observations are akin to the description made by various authors (Getty 1975 and Dyce et al., 2010 in domestic animals; Misfeld and Sievers 2007, and Akthar et al. 2011 in humans. On either side of this nodule lunula was present. 
The PV sinuses were three in the region of pulmonary root and were bounded proximally by the basal attachment of the cusps and distally by sino-tubular junction. The later inturn was a ridge which defined the upper part of sinuses and ran through upper part of commissures forming inter-leaflet triangles. This feature is similar to the human PV as described by Misfeld and Sievers (2007) and Akthar et al . (2011) who also stated that these triangles played a dynamic role in opening and closing of the valve. The commissures were the highest point where two neighboring cusps met and were placed at sino-tubular junction. Based on the location of commissure, they were identified as left-right, right-posterior and posterior-left. The inter-leaflet triangles between the leaflets were formed with in the right ventricle (Fig. 1).
	The mean annular diameter in sheep and goat was 1.3 ± 0.02 cm and 1.4 ± 0.04 cm respectively and the difference was highly significant between the two species (P<0.01) (Table. 1). But, Schmitt (2016) in his study found that the mean pulmonary valve diameter in sheep was 24.6±2.5 mm. The free edge mean length of left, right and posterior cusps was significantly higher in goat 2.2 ± 0.04 cm, 2.0 ± 0.03 cm and 1.9 ± 0.06 cm respectively. Akthar et al., (2011) mentioned in bovines that free edge mean length of right cusp was greater than the posterior cusp while the left cusp was the shortest and this length increased with age in all the cusp in bovines. The right and posterior commissural mean height was significantly higher in goat which was 0.8 ± 0.04 cm and in sheep measured 0.7 ± 0.06 cm while the left and right commissural mean height was higher in sheep and it was 0.8 ± 0.06cm and in goat it measured 0.4 ± 0.05 cm (P<0.05) (Table 1).
	In this study, PV annulus in both sheep and goat was in loose contact with myocardium and was characterized by densely arranged connective tissue adjacent to the ventricular myocardium. In contrary, Misfeld and Sievers (2007) described that there was no well-defined fibrous annulus that characterized the line of attachment of pulmonary leaflets. The cusps of the PV in both species was made up of three distinct layers; lamina spongiosa, lamina radialis, lamina fibrosa apart from the endothelial lining (Fig 2,3) and is in accordance with Misfeld and Sievers (2007) who described that the pulmonary valve is histologically formed of five layers between the ventricular and arterial endothelial layers of the leaflet and they were lamina ventricularis, lamina radialis, lamina spongiosa, lamian fibrosa and lamina arterialis in humans.
The lamina spongiosa was towards the ventricle and comprised loosely arranged collagen bundles with few elastic and reticular fibers. In humans, the spongiosa showed loose collagen fibers that are oriented parallel and in a circumferential direction. This layer was largest in the younger age (Gumpangseth et al., 2020).  Lamina radialis was comprised of dense regularly and radially arranged collagen bundles with few elastic fibers. Lamina fibrosa was seen towards the pulmonary trunk side and comprised tight network of dense and regularly arranged collagen bundles with few elastic and reticular fibers (Fig 2,3). These findings are similar to Broom (1978) and Misfeld and Sievers (2007) who mentioned that the collagen and elastic fibers arrangement is important for the leaflet load bearing in humans. There was no evidence of muscle fibers in the pulmonary leaflet of both the species in the present study.
The performance of the valves can be assessed based on their histological components viz., cellularity and thickness of the valves (Quinn et al., 2011). The performance of transplanted tissue engineered heart valves in pulmonary position has already been carried out in sheep and goat models. The density of collagen fibers increased and their orientation/arrangement was irregular with advancing age in valves. This structural alteration resulted in stiffness, reduced extensibility and caused functional impairements (Gumpangseth et al., 2020).  The general morphology of all the three cusps of the pulmonary valve was similar in both the species. The differential mean thickness of left, right and posterior leaflets were insignificant between sheep and goat (Table 1)
 	Our histochemical analysis revealed a moderate PAS activity in lamina spongiosa while it was weak in lamina fibrosa and radialis (Fig. 4). A strong AB activity was observed in ventricular endothelium and lamina spongiosa were as a weak activity was noticed in lamina radialis and arterial endothelium which indicated the distribution of acid mucopolysaccharides (Fig. 4). The amount of mucopolysaccharides decreases with age (Mc Donald et al., 2002). AKP activity was intense in arterial surface, mild in subendothelial region, moderate in lamina radialis and weak in lamina fibrosa. The activity for ACP was intense in the arterial surface, weak in radialis and moderate in the ventricular surface. The valves were negative for Oil red O and cholesterol activity. Lipid accumulation in the valves increases with age (Mc Donald et al., 2002).

CONCLUSION
	Understanding the macro and micromorphology of the valves will help to improvise techniques in the treatment of valvular diseases. Histological assessment is an essential step to determine the quality, suitability and adaptability of the bioprosthetic valves and it helps to engineer them for better performance. Morphometric parameters are critical components in developing these valves and to test cardiovascular devices for their performance in this animal models. This comparative study in goat with sheep details the valvular anatomy that may be of interest in considering the suitability of this species as one among the other available large animal models like swine, canine and ovine in valvular research.  
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 Fig.1. Photograph showing the gross anatomical features of the pulmonary valve in sheep and goat.
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Fig. 2. Photomicrograph of the pulmonary valve in goat showing the differences in distribution and density of collagen fibers in its histological layers (Masson’s trichrome – 4X and 10X)
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Fig. 3. Photomicrograph of the pulmonary valve in Goat  (H & E- 40X) showing its laminae and Sheep (Verhoeff”s – 40X) showing the distribution of elastic fibers 

[image: C:\Users\Dell\OneDrive\Desktop\heart4.jpg]
Fig. 4. Photomicrograph of the pulmonary valve in Sheep showing positive reaction for mucopolysaccharides (PAS – 40X) and (PAS -AB– 40X) 

Tables:
Table.1. Morphometric measurements of the pulmonary valve in Sheep and Goat
	Sl.No
	Parameter
	 
	Sheep
	Goat

	
	
	
	mean
	SE
	mean
	SE

	1
	Annular Mean Diameter (cm)
	 
	1.3**
	0.02
	1.48*
	0.04

	2
	Free Edge Mean Length (cm)
	Left
	2.0**
	0.05
	2.2**
	0.04

	
	
	Right
	1.6**
	0.03
	2.0**
	0.03

	
	
	posterior
	1.7**
	0.04
	1.9**
	0.06

	3
	Leaflet Mean Depth (cm)
	Left
	1.0
	0.05
	1.1
	0.04

	
	
	Right
	1.1
	0.05
	1.1
	0.03

	
	
	Posterior
	1.0
	0.07
	1.1
	0.04

	4
	Commissure  Mean Height (cm)
	Right-Posterior
	0.7*
	0.06
	0.8*
	0.04

	
	
	Left-Right
	0.8*
	0.06
	0.4*
	0.05

	
	
	Posterior-Left
	0.7
	0.05
	0.7
	0.05

	5
	Pulmonary valve Mean Thickness (µm)
	Left
	450.5
	7.4
	467.0
	6.8

	
	
	Right
	443.7
	5.1
	457.4
	5.8

	
	
	Posterior
	435.5
	5.8
	450.5
	4.7



NOTE: **indicates significance at 0.01 level &* indicates significance at 0.05 level.
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