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SUMMARY 

BACKGROUND 

It is generally known that the fibrous ventral abdominal wall comprises of mainly an admixture of 

longitudinal, oblique and transverse bundles of collagen and elastic fibres.  The formation, 

orientation and the strength of this fibrous wall would be expected to differ between animals 

depending on the forces applied to them. The baboon, a terrestrial primate, is a quadruped but 

occasionally referred to as a facultative biped when feeding or when hunting for food. The goat is 

a quadruped who is a browser capable of consuming and accommodating large quantities of 

forages which markedly distends its caudal abdomen. The different modes of locomotion and 

feeding would influence the structure of the fibrous ventral abdominal wall. Despite these unique 

differences, there is scanty information regarding the structure and tensile strength of the fibrous 

ventral abdominal wall in the baboon and the goat. Data on the structure of the fibrous ventral 

abdominal wall would give us an insight on how these animals cope with the various forces applied 

on the ventral abdominal wall and the likelihood of predisposition to rectus diastases and/or 

herniation. 

OBJECTIVE 

This study was undertaken to ascertain the histomorphology and morphometry of the fibrous 

ventral abdominal wall of the baboon and the goat so as to elucidate the elements that are 

accountable for maintaining the integrity of the wall when it is exposed to forces due to normal 

functions, posture and movements. The study also undertook to determine the ultimate tensile 
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strength and elastic coefficient of the different regions of the baboon and the goat fibrous ventral 

abdominal wall and how it relates to structure and function.  

MATERIALS AND METHODS 

The fibrous ventral abdominal wall was harvested from seven healthy male baboons aged 12 – 24 

months sacrificed at the Institute of Primate Research and six male goats aged 1 - 2 years procured 

from an animal slaughter market. The baboon experiments were approved by the internal review 

committee of the Institute of Primate Research. After ensuring that ethics and scientific issues had 

been addressed, strips of tissue were resected from the mid-epigastric, the umbilical and 

hypogastric part of the linea alba. Equivalent strips were also obtained from the ventral and dorsal 

rectus sheath. Some strips of tissues were set aside for mechanical testing, while others were 

processed for light microscopy and then morphometric measurements. Observations and 

measurements were coded and tabulated. Data collected were entered into the Statistical Package 

for Social Sciences software (Version 17.0, Chicago, Illinois) for coding, tabulation and statistical 

analysis. Since the data was non-parametric, the Kruskas Wallis test was conducted.  Graphs, 

tables, and photographs were used to present the results.  

RESULTS 

Observations of this study have revealed that although the fibrous ventral abdominal wall of the 

baboon and the goat are similar in their gross morphology and hence the formation of the individual 

laminae, they however, have unique differences in their collagen and elastic ratios, orientation, 

laminae thickness and tensiometric characteristics. In both animals, the aponeurosis of external 

and internal oblique abdominis muscle joined to form the ventral rectus sheath while the 
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aponeurosis of transversus abdominis formed the dorsal rectus sheath. Light microscopic 

observations revealed that the linea alba, ventral and dorsal rectus sheath in the two animals were 

made up of three, two and one distinct laminae respectively. In both animals the superficial lamina 

was noted to be lined or at times closely apposed to the deep fascia ventrally.  

 

In the baboon, the epigastric linea alba comprised of predominantly obliquely aligned collagen 

bundles while the umbilical was mainly composed of a fused thick mass of transversely oriented 

collagen bundles. Virtually all the collagen bundles in the hypogastric linea alba were 

longitudinally aligned. The rectus sheath however, was found to be more elastic than the linea 

alba. The baboon ventral rectus sheath was found to be predominantly made up of obliquely 

aligned collagen fibres with infrequent fine elastic fibres in the deep fascia ventrally and lining the 

deep lamina dorsally. The oblique collagen bundles in the hypogastric ventral rectus sheath were 

arranged in a characteristic crisscross manner. The dorsal rectus sheath in contrast, was noted to 

consist of mainly transversely aligned overlapping collagen bundles which had heavily infiltration 

of transversely aligned elastic fibres. The deep fascia was indistinct and contained very few elastic 

fibres. 

 

In the goat, the epigastric linea alba was made up of a superficial lamina composed of 

predominantly obliquely aligned collagen bundles, an intermediate lamina comprising of 

longitudinally aligned collagen bundles and a deep lamina consisting of transversely oriented 

collagen fibres. The umbilical and hypogastric linea alba was composed of an intermediate lamina 

which had discrete and prominent collagen bundles. The ventral rectus sheath was made up of two 
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laminae which comprised of obliquely aligned collagen bundles. The collagen bundles were 

markedly thinner in the deep lamina of the umbilical and the hypogastric regions of the linea alba 

and ventral rectus sheath. The goat epigastric dorsal rectus sheath consisted of transversely aligned 

collagen bundles sandwiched by longitudinally arranged sheets of elastic fibres. These collagen 

bundles in the umbilical and hypogastric dorsal rectus sheath were noted to be thinner and were 

surrounded by sparse elastic fibres. The deep fascia (tunica flava abdominis) was intimately 

apposed to the ventral surface of the superficial lamina in the goat linea alba and the ventral rectus 

sheath. This fascia was thicker and more prominent in the umbilical and hypogastric regions of the 

linea alba and the ventral rectus sheath.  

 

Results of tensiometry revealed that the goat’s umbilical ventral rectus sheath recorded the highest 

ultimate tensile strength of 125 N/mm2 in both animals followed by the baboon’s umbilical dorsal 

rectus sheath (95 N/mm2).  This was noted when they were exposed to transversely aligned 

traction. However, when the umbilical and hypogastric regions ultimate tensile strengths were 

combined, the goat’s ultimate tensile strength of ventral rectus sheath and the baboon’s ultimate 

tensile strength of dorsal rectus sheath was noted to have similar values of 201.8 N/mm2 and 195 

N/mm2 respectively. 

 

The highest elastic coefficient recorded in either animal was seen when the fibrous ventral 

abdominal wall was exposed to longitudinal loading. Although the baboon umbilical dorsal rectus 

sheath recorded the highest elastic coefficient of 1000(SD 0.1)N/mm2, it also had the thinnest 
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lamina (0.051mm) recorded. In both animals, however,the rectus sheath recorded a uniformly 

higher elastic coefficient than the linea alba.  

CONCLUSIONS. 

The findings of this study show that the collagen bundles with the heavy elastic fibre impregnation 

seen in the baboon dorsal rectus sheath and the unusually elastic rich ventral surface of goat fibrous 

ventral abdominal wall, constitute a strong fibroelastic structure “band-like” of variable tension” 

which serve to support the abdominal viscera. This allows for graduated accommodation/ stretch 

and recoil while at the same time conserving energy by preventing unnecessary muscular use due 

to increased abdominal pressures/ forces. The findings of an unusually thin baboon DRS which 

had the highest UTS and also had the highest elastic coefficient, would serve to inform the industry 

on future development of meshes. The intimate association of the elastic and collagen fibres in the 

fibrous ventral abdominal wall of the baboon and the goat may allow the strengthening of the wall, 

like the steel in tyres. Thus, not only would it serve as an energy saving structure, but it would 

possibly keep the incidences of rectus diastases and ventral hernia formation to minimal levels in 

these animals. 

 

 



 

CHAPTER ONE 

1.0 INTRODUCTION, LITERATURE REVIEW, STUDY 

OUTLINE AND OBJECTIVES. 

1.1  Introduction 

The abdominal wall components, specifically muscle and connective tissue, must meet and 

accommodate a wide range of force demands for torso movement, spine stabilization, and 

respiration (Brown and McGill, 2008). The ventral abdominal wall comprises skin, superficial 

fascia, a fibrous part and a muscular part. The oblique and transversus abdominis muscles 

constitute the ventro-lateral abdominal muscles, while the rectus abdominis muscle forms the 

ventro-midline muscular part (Moeinzadeh et al., 1983). The fibrous parts in the abdominal midline 

namely, the linea alba, the rectus sheath and an overlying deep fascia, are very important for the 

stability of this system from a mechanical and postural point of view.  

The linea alba (LA), is a tough midline tendinous structure formed by the interlocking 

aponeurotic fibers of three ventrolateral abdominal muscles namely external oblique, internal 

oblique and transversus abdominis passing from one side to the other (Askar, 1977; Axer et al., 

2001a; Standring et al., 2008). The rectus sheath (RS) is made up of two walls that enclose the 

rectus abdominis (RAM) muscle and its neurovascular bundle. The ventral wall is firmly attached 

to rectus abdominis (RAM) muscle while the dorsal wall sheath is not (Sinnatamby, 2000). 

The pattern of formation of the rectus sheath may be explained by its embryogenesis 

(Walmsley, 1937; Rizk, 1980; Yang et al., 2012). The ventral abdominal wall is first formed by 



PhD Thesis, UON. Page 2 

ectoderm and parietal mesoderm (Risk, 1980). For the sheath above the umbilicus, Rizk (1980) 

postulated the so-called “bilaminar theory” that provided a good biomechanical model for the adult 

rectus sheath as an intermediate tendon for the bilateral abdominal wall muscles. A lamina from 

each of the external oblique and internal oblique would divide into two laminae according to the 

collagen fiber direction. Rizk (1980) further suggested that differentiation into bilaminar and 

decussating collagen fibres in the rectus sheath may be established by mechanical demands after 

birth. 

The function of the linea alba is to maintain the abdominal muscles, particularly the rectus 

abdominis muscles, at a certain proximity to each other (Beer et al., 2009). In a study done on 

quadrupeds, Smit (2002) proposed that the linea alba acts as a passive tensile band which assists 

in conserving energy by bearing the weight of the intra-abdominal organs and hence prevent 

sagging of the abdominal wall.  

In the abdominal region, the deep fascia is a fibrous, membranous sheath which consists 

of thin layers of connective tissue of approximately 156μm that strongly adhere to the surrounding 

musculature and aponeuroses. This fascia has several functions namely shrouding and separating 

neurovascular structures, strengthening ligaments, and generally binding structures together into 

compact masses. These layers physiologically mimic thin lamina of collagen fibers, but also 

contain an irregularly distributed mesh of elastic fibers and nerve fibers (Stecco, 2011; Findley, 

2012). Hardly any microscopic work has been done on the deep fascia of animals despite its 

prominence as yellow sheet in ruminants (tunica flava abdominis). 

The pattern of formation of the fibrous ventral abdominal wall in its comparative form, 

morphological interpretation, and its possible functional significance has been a subject of 
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numerous studies in humans (Askar, 1977; Axer et al., 2001; Axer et al., 2001b; Mwachaka et al., 

2009; Pulei et el., 2015). However, very few studies have been done in other animals (Walmsley 

1937; Acostasantamaria et al., 2015)  

The human abdominal linea alba has been described as composed of a three dimensional 

fibre architecture of highly structured meshwork of oblique and transverse collagen (Axer et al., 

2001a). Other workers have noted collagen fibres lying in an oblique alignment in the epigastric 

region and transversely orientation in the hypogastric regions of the abdomen (Pulei et al, 2007).  

Elastic fibres have also been found in the superficial lamina and in the lateral and the 

hypogastric parts of the linea alba (Pulei et al, 2015).  These findings were confirmed by 

Mwachaka et al (2009), who also noted a high concentration of elastic fibres in the medial edge of 

the human rectus sheath. Pulei et al (2015), who further examined the linea alba of different sexes, 

noted that females had more transverse collagen and elastic fibres than males especially in the 

hypogastric region.  

Studies have shown a high correlation between the structure and the mechanical function 

of fibrous ventral abdominal wall connective tissue fibres (Axer et al., 2001a). Other studies have 

also shown that the tensile strength of the linea alba is directly proportional to the thickness and 

density (Korenkov et al., 2001). Using a biomechanical study, Grassel et al (2005) proposed that 

when the linea alba is exposed to increasing force in the longitudinal, transverse and oblique 

direction, compliance was highest in the longitudinal direction and least in the transverse direction. 

The baboon, a terrestrial primate, is a quadruped but occasionally referred to as a facultative 

biped when feeding or when hunting for food. It has longer and more powerful forelimbs than the 

hindlimbs (Rose, 1976). In addition, while on one hand the baboon’s abdominal organs are adapted 
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to an omnivorous diet, the goat on the other hand has a purely herbivorus kind of gastrointestinal 

adaptation. The goat is a quadruped with hind limbs which are more powerful and stronger than 

the forelimbs. It is also a browser capable of consuming and accommodating large quantities of 

forages which markedly distends its lower abdomen. Both the baboon and the goat are exposed to 

various degrees of abdominal pressures depending on their posture when feeding or hunting and 

also depending on the capacity of the abdominal cavity. The different grades of locomotor and 

feeding adaptations would be expected to influence the structure of the fibrous ventral abdominal 

wall.  

With this in mind, it is important to study the histomorphology and tensile strength of the 

fibrous abdominal wall of the baboon (primate) and the goat (a quadruped) so as to understand 

how the structure relates to its various functions. In addition, due to the similarities in structural 

arrangement between these animals and man, the present study may also help us understand the 

possible mechanisms for occurrence of recti diastases and ventral abdominal wall hernias in man.      
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1.2  Literature review 

1.2.1 Morphology of the fibrous ventral abdominal wall 

The fibrous ventral abdominal wall is composed of the linea alba, the rectus sheath and the 

deep fascia. The linea alba runs from the xiphoid to the pubic symphysis. It separates the pair of 

rectus abdominis within a sheath. Formed by the interlacing and crisscrossing aponeurotic fibers 

of the external and internal obliques and the transversus abdominis, the linea alba is physically 

shown as a light groove in lean, muscular bodies. The sheath surrounding the rectus abdominis 

muscle is also formed ventrally by the aponeurotic fibres of the EOM and dorsally by the 

aponeurotic fibres of the TAM. Varying amounts of aponeurotic fibres of the IOM will form either 

the VRS or the DRS or both (Standring, 2008). The deep fascia is a fibrous, membranous sheath 

that has properties which vary from region to region throughout the human body (Gallaudet, 2008). 

This dense connective tissue surrounds and sometimes interpenetrates the abdominal wall muscles, 

aponeurosis, nerves and blood vessels (Gallaudet, 2008). 

Various studies have described the pattern of formation of the linea alba and rectus sheath, 

and its possible functional significance in humans (Askar 1977; Axer et al., 2001; Mwachaka et 

al., 2009). Walmsley (1937) described the construction of the rectus sheath in mammals and noted 

that it varied from order to order and even among related species. He went on further to illustrate 

the three (3) forms or groups in which the rectus sheath exists in mammals.  

In group I, the ventral rectus sheath was formed by the aponeurosis of the external oblique 

abdominis only while the dorsal rectus sheath was formed by the aponeurotic fibers of the internal 
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oblique and transversus abdominis muscle. Group I type of rectus sheath was commonly seen in 

marsupials, ornithorhynchus, talpidae and pteropus.  

In group II, the aponeurosis of external and internal oblique abdominis muscle joined to 

form the ventral rectus sheath while the aponeurosis of transversus abdominis formed the dorsal 

rectus sheath. These authors observed this arrangement in primates like the gibbon, baboon, rhesus 

monkey, chimpanzee and the gorilla. The rabbits, dogs and the insectivora (except Talpidae) were 

also described as having a similar rectus sheath formation pattern and thus also belonged to this 

group. 

In group III, the aponeurosis of internal oblique abdominis muscle split to enclose the 

rectus abdominis muscle  while the aponeurosis of the external oblique and transversus abdominis 

muscle completed the ventral and dorsal rectus sheath respectively (Walmsley, 1937). Animals 

that belong to group III pattern of rectus sheath formation included the cat, pig, horse, ox, sheep, 

mouse and man.   

Variations within a group have been reported for instance in man. Monkhouse et al (1986) 

observed three different patterns of formation of this sheath in the latter. In their study, only 60% 

of the cases conformed to the classical pattern observed in man. In 27.5% of their cases, the internal 

oblique abdominis did not split but passed ventral to the rectus abdominis leaving the transversus 

abdominis to form the dorsal wall of the rectus sheath. Still in the same study, the transversus 

abdominis was noted to split to enclose the rectus abdominis in 12.5% of the cases.  

Walmsley (1937) observed other variations within the mouse for example. He noted that 

the caudal part of the aponeurosis of the internal oblique abdominis which normally splits around 

the rectus abdominis muscle may sometimes shift wholly to join the aponeurosis of the external 
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oblique abdominis. This would leave the aponeurosis of the transversus abdominis to solely form 

the dorsal rectus sheath as would normally be seen in group II.  

Within group III namely, in the ox, the sheep and man the dorsal rectus sheath has been 

noted to cease abruptly at the arcuate line as the lower part of the aponeurosis of the internal 

oblique and transversus abdominis all shift ventrally to join the external oblique abdominis 

aponeurosis.  

Other variations noted include the gibbon in group II, whereby the aponeurosis of lower 

part of the transversus abdominis in the lower part quarter suddenly splits into two layers to 

surround the rectus abdominis as far as the pubis. In the chimpanzee, the transversus abdominis 

aponeurosis has been observed to maintain its position in the dorsal rectus sheath in its whole 

extent. In the baboon, Walmsley (1937) noted that the internal oblique aponeurosis passed wholly 

ventrally to the rectus while the dorsal rectus was formed wholly by the aponeurosis of lower part 

of the transversus abdominis until the arcuate line. At the arcuate line the latter abruptly wholly 

shifts ventrally as seen in the human pattern.  

1.2.2 Histology of the fibrous ventral abdominal wall 

1.2.2.1Histology of the linea alba 

The microscopic structure of the fibrous ventral abdominal wall has been reported by 

several workers in man (Askar, 1977; Axer et al., 2001a; Pulei et al., 2007; Pulei et al., 2015; 

Mwachaka et al., 2009) and in the pig (Acostasantamaria et al., 2015). The linea alba in the human 

has been reported by several workers to exhibit zonation (Askar, 1977; Axer et al., 2001a; Pulei et 

al., 2007; Pulei et al., 2015). Axer et al (2001a) described the human linea alba as the area of 

decussation of the tendinous aponeurotic fibers of the muscular strata passing from one side to the 
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other. Using confocal laser scanning microscopy they outlined three different zones of fiber 

orientation that follow each other from ventral to dorsal:-  

1. The lamina fibrae obliquae consists of intermingling oblique fibers (on average, four to six 

layers of fibers).  

2. The lamina fibrae transversae contains mainly transverse fibril bundles (on average, four to six 

layers of fibers).  

3. An inconstant, small lamina fibrae irregularium is composed of one to two layers of oblique 

fibers.  

Axer et al (2001a) further suggested a histological classification of the linea depending on 

three different aponeuroses crossing the flat abdominal muscles above the umbilicus. Type I was 

demonstrated to be characterized by a single aponeurosis crossing on the anterior surface of the 

linea alba and another single aponeurosis on the posterior surface (30% of the cases), the type II 

had threefold anterior and threefold posterior aponeuroses (60% of the cases), and type III had one 

aponeurotic crossing on the anterior and three on the posterior. The workers suggested that these 

aponeurotic crossings in the linea alba had different strengths and durability. In studies done later, 

Axer et al (2001b) postulated that type I predominates in patients with herniae of the abdominal 

wall.   

Askar, (1978) classified the human linea alba into three morphological types according to 

fiber density namely a weak type (fibers that were thin and widely meshed), compact type (fibers 

that were thick and closely meshed), and an intermediate type that was a mixture of both. They 
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suggested that the weak type of the linea alba may be a predisposing factor for development of 

incisional hernia.  

The human abdominal linea alba has been described as composed of a three dimensional 

fibre architecture of highly structured meshwork of oblique and transverse collagen (Axer et al., 

2001a). Axer et al, (2001a) noted that 35 to 60% of the fibers in the human linea alba, were 

transversely aligned.  Other studies have described the human linea alba as consisting of a 

superficial, intermediate and deep lamina (Pulei et al., 2007). Pulei et al (2007) observed certain 

important gender difference in human linea alba in the different regions. They noted that the 

hypogastric part of the linea alba in the female contained more transverse collagen fibers as 

opposed to longitudinal fibers than the males. The longitudinal fibres were more in the male, and 

in some cases the middle lamina of the male adults was entirely composed of longitudinal collagen 

fibers. The dorsal and middle laminae of the linea alba were indistinguishable in the females since 

they both contained transverse fibres.  These findings are similar to those seen in the porcine 

(Acostasantamaria et al., 2015). However both Acostasantamaria et al (2015) and Axer et al, 

(2001a), paid little attention to elastic fibres. The latter being critical for long range deformability 

and pressure recoil without energy input in tissues wherever they exist (Kielty et al., 2002).  

Only Pulei et al (2015) described in a bit more detail the orientation and distribution of 

elastic fibres in the human linea alba. The elastic fibres were noted to be longitudinally and 

obliquely disposed in the entire length of the LA. In both males and females, the elastic fibres were 

observed to be more abundant in the ventral lamina, in the lateral and hypopgastric parts of the 

LA. Females were found to have more elastic fibres than males particularly in the hypogastric 

region. However to date, no microscopic work yet has been done on animals like the goat and the 

baboon to show adaptations of the linea alba to posture and intraabdominal pressures.  
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1.2.2.2Histology of the rectus sheath 

The rectus sheath is a strong connective tissue made of collagen. It forms a sheath of dense 

white fibrous tissue that encloses the rectus abdominis muscles. These muscles are a superficial 

pair of muscles extending along the entire length of the anterior abdominal wall, from the thoracic 

cage to the pelvis. The rectus sheath has multiple functions, such as abdominal compression to 

increase the intra-abdominal pressure (parturition, defecation, etc.), support the abdominal 

contents and flexion. The rectus sheath enables the rectus abdominis muscles to slide through 

neighboring structures and also protects them from injury. Other lateral abdominal muscles 

(external oblique, internal oblique and transversus abdominis) become aponeurotic near the linea 

alba and contribute fibres to the formation of the rectus sheath (Standring, 2004). 

Studies on the human rectus sheath have shown it to be organized into distinct zones (Axer 

et al., 2001a; Mwachaka et al., 2009). Axer et al (2001a) noted that the ventral rectus sheath mainly 

consisted of oblique fibril bundles, while the dorsal rectus sheath consists mainly of transverse 

fibril bundles. In some cases the innermost layers of the dorsal rectus sheaths consisted of a few 

layers of oblique fibril bundles. The oblique and transverse fibril bundles were noted to intermingle 

forming a three- dimensional mesh of fibers similar to the pattern described in the linea 

alba.  Below the level of the umbilicus the dorsal transverse fibril bundles began to spread onto 

the ventral rectus sheath. This transition of fibers from dorsal to ventral continues over two to three 

segments, so that three craniocaudal regions could be described as epigastric, umbilical and 

hypogastric. These three zones are also displayed by the diameter of the rectus sheaths as the dorsal 

rectus sheath became continuously thinner in the transition zone and diminished in size caudally. 

The ventral rectus sheath, in contrast, continuously became thicker in the transition zone (Axer et 

al., 2001a).  
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Although the rectus sheaths are built from the aponeuroses of external oblique, internal 

oblique, and transversus abdominis muscles, the composition of ventral and dorsal rectus sheaths 

is rather variable (Monkhouse, 1986). Moreover, additional fibers in ventral rectus sheaths come 

from the tendinous intersections of the rectus abdominis muscle, which intermingle with the 

oblique fibers of the ventral rectus sheath (Walmsley, 1937). Fiber orientation influences the 

mechanical characteristics of the intact tissue (Chouke, 1935; Anson, 1938). The meshwork 

character of the collagen architecture has some dynamic properties. The meshwork as such can be 

deformed less or more before the fibers themselves come under substantial strain (Moeinzadeh et 

al., 1983).  

A significant step towards a better understanding of the morphology and biomechanics of 

the rectus sheath was carried out by Axer et al (2001 b). These authors provided information on 

rectus sheath fibre orientations, fibre diameter and distribution in humans (Axer et al., 2001a), as 

well as an interpretation for the biomechanical role of different fibre groups (Axer et al., 2001b). 

Seen in a different perspective, the collagen fibre bundles in the ventral rectus sheath ran 

in the same direction as the fascicles of internal oblique muscle (William et al., 1995). The lower 

fascicles of this muscle were transversely disposed while the upper ones slant upwards and 

medially to be inserted into the costal margin. In the dorsal rectus sheath, the collagen fibre bundles 

were transversely aligned in tandem with the orientation of the transversus abdominis muscle 

(William et al., 1995). Axer et al, (2001b) postulated that the lamina fibrae obliquae on one hand 

would have a role in movement, torque, and stabilization while the lamina fibrae transversae on 

the other hand, would play a major role in resisting intraabdominal pressure.  
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The pattern of formation of the rectus sheath in humans and animals may be explained by 

its embryogenesis (Walmsley, 1937; Rizk, 1980; Yang et al., 2012). The ventral abdominal wall 

is first formed by ectoderm and parietal mesoderm (Rizk, 1980). For the sheath above the 

umbilicus, Rizk (1980) postulated the so-called “bilaminar theory”. According to Rizk, (1980), the 

ventral abdominal wall muscles are derived from the lower thoracic myotomes that migrate 

ventrally invading the somatopleura during the sixth week of intra-uterine life. Rectus abdominis 

muscle develops first from the tips of these myotomes then the rest of the mesodermal sheet divides 

into two strata: internal oblique stratum and external oblique stratum. The internal oblique stratum 

gives rise to transversus abdominis and internal oblique abdominis muscles while the external 

oblique stratum develops into external oblique abdominis muscle.  

Later in development, the distal parts of the ventral abdominal muscles become aponeurotic 

(Rizk et al., 1982). The aponeurosis of the internal oblique abdominis muscle attaches to the 

primordial rectus sheath and grows on both ventral and dorsal surfaces towards the linea alba 

forming its superficial and deep lamina. External oblique becomes placed anterior to the superficial 

lamina of internal oblique because it is derived from the external oblique stratum that lies ventral 

to the internal oblique stratum (Rizk et al., 1982). Transversus abdominis muscle on the other hand 

assumes a position posterior to the deep lamina of internal oblique as it is derived from the internal 

oblique stratum (Skandalakis et al., 1997).    

Yang et al, (2012) found that after the physiological umbilical hernia had resolved, the 

dorsal sheath seemed to secondarily disappear below the umbilicus along the inferior epigastric 

artery. They considered changes in mechanical stress after hernia resolution seemed to induce this 

disappearance. These observations together with those of Niikura et al (2008) suggest that the 

dorsal sheath below the umbilicus completely disappears by 25 weeks of gestation. At the stage 
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just after the herniated gut returned, the linea alba began to develop as a transversely directed 

fibrous tissue. Thus, resolution of the hernia could be an important accelerating factor in the 

differentiation of connective tissues in the anterior midline area, albeit only one of a few factors. 

Rizk’s bilaminar sheaths, as well as his proposed digastric configuration of the abdominal muscles 

including the differentiation of the bilaminar and decussating collagen fibers in the rectus sheath 

is believed to have resulted from functional adaptation to mechanical demands during trunk muscle 

function after birth. The bilaminar theory is suggested to have provided a better biomechanical 

model for the adult rectus sheath as an intermediate tendon of the bilateral abdominal wall muscles. 

The morphology of the adult fibrous ventral abdominal wall cannot be fully explained by 

its embryology. As observed by other workers, VRS is firmly attached to RA while the DRS is not 

(William et al., 1995; Sinnatamby, 2000). The maturation of the rectus sheath could be influenced 

by the mechanical activities of the muscles of the anterior abdominal wall. To date, no microscopic 

work has been done on animals like the goat and the baboon to show adaptations of the rectus 

sheath to posture and intraabdominal pressures. 

1.2.2.3Histology of the deep fascia 

The deep fascia is responsible for shrouding and separating nerves and vessels, 

strengthening ligaments, and binding structures together into compact masses. The thickness and 

strength of the fascia at each location corresponds to forces generated by the surrounding muscles.  

Deep fascia is a connective membrane nearly devoid of fat, and is composed of autonomous 

fibrous planes that aid in muscle contractions. The high density of collagen fibers is what gives the 

deep fascia its strength and integrity. The amount of elastin fiber determines how much 

extensibility and resilience it will have (Schleip et al., 2012). It has the following critical functions 
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namely :- It acts like an anatomical "girdle" to bind and hold muscles together in a compact manner; 

It maintains the proper position of the individual muscle fibers, blood vessels, and nerves within 

the muscles, and prevents them from moving all over the place during movement or muscle 

contraction; It helps prevent injury by evenly distributing forces and loads for uniform transmission 

of these forces and loads over the whole muscle; It creates a uniformly smooth / slick surface that 

essentially lubricates the various tissues that come in contact with each other during 

movement.  This helps to prevent friction injuries and subsequent tissue degeneration and 

degradation. It allows muscles to change shape as they are both stretched and shortened 

(contracted). 

The tunica flava abdominis has been described in animals as an extensive sheet of elastic 

tissue that helps to support the abdomen. It is mentioned as being conspicuous in large animals as 

a yellow corset and is a modified part of the deep fascia and aponeurosis of the external oblique 

muscle (Studdert et al., 2011). However, there is no published study that has been done on the deep 

fascia of animals like the goat and the baboon to show its adaptations to posture and intraabdominal 

pressures. 

1.2.3 Biomechanical properties of the fibrous ventral abdominal wall 

The mechanical action of the fibrous ventral abdominal wall has been studied in humans 

(Ozdogan et al., 2006; Rath and Chevrel, 1997; Pans et al., 1999; Hollinsky and Sandberg, 2006) 

and in the pig (Acostasantamaria., 2015). The resistance of the anterolateral abdominal 

aponeuroses is important when planning the surgical repair of incisional hernias (Rath and 

Chevrel, 1997). It also provides relevant data for mathematical modelling and model tissue 

engineering on collagen tissue herniation (Kureshi et al., 2008).  
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Other biomechanical studies done in humans have shown that the LA has elastic properties 

(Kirker-Head et al., 1989, Rath et al., 1996). Further, this mechanical elasticity of the LA varies 

topographically such that the hypogastric part exhibits a higher elastic coefficient (Rath et al., 

1996). Studies have shown that the tensile strength of the LA is directly proportional to its 

thickness and density (Korenkov et al., 2001). In vivo biodynamic properties of the intact equine 

linea alba has been found to show regional variations such that the hypogastric linea alba 

experienced greater stress than the epigastric linea alba (Kirker-Head et al., 1989).  

Using a structural model built within the framework of non-linear soft damage of the 

ventral rectus sheath, data from Grässel et al (2005) showed that when the linea alba is exposed to 

increasing force in the longitudinal, transverse and oblique direction, compliance was highest in 

the longitudinal direction and least in the transverse direction. They further showed that the 

hypogastric region exhibited a coefficient of elasticity greater than that of the epigastric portion. 

In the female, the compliance of the hypogastric part was found to be significantly smaller in the 

transverse than in the oblique direction. This compliance in the transverse direction was also found 

to be smaller in women than in men (Grässel et al., 2005).  

 Minimal one-dimensional tensile testing of human abdominal fascia has been conducted 

by other workers in order to examine the viscoelasticity, non-linearity, and anisotropy of the tissue 

(Kirilovam et al., 2009). The viscoelasticity of abdominal wall fascia is further supported by the 

varied elastic moduli and ultimate tensile stresses (UTS). Samples running parallel to the 

collagenous fibres exhibited a greater elastic modulus and UTS than those running perpendicular 

to the fibres (Kirilovam et al., 2009). 
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In the toe region of the stress-strain curves, the viscoelastic nature of fascia was evident, a 

behavior which can be attributed to collagen fiber bundles located within the tissue (Kirilovam et 

al., 2009).  Microscopic examination showed that the structural components of collagen and elastin 

began to align in the direction of the applied load, and produced stress-strain graphs demonstrated 

as a viscoelastic response. This allowed for some initial stretch in the tissue, a quantity that 

increases as the elastin begins to linear-elastically deform and collagen bundles continue to expand 

further until failure (Kirilovam et al., 2009). 

A study of the biomechanics of the superficial fascia showed a failure load of 102.6±74.4 

N whereas when the dermis and fascia were evaluated as a single unit, the value for failure load 

increased to 401.4±44.9N (Song, 2004). While previous research has been able to gather 

mechanical data for yield strength and ultimate tensile strength, the data is greatly varied between 

studies, indicating a lack of a consensus about the mechanical properties of the superficial fascia. 

  The surrounding rectus sheath, formed by fibers from the external and internal obliques 

and the transversus abdominis, encloses each portion of the rectus abdominis. It is further joined 

by the fascia and other connective tissues in the lower third. The combination of the rectus 

abdominis with the sheath can withstand up to 180N of force applied in a transverse direction, and 

requires sutures that retain high tensile strength when surgeries are performed (Carriquiry, 1996). 

Tensile properties of connective tissues of the abdominal wall are necessary to better 

analyze the mechanical response of the abdominal wall. Though tensile properties of these tissues 

have been reported in humans and the porcine, data is still missing regarding the directional loading 

rates in other animals such as the baboon and the goat. 
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1.2.4 Clinical significance 

Access to the peritoneal cavity takes into account the composition of the abdominal wall 

as well as the neurovascular structures within it. Most incisions are made through the linea alba 

since it is relatively avascular and provides extensive exposure (April, 1997). However, these 

midline incisions predispose to incisional herniae, a well-known post-surgical complication 

(Gibson et al., 1989).  

Incisional herniae are one of the commonest postoperative complications of laparotomy in 

humans (Bucknall et al., 1982; Korenkov et al., 2001). The incidence is between 1% and 11% in 

humans and as great as 16% in large animals, depending on the surgical approach to the abdomen.  

Flank laparotomy approach has hence been associated with a higher incidence of wound 

dehiscence than midventral approach. Mid ventral was reported to be superior and proper attention 

to technical detail when suturing the rectus has been reported to be critical in preventing wound 

dehiscence (Slatter D, 2003; Abubakar et al., 2014). 

 In a study regarding the aetiological factors concerned in the production of paraumbilical 

and epigastric hernias, Askar (1978) demonstrated a positive relation between the aponeurotic 

pattern and herniation of paraumbilical or epigastric hernias. The incidence of epigastric hernias 

in men was suggested to be due to straining and coughing. In women, abdominal distension due 

to pregnancy and obesity were the commonest causes for paraumbilical herniation. It has also been 

observed in humans, that epigastric herniae occurred almost exclusively in patients who had a 

single midline pattern of decussating collagen fibres in the LA compared to those with the more 

secure digastric aponeurotic pattern of decussation (Axer et al., 2001a). 
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Patients with a wide LA, often referred to by some authors to having a “sick linea alba 

complex”, are prone to developing ventral hernias (Naraynsingh et al., 2012). Ruminants like the 

goat, have a stomach volume which is capable of consuming and accommodating large quantities 

of relatively indigestible forages causing marked abdominal distension. However, the abdominal 

wall of a goat is relatively thin and hence muscle tearing and separation often occur from blunt 

trauma during shearing, fighting or crowding through narrow doorways (Gohar et al., 1987; Abdin-

Bey and Ramadan., 2001). All these make the fibrous abdominal wall of the goat easily 

predisposed to developing rectus diastases or even hernia (Yami and Merkel, 2013).  

Inguinal hernias have been reported in non-human primates (Chaffee et al., 1973; Warren 

et al., 1979; Carpenter et al., 1980). Whereas rectus abdominis diastasis (Bursch, 1987; Hsia and 

Jones, 2000) and ventral herniae are common in humans and quadrupeds, they are no reports of 

their existence in non- human primates (Fitzgibbons et al., 2002; Brengio et al., 2003).  
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1.3 Study design 

A cross-sectional descriptive, histological, morphometric and biomechanical research study. 

1.4 Objectives of the study 

1.4.1  Broad objective: 

To study the histomorphological organization and tensiometry of the fibrous ventral abdominal 

wall in the baboon and the goat. 

1.4.2  Specific objectives: 

1. To describe the morphology and histological organization of the fibrous ventral abdominal 

wall in the baboon and the goat. 

2. To determine the thickness of the different laminae of the fibrous ventral abdominal wall in 

the baboon and the goat. 

3. To determine the tensiometric characteristics of the epigastric, umbilical and hypogastric 

regions of the fibrous ventral abdominal wall in the baboon and the goat. 
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CHAPTER TWO 

2.0 MATERIALS AND METHODS 

2.1 Experimental Animals (The baboon and the goat) 

2.1.1 The baboon and goat as a study model 

The advantage of using the olive baboon is that they are now considered as terrestrial bipedal 

walkers as a locomotor mode in itself and not a random pattern. They have been observed to walk 

in a constant and well-coordinated manner, with flexed hips and knees, slightly bent trunk, albeit 

with some peculiarities in the type of foot contact to the ground and in forelimb posture and motion 

(Berillon et al., 2013; D’Aout et al., 2014). While the use of quadrupeds, such as the goat, as 

models for human abdominal impact response biomechanical research is well documented (Huelke 

et al., 1986).  

2.1.2 Harvesting and tissue sampling of the FVAW  

The ventral abdominal wall was harvested from seven (7) healthy male baboons (Papio 

anubis) (weight range 10-13kg), 1- 2year old, obtained from the Institute of Primate Research, 

Kenya (Fig 1) and six (6) male goats (Capra hircus) (Fig 2) procured from the animal slaughter 

market. The baboons were sedated with KETAMINE HCl (10 mg/kg, vetelar, parnke Davies co., 

ponypool Germany) and XYLAZINE (10 MG/KG, ILIUM XYLAZILR, Troy lab Pty limited, 

Smithfield, Australia) IP/IM and then euthanized with 20% pentobarbitone sodium (80mg/ kg body 

weight).  
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Figure 1.  Photograph of a 2 year old olive baboon. (Papio anubis) 

 

 

 

Figure 2. Photograph of a 12 month old domestic goat (Capra hircus) 
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The skin and the fat were incised via a midline abdominal incision to form skin flaps that 

exposed the ventral abdominal wall aponeuroses with its deep fascia intact. Thereafter, the FVAW 

was removed from the animals and the tissues for tensiometry immediately immersed in phosphate 

buffered saline while the rest were immersed in 10% formaldehyde solution. Animals with 

abdominal wall scars, overt abdominal pathology or those which were more than 1 hour post 

mortem were excluded from the study.  

Using the xiphoid process, the umbilicus, and the pubic tubercle as landmarks, pieces of 

tissue were resected from the linea alba using a metal template (40mm x 20mm) from the mid-

epigastric, the umbilical and hypogastric levels of the linea alba just above the arcuate line. 

Similarly tissues were also resected from the middle part of the rectus sheath about 2 to 2.5cm 

from the midpoint of LA, at the same level as the linea alba resections (Fig 3, 4). 
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Legends for figures 3 and 4 

Figure 3 - Photomacrograph of the ventral abdominal wall of an 18 month old olive baboon 

Papio Anubis showing the linea alba, a few relevant landmarks. Blue pinhead - the 

xiphoid process (XP);  ELA- Epigastric linea alba; Red pinhead- Umbilical linea 

alba- (ULA);  HLA- Hypogastric linea alba; Green pinhead- the pubic symphysis 

(PS); VRS- Ventral wall of the rectus sheath; RM- Rectus abdominis muscle; 

EOM- External oblique abdominis muscle.  

Figure 4 - Photomacrograph of the ventral abdominal wall of a 2-year old goat (Capra 

hircus) showing the linea alba, a few relevant landmarks. Blue pinhead - the xiphoid 

process (XP);  ELA- Epigastric linea alba; Red pinhead- Umbilical linea alba- 

(ULA);  HLA- Hypogastric linea alba; Green pinhead- the pubic symphysis (PS); 

VRS- Ventral wall of the rectus sheath; RM- Rectus abdominis muscle; EOM- 

External oblique abdominis muscle.  
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Figure 3 Photomacrograph of the ventral abdominal wall of the baboon. 

 

 

Figure 4 Photomacrograph of the ventral abdominal wall of the goat. 
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2.3  Light microscopy of each of the tissues sampled 

A transverse section (20mm x 10mm) was fixed in 10% formol-saline. Thereafter, the 

sections were trimmed and processed for paraffin embedding by passing them through increasing 

concentrations of alcohol at 10% increments, xylene 100%  each for one hour and cleared with 

cedar wood oil for 12 hours.  The sections were then embedded in fresh molten paraplast wax for 

12 hours.  Seven micrometer (7micrometre) sections were cut from paraffin blocks using a LEITZ 

WETZLAR sledge microtome (Leica R Model SM2400, Leica Microsystems, Nussloch GmbH, 

Germany), floated in water at 370c, then stuck onto glass slides using egg albumin, applied as a 

thin film.  Fifty six sections from each region (making a total of 168 sections) were selected for 

histomorphometry. The slides were dried in an oven at 370c for 16-24 hours, then stained with the 

Weigert resorcin – fuchsin stain and counterstained with Van Gieson stain for demonstration of 

elastic fibres (Drury et al 1967).  The sections were examined under a Leica Light microscope 

(BME model, Germany) at various magnifications x 40; x 100; x 400 and x 1000. 

Photomicrographs were taken using ZeissTM digital photomicroscope (Carl Zeiss AG, 

Oborkochen, Germany). 

2.4  Morphometric analysis of the laminae 

The Photomicrographs of the fifty six sections showing the different laminae were 

transferred to a computer installed with ImageJ-Fiji software for morphometric. ImageJ is open 

source software which has an inbuilt morphometric and stereological tools for analyzing images 

(Schneider et al., 2012). The thickness of laminae for each region (ie epigastric, umbilical and 
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hypogastric) for the LA, VRS and DRS were measured in millimetres and the ratios plotted on bar 

graphs.    

2.5  Biomechanical testing of the fibrous ventral abdominal 

wall 

2.5.1 Sampling of the test specimens 

All mechanical tests were done according to Seifert et al (2012). Tissue strips of 30mm x 

20mm which were fresh from four (4) different baboons and four (4) different goats were kept in 

phosphate buffered saline before exposure to mechanical testing. The specimens, which had a 

rectangular shape, were carefully prepared so as to avoid causing any damage to the test sample. 

They were collected in three orthogonal directions. Specimens cut parallel to the linea alba were 

denoted as L (longitudinal) in this study, while the direction parallel to the direction of oblique 

muscles were denoted as O (oblique) while those perpendicular to the linea alba were named as T 

(transverse).  

For each animal, a total of 60 samples were tested out of which only 44 were validated and 

included in the study (Table 1). Tissue width (mm) and thickness (mm) at the waist (around the 

middle third of the tissue between the clamps) were measured using a vernier caliper before 

loading was started. The distance between each clamp was standardized at 12 mm. The width 

ranged from 13mm to 23 mm.  
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Legends for Table 1 

Table 1  – The table showing the number of samples exposed to each of the 3 different 

tractional force directions in the baboon and the goat. Note that oblique and 

transverse traction were difficult to perform in areas where the linea alba was thin.  
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Table 1 Table showing the number of samples exposed to each of the 3 different tractional 

force directions in the baboon and the goat. 

 Baboon  Goat  

Direction of traction forces      

Longitudinal 10  7  

      

Oblique  9  7  

      

Transverse 7  4  

      

 

2.5.2 Tensiometric measurements of the baboon and goat samples 

The ends of the tissue samples were wrapped with pieces of sandpaper before being placed 

into customized clamps designed with teeth to grip the ends of the tissue samples as shown in Fig. 

5, 6. The sandpaper promotes friction with the metal screw clamp, while staying in contact with 

the tissue sample. To ensure that no sliding occurred during the tests all the mechanical tests were 

visually validated by 2 other researchers. The clamps were fixed to the crosshead and base of a 

materials testing machine Hounsfield tensometer (80035; Pesola, Baar, AG Switzerland). The 

strain, load to failure (N), ultimate tensile strength (N/mm2) and coefficient of elasticity (N/mm2) 

were then determined. 

Load to failure was determined by placing the tissue in a bidirectional strain along its long 

axis, at an elongation rate of 20 mm/min. Each test took on average 2 to 4 minutes to complete. 

Force (N) and displacement (mm) were measured on a xy plotter, and these points were 
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subsequently recorded as stress (force per cross sectional area) and strain (fractional change in 

length) and replotted in Microsoft Excel (Microsoft Office Professional 2013). Ultimate tensile 

strength was defined as the maximum obtained load at the failure point of the tissue samples per 

area squared of the tissue waist. In this study, ultimate tensile strength and yield point were 

interchangeable. For each tissue specimen, stiffness (Young’s modulus) or coefficient of elasticity 

was calculated by determining the slope of a line that fit the most linear portion of the stress-strain 

curve. Young’s modulus is the gradient of the stress-strain graph for the region that obeys Hookes’s 

law. 

Young’s modulus = Stress/ strain 

When a sample tore or ruptured outside the measured area (outside the waist), the result 

was excluded from the analysis. The mean stress – strain curves were then plotted in a graph to 

compare the three regions examined. Some of the tissues were not amenable to certain traction 

forces. This was seen in the baboon linea alba where transverse traction could not be performed 

and the goat dorsal rectus sheath which was too thin. No prior preconditioning was done on the 

tissues. The tissues were kept wet throughout the tests. 
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Legends for figures 5 and 6 

Figure 5 - Photomacrograph showing a tissue sample (blue arrows) being stretched by the 

tensiometer. 

Figure 6  - Photomacrograph showing the waist of the tissue being formed at the beginning 

of the tensile experiment (A) while (B) illustrates the tissue being torn across the 

fracture plane at its waist after it reached its ultimate tensile strength breaking point 

at the end of the process (arrows).   
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Figure 5:- Photograph of the Hounsfield tensometer used in the study. 

 

 

Figure 6:- Photographs showing a tissue sample being stretched to its ultimate tensile strength by 

the tensiometer. 
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2.6  Statistical analysis of the fibrous ventral abdominal wall 

parameters 

Data collected were entered into the Statistical Package for Social Sciences software (Version 17.0, 

Chicago, Illinois) for coding, tabulation and statistical analysis. Comparison between the laminae 

(superficial, intermediate and deep) and the 3 regions (epigastric, umbilical and hypogastric) were 

made for the LA, the VRS and the DRS. The data was non-parametric and hence the Kruskas 

Wallis test was used to compare the means. The advantage of using this test is that it does not 

assume a normal distribution, unlike the one- way analysis of variance (the parametric equivalent). 

2.7  Ethical considerations for use of the animals 

Statement of Justification for animal invasive procedure 

The goats were procured from a local butchery immediately after slaughter. The tissues from the 

baboon were obtained from animals sacrificed at the end of experiments at the Institute of Primate 

Research (IPR). These animals were used by researchers at IPR to investigate preclinical drugs on 

various parasites harmful to humans using the baboon as a model. The study protocols followed 

by the researchers at IPR were approved by the Institutional Scientific Evaluation and Review 

Committee (ISERC) and the Animal Care and Use Committee of the Institute of Primate Research. 
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CHAPTER THREE 

3.0 RESULTS 

3.1 Histomorphology and tensiometric characteristics of the 

baboon fibrous ventral abdominal wall 

3.1.1 Morphology of the baboon fibrous ventral abdominal wall 

The rectus abdominis, which extended from the manubrium sternum to the pubic 

symphysis, was ensheathed by the aponeuroses of the three flat abdominal muscles namely the 

transversus abdominis, the external and internal oblique abdominis muscles. The aponeuroses of 

the external and internal oblique abdominis muscles passed ventral to the rectus throughout its 

extent (Fig 7A, B, C). 

The aponeurosis of the transversus muscle (Fig 7C, D) formed the dorsal rectus sheath and 

then passed ventrally to join the aponeuroses of the external and internal oblique at the linea alba 

at the arcuate line. From this line caudally the dorsal wall of the rectus abdominis was lined by the 

fascia transversalis (Fig 7D).   
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Legends for Figure 7 

Figure 7A Photomacrograph of the ventral abdominal wall showing external oblique 

abdominis muscle (EOM) forming the external oblique aponeurosis which in turn 

partly forms the ventral rectus sheath (VRS) and the linea alba. Note that the 

umbilical and the hypogastric VRS are less than 10cm. 

Figure 7B Photomacrograph of the ventral abdominal wall showing the external oblique 

abdominis muscle (EOM) and internal oblique abdominis muscle (IOM) forming 

the external oblique aponeurosis (EOA) and internal oblique aponeurosis (IOA) 

respectively. The aponeuroses in turn formed the ventral rectus sheath. Note that 

the EOA has been reflected to the right.  

Figure 7C Photomacrograph of the ventral abdominal wall showing the muscle fibres of the 

transversus abdominis muscle (TAM) forming the transversus abdominal 

aponeurosis (TAA) and the longitudinally aligned fibres of the rectus abdominis 

muscle (RAM). Note the internal oblique abdominis muscle (IOM) reflected to the 

left.  

Figure 7D Photomacrograph of the ventral abdominal wall showing the dorsal rectus sheath 

(DRS) lying dorsal to the rectus abdominis muscle (RAM). The latter lie on either 

side of the linea alba (LA). Note the inferior epigastric artery (horizontal arrows) 

crossing the arcuate line (vertical arrows). The line marks the caudal end of the 

dorsal rectus sheath. 
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Figure 7.  Photomacrographs of parts of the baboon fibrous ventral abdominal wall 
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3.1.2 Histology of the baboon fibrous abdominal wall 

3.1.2.1Histology of the baboon linea alba 

The epigastric, the umbilical and the hypogastric linea alba contained mainly collagen and 

elastic fibres. The collagen fibres were organized into three laminae namely, a superficial, an 

intermediate and a deep one which are named in relation to the skin. (Fig.8A - C). 

The superficial lamina of the epigastrium was made up of predominantly longitudinally 

arranged collagen bundles. The intermediate lamina consisted of an admixture of thick longitudinal 

and oblique collagen fibres (Fig.8A). While the deep lamina consisted of mainly obliquely aligned 

collagen bundles. This lamina was lined ventrally by fine elastic fibres in the deep fascia and 

dorsally by distinct longitudinally aligned elastic fibres. (Fig.8D).The deep fascia was thin and 

hardly discernible in most areas. 

Caudally, around the umbilicus, all the laminae had prominent collagen bundles. The 

bundles were mainly oriented in a transverse direction especially in the deep and superficial 

lamina. These were thicker towards the midline at the centre of the umbilicus, and appeared to fuse 

into a thick mass (Fig.8B). The collagen bundles contained fine elastic fibres embedded within it 

(Fig.8E). 

The three laminae of the hypogastrium consisted of predominantly longitudinally aligned 

collagen fibres. There were a few obliquely collagen fibres found in the deep lamina and some of 

these became oriented in a transverse direction laterally. Adipose tissue was also prominent in the 

deep lamina. The superficial and intermediate laminae had thick collagen bundles while the deep 

lamina had thinner bundles. (Fig.8C).The longitudinally aligned fine elastic fibres were seen 

mainly lining the dorsal part of the deep lamina (Fig.8F). 
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Legends for Figure 8 

Figures 8(A-C)-Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric linea alba illustrating the deep fascia (DF) lying ventrally and the three 

characteristic laminae of the linea alba namely, the superficial (SL), intermediate 

IL) and deep (DL). The epigastric part consisted of longitudinal (vertical black 

arrows) and oblique collagen bundles (horizontal black arrows). The umbilical part 

showed collagen bundles in the intermediate (I) and deep (D) laminae fusing to 

form a midline mass (M).  The hypogastric part comprised of longitudinal (vertical 

black arrows), oblique collagen bundles (horizontal black arrows) and transversely 

aligned collagen bundles (horizontal white arrows). Note the adipose tissue (at) in 

the deep lamina. 

Figure 8D A high magnification photomicrograph of the epigastric linea alba showing the thin 

edge of longitudinally elastic fibres (arrows) found lying dorsal to the collagen 

bundles (Co) in the deep laminae. 

Figure 8E A high magnification photomicrograph of the umbilical linea alba showing the fine 

dark elastic fibres (purplish) embedded in the collagen bundles in the deep lamina. 

Figure 8F A high magnification photomicrograph of the hypogastric part of the linea alba 

showing the fine collagen (Co) and elastic fibres (black arrows) arranged in an 

irregular manner in the deep lamina of the hypogastric linea alba. 
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Figure 8. Photomicrographs of a transverse section of the three regions in the baboon linea alba. 
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3.1.2.2Histology of the baboon ventral rectus sheath   

Laterally, the ventral rectus sheath had collagen fibres organized into two laminae namely 

a superficial lamina and a deep lamina in relation to the deep fascia lying ventral to it (Fig.9A - 

C). The epigastric ventral rectus sheath, consisted of obliquely oriented collagen fibres 

impregnated with elastic fibres while the deep fascia had a few distinct elastic fibres (Fig.9 D).  

The umbilical VRS was made up of rows of obliquely oriented collagen fibres (Fig 9B). 

The collagen fibres were lined by fine longitudinally aligned elastic fibres (Fig 9E).  

The hypogastric VRS consisted of rows collagen bundles which are arranged 

predominantly in a crisscross oblique alignment meeting at an angle (Fig.9C). As noted in the other 

regions, each bundle was impregnated with fine elastic fibres (Fig.9F). 
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Legends for Figure 9 

Figures 9(A-C)- Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric rectus sheath illustrating the deep fascia (DF) lying ventrally and the 

two characteristic laminae of the ventral rectus sheath namely the superficial (SL) 

and deep. Note the characteristic sandwich appearance of the superficial (SL) 

encased by the deep fascia (DF) and the deep lamina (DL) in epigastric ventral 

rectus sheath, the numerous oblique collagen bundles (Co) organized in rows in the 

umbilical ventral rectus sheath and the crisscross arrangement (arrows) of the 

collagen bundles (Co)found in the hypogastric ventral rectus sheath. 

Figure 9D A high magnification photomicrograph of the epigastric ventral rectus sheath 

showing the prominent elastic fibres (arrows) found within the deep fascia (DF) 

and the collagen bundles (Co) in the superficial lamina.  

Figure 9E A high magnification photomicrograph of the umbilical ventral rectus sheath 

illustrating the black fine elastic fibres (arrows) found in the deep fascia (DF) and 

lining the collagen bundles (Co). 

Figure 9F A high magnification photomicrograph of the hypogastric ventral rectus sheath 

showing the elastic fibre (arrows) infiltration of the deep fascia and the collagen 

bundles (Co). 
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Fig.9 Photomicrographs of a transverse section of the three regions in the baboon ventral rectus 

sheath. 
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3.1.2.3Histology of the baboon dorsal rectus sheath  

The epigastric, umbilical and hypogastric dorsal rectus sheath were composed of 

overlapping bundles of transversely oriented collagen (Fig.10A, B, C). Each collagen bundle had 

a heavy embedding of obliquely and transversely aligned elastic fibres (Fig.10D, E, F). A few 

blood vessels and elastic fibres were found scattered juxtaposed to the deep lamina. (Fig.10B). 

The collagen bundles in the HDRS were thinner and transversely aligned (Fig.10C). The 

elastic fibres embedded each collagen bundle were fewer and transversely aligned (Fig.11F).  
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Legends for Figure 10 

Figures 10(A-C)-Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric dorsal rectus sheath illustrating the characteristic overlapping 

transverse collagen bundles (Co). Note the blood vessels (bv) juxtaposed to the 

dorsal aspect of the umbilical dorsal rectus sheath. 

Figures 10(D-F)-A high magnification photomicrographs of the epigastric, umbilical and 

hypogastric dorsal rectus sheath illustrating the dark elastic fibres (EF and arrows) 

embedded within the collagen bundles. 

 

 

 

 

 

 

 

 

 

 



PhD Thesis, UON. Page 44 

Fig.10. Photomicrographs of a transverse section of the three regions in the baboon dorsal rectus 

sheath. 
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3.1.3 Measurement of the various laminae of the baboon fibrous ventral 

abdominal wall 

The linea alba was noted to be the thickest at the umbilical part. It measured 0.779mm at 

the umbilical part, 0.467mm at the epigastrium and 0.246mm at the hypogastrium (Table 2). The 

superficial lamina contributed about 24% and 23% of the wall section in the epigastrium and 

hypogastrium respectively while in the umbilical part it contributed 46% (p-0.003). (Fig.11A). 

The epigastric ventral rectus sheath and the dorsal rectus sheath measured about 0.210mm 

and 0.139mm respectively. The umbilical VRS (0.203mm) was more than twice the size of the 

hypogastric VRS (0.083mm) (Fig.11B). In contrast, the umbilical DRS (0.051mm) was about the 

same size as the hypogastric DRS (0.052mm). (Table 2). 
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Legends for Figure 11 and Table 2 

Figure 11A - Bar chart showing percentage proportions of the mean measurements of the 

different laminae at the epigastric linea alba (ELA), umbilical linea alba (ULA) and 

hypogastric linea alba (HLA) regions. The deep lamina was the thinnest lamina 

proportionately in the umbilical region (p-0.018), when compared to the deep fascia 

and superficial lamina. 

Figure 11B - Bar chart showing percentage proportions of the mean measurements of the 

different laminae at the epigastric ventral rectus sheath (EVRS), umbilical ventral 

rectus sheath (UVRS) and hypogastric ventral rectus sheath (HVRS) regions. Note 

how the deep lamina was the thickest proportionately in the umbilicus when 

compared to the deep fascia and superficial lamina. 

Table 2 - Table showing the geometrical dimensions (mm) of the mean thickness of the 

linea alba, ventral and dorsal rectus sheath samples in the epigastric, umbilical and 

hypogastric regions. Note that the umbilical linea alba was the thickest while the 

umbilical DRS and hypogastric DRS were the thinnest with roughly the same 

values.  
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Figure 11. Bar charts showing percentage proportions of the mean measurements of the different 

laminae of the baboon. 

 

 

Table 2 Table showing the geometrical dimensions (mm) of the mean thickness of the 

fibrous ventral abdominal wall samples in three different regions in the baboon. 

 Epigastrium SD  Umbilicus SD Hypogastrium SD 

       

*Linea alba 0.467 0.073 0.779 0.064 0.246 0.052 

*Ventral rectus sheath  0.210 0.028 0.203 0.031 0.083 0.016 

Dorsal rectus sheath 0.139 0.012 0.051 0.001 0.052 0.018 

*Inclusive of the deep fascia 

Linea alba 

Ventral rectus sheath 
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3.1.4 Tensiometry of the baboon fibrous ventral abdominal wall 

3.1.4.1Tensiometry of the baboon linea alba 

During longitudinal and oblique mechanical loading, the linea alba displayed the typical 

stress-strain curves with an elastic (Toe and linear) and a plastic region except for the epigastric 

and umbilical region when exposed to oblique traction(Fig 12A, B). The toe region was more 

easily demonstrable during longitudinal traction compared to oblique traction(Fig 12A, B).  

The typical stress-strain curve seen during longitudinal loading of the linea alba did not 

seem to vary significantly among the 3 regions.The maximal/ultimate stress needed (load to 

failure) to fracture the linea alba during longitudinal traction and oblique traction was 40N/mm2 

and 63.6N/mm2at a strain of 0.35 and 1.19 respectively (Fig 12A, 12B). The hypogastric linea alba 

had a higher UTS when compared to the epigastric and umbilical linea alba (40N/mm2 vs 

32.4N/mm2 vs 18.8N/mm2) respectively during longitudinal traction. 

The stress-strain curve seen during oblique loading of the linea alba did not seem to vary 

significantly among the epigastric and the umbilical linea alba. The hypogastric linea alba 

however, showed a typical stress-strain curves for destructive tensile testing of soft tissues. When 

exposed to oblique traction, the hypogastric linea alba again had a signficantly higher load to 

failure compared to the epigastric and umbilical linea alba (63.6N/mm2 vs 40N/mm2 vs 

23.6N/mm2) respectively.  

The greatest elasticity/ strain noted in the linea alba encountered was seen in the 

hypogastrium at 0.35 and 1.19 when it was exposed to longitudinal and oblique traction 

respectively at its ultimate breaking point. Regionally, the hypogastrium also exhibited the largest 

toe region (Fig 12A, 12B) compared  to the other regions.  
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Legends for Figure 12 

Figure 12A  -Line graphs showing the longitudinal stress - strain curves on the epigastric linea 

alba (ELA), umbilical linea alba (ULA) and hypogastric linea alba (HLA) of the 

baboon. The arrows point to the ultimate tensile strength point of each part of the 

linea alba. 

Figure 12B -Line graphs showing the oblique stress - strain curves on the epigastric linea alba 

(ELA), umbilical linea alba (ULA) and hypogastric linea alba (HLA) of the baboon. 

The arrows point to the ultimate tensile strength point of each part of the linea alba. 
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Figure 12. Graphs showing the stress - strain curves on the various parts of the baboon line alba 
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3.1.4.2Tensiometry of the baboon ventral rectus sheath 

During mechanical loading, the elastic behaviour and the plastic behaviour of the VRS was 

well demonstrable in all the regions when they were exposed to longitudinal, oblique or transverse 

traction(Fig 13A - C). In the epigastric ventral rectus sheath, the toe region was the most prominent 

when compared to the other regions when exposed to longitudinal traction. (Fig 13A).  

The regions of the VRS that withstood maximal/ultimate stress during longitudinal, oblique 

and transverse oblique traction were hypogastric VRS (73N/mm2) and epigastric VRS (63.8N/mm2 

and 32.4N/mm2) at a strain of 0.34, 0.6 and 0.082 respectively(Fig 13A - C).  

The greatest elasticity/ strain encountered was 0.6 when umbilical and hypogastric VRS 

was exposed to oblique traction until their ultimate breaking point(Fig 13B).The stress-strain curve 

of the epigastric and hypogastric did not seem to vary significantly during oblique and transverse 

loading of the VRS (Fig 13B, C). 
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Legends for Figure 13 

Figure 13A -Line graphs showing the longitudinal stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath. 

Figure 13B - Line graphs showing the oblique stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath.Note the similar curves in 

the epigastric ventral rectus sheath and hypogastric ventral rectus sheath (HVRS). 

Figure 13C - Line graphs showing the transverse stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath.Note the similar curves in 

the epigastric ventral rectus sheath and umbilical ventral rectus sheath (HVRS). 
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Figure 13. Line graphs showing the longitudinal, oblique and transverse stress - strain curves on 

the various parts of the baboon ventral rectus sheath. 
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3.1.4.3 Tensiometry of the baboon dorsal rectus sheath 

During mechanical loading, the elastic behaviour and the plastic behaviour of the VRS was 

well demonstrable in all the regions when they were exposed to longitudinal, oblique or transverse 

traction (Fig 14A - C). In the epigastric ventral rectus sheath, the toe region was the most prominent 

compared to the other regions when exposed to longitudinal traction. (Fig 14A).  

The maximal/ultimate stress needed to fracture the DRS during longitudinal, oblique and 

transverse traction were 40N/mm2(umbilical DRS), 80N/mm2(hypogastric DRS), and 

95N/mm2(umbilical DRS) at a strain of 0.04, 0.6 and 0.45 respectively(Fig 14A - C). The greatest 

elasticity/ strain encountered was seen in the hypogastrium at 0.8 when DRS was exposed to 

transverse traction at its ultimate breaking point. The epigastric DRS had uniformly the lowest 

load to failure point whether it was exposed to longitudinal (18.5N/mm2), oblique (27.8N/mm2) or 

transverse traction(50N/mm2)(Fig 14C). 

 

 

 

 

 

 

 

 

 



PhD Thesis, UON. Page 55 

Legends for Figure 14 

Figure 14A - Line graphs showing the longitudinal stress - strain curves on the epigastric dorsal 

rectus sheath (EDRS), umbilical dorsal rectus sheath (UDRS) and hypogastric 

dorsal rectus sheath (HDRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the dorsal rectus sheath. 

Figure 14B - Line graphs showing the oblique stress - strain curves on the epigastric dorsal 

rectus sheath (EDRS), umbilical dorsal rectus sheath (UDRS) and hypogastric 

dorsal rectus sheath (HDRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the dorsal rectus sheath. 

Figure 14C - Line graphs showing the transverse stress - strain curves on the epigastric dorsal 

rectus sheath (EDRS), umbilical dorsal rectus sheath (UDRS) and hypogastric 

dorsal rectus sheath (HDRS) of the baboon. The arrows point to the ultimate tensile 

strength point of each part of the dorsal rectus sheath. 
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Figure 14. Line graphs showing the longitudinal, oblique and transverse stress - strain curves on 

the various parts of the baboon dorsal rectus sheath. 
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3.1.5 Coefficient of elasticity (Young’s modulus) of the baboon fibrous 

ventral abdominal wall 

The highest Youngs modulus/ stiffness among the LA, VRS and the DRS was seen when 

they were exposed to longitudinal loading.  

The linea alba’s calculated Youngs modulus showed that on average, the umbilical and the 

epigastric regions appeared about three times stiffer when exposed to oblique traction compared 

longitudinal traction (Table 3). The epigastrium and umbilicus part of LA were the stiffest at 

289(SD 31) N/mm2 and 328(SD 7.5) N/mm2 respectively when exposed to oblique traction. The 

hypogastric LA was the weakest at 72(SD 11) N/mm2 when exposed to oblique traction (Fig 15A). 

The linea alba’s Youngs modulus did not seem to vary significantly among the three regions during 

longitudinal loading. 

The VRS  was stiffest at 753(SD 55) N/mm2when the hypogastrium was exposed to 

longitudinal  traction. The stiffest values recorded in the epigastrium and umbilicus was 435(SD 

19) N/mm2 and 493(SD 7) N/mm2 when they exposed to transverse  traction respectively. (Fig 

15B). The umbilical VRS was the weakest at 83(SD 3) N/mm2 when exposed to longitudinal 

traction (Fig 15A). The VRS’s Youngs modulus did not seem to vary significantly among the three 

regions during oblique and transverse loading. 

The DRS was stiffest at 1000(SD 0.1) N/mm2when the umbilicus was exposed to 

longitudinal  traction (YM. The stiffest values recorded in the epigastrium and hypogastrium was 

339(SD 32) N/mm2 and 570(SD 0.1) N/mm2 when they exposed to longitudinal  traction 

respectively (Fig 15C).The epigastric DRS was the weakest at 81.5(SD 1)  N/mm2 when exposed 

to oblique traction.The DRS’s Youngs modulus did not seem to vary significantly among the three 

regions during transverse loading. 
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Legends for Figure 15 

Figure 15A - Bar chart showing coefficient of elasticity (Young’s modulus) of the epigastric 

linea alba (ELA), umbilical linea alba (ULA) and hypogastric linea alba (HLA) of 

the baboon when they were exposed to various traction forces. The umbilical linea 

alba recorded the highest elastic coefficient (YM) at 328 N/mm2 when exposed to 

oblique traction. Note that the elastic coefficient for the three regions were similar 

when they were exposed to longitudinal traction. 

Figure 15B - Bar chart showing coefficient of elasticity (Young’s modulus) of the epigastric 

ventral rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and 

hypogastric ventral rectus sheath (HVRS) of the baboon when they were exposed 

to various traction forces. The hypogatric ventral rectus sheath recorded the highest 

elastic coefficient (YM) at 753 N/mm2 when exposed to longitudinal traction. Note 

that the elastic coefficient for the three regions were similar when they were 

exposed to oblique or transverse traction. 

Figure 15C - Bar chart showing coefficient of elasticity (Young’s modulus) of the epigastric 

dorsal rectus sheath (EDRS), umbilical dorsal rectus sheath (UDRS) and 

hypogastric dorsal rectus sheath (HDRS) of the baboon when they were exposed to 

various traction forces. The umbilical dorsal rectus sheath recorded the greatest 

elastic coefficient at 1000 N/mm2 when exposed to longitudinal traction. The elastic 

coefficient (YM) for the three regions were similar when they were exposed to 

oblique or transverse traction. 
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Figure 15. Bar charts showing coefficient of elasticity (Young’s modulus) of the different regions 

of the baboon’s fibrous abdominal wall when they were exposed to various traction forces. 
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Legend for Table 3 

Table 3 -Showing the maximal forces, highest ultimate tensile strengths and highest 

coefficient of elasticity recorded for fibrous ventral abdominal wall in the baboon 

with regards to the epigastric, umbilical and hypogastric regions when they were 

exposed to longitudinal (L), oblique (O) and transverse(T) tractional forces. Note 

the highest ultimate tensile strengths and highest coefficient of elasticity was 

recorded at the umbilical region of the dorsal rectus sheath. 
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Table 3 Table showing the maximal forces, highest ultimate tensile strengths and highest 

coefficient of elasticity recorded for fibrous ventral abdominal wall in the baboon 

forthe epigastric, umbilical and hypogastric regions. 

 

 

Baboon    

 Tractional force N Stress N/mm2 YM N/mm2 

Linea alba    

epigastric 308-L 40-O 289-O 

umbilical 300-L 23.6-O 328-O 

hypogastric 420-O 63.6-O 111-L 

Ventral rectus sheath    

epigastric 255-O 63.8-O 435-T 

umbilical 145-O 31.5-O 493-T 

hypogastric 146-L 73-L 753-L 

Dorsal rectus sheath    

epigastric 115-T 50-T 339-L 

umbilical 95-T 95-T 1000-L 

hypogastric 90-T 90-T 570-L 
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3.2 Histomorphology and tensiometric characteristics of the 

goat fibrous ventral abdominal wall 

3.2.1 Morphology of the goat fibrous ventral abdominal wall 

The rectus abdominis, which extended from the manubrium sternum to the pubic 

symphysis, was ensheathed by the aponeuroses of the three flat abdominal muscles namely the 

transversus abdominis, the external and internal oblique abdominis muscles. The aponeuroses of 

the external and internal oblique abdominis muscles passed ventral to the rectus throughout its 

extent (Fig 16A, B, C). 

The aponeurosis of the transversus abdominis muscle (Fig 16C, D) formed the dorsal rectus 

sheath and then passed ventrally to join the aponeuroses of the external and internal oblique muscle 

at the linea alba at the arcuate line. From this line caudally the dorsal wall of the rectus abdominis 

muscle was lined by the fascia transversalis (Fig 16D).   
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Legends for Figure 16 

Figure 16A Photomacrograph of the ventral abdominal wall showing external oblique 

abdominis muscle (EOM) forming the external oblique aponeurosis which in turn 

partly forms the ventral rectus sheath (VRS) and the linea alba. Note that the 

umbilical and the hypogastric VRS are wider than 10cm. 

Figure 16B Photomacrograph of the ventral abdominal wall showing the external oblique 

abdominis muscle (EOM) and internal oblique abdominis muscle (IOM) forming 

the external oblique aponeurosis (EOA) and internal oblique aponeurosis (IOA) 

respectively. Note that the EOA has been reflected to the left.  

Figure 16C Photomacrograph of the ventral abdominal wall showing the muscle fibres of the 

transversus abdominis muscle (TAM) forming the transversus abdominal 

aponeurosis (TAA). The internal oblique abdominis muscle (IOM) reflected to the 

left to expose the longitudinally aligned fibres of the rectus abdominis muscle 

(RAM).Note the fascia transversalis (FT) exposed caudal to the arcuate line 

(arrows).The line marks the caudal end of the dorsal rectus sheath. 

Figure 16D Photomacrograph of the dorsal view of the ventral abdominal wall illustrating the 

dorsal rectus sheath (DRS) medially and the transversus abdominis aponeurosis 

laterally (TAA) located cranial to the arcuate line (vertical arrows). The fascia 

transversalis is seen lining the rectus abdominis muscle medially (FTR) and the 

internal oblique muscle laterally (FTI) caudally. Note the inferior epigastric artery 

(horizontal arrows) crossing the arcuate line (vertical arrows).  
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Figure 16.  Photomacrographs of parts of the ventral abdominal wall a goat (Capra hircus). 
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3.2.2 Histology of the goat fibrous abdominal wall 

3.2.2.1Histology of the goat linea alba 

The linea alba of the three regions contained collagen and elastic fibres which were 

organized into three, namely a superficial, intermediate and deep laminae in relation to the skin. 

The superficial lamina was made up of rows of obliquely arranged collagen fibres which were 

closely apposed to a ventral zone of longitudinally aligned elastic fibres found in the deep fascia 

(Fig.17A - F).  

The deep fascia and the superficial lamina increased in size craniocaudally to become more 

distinct and thicker in the hypogastrium. In addition, the longitudinally aligned collagen bundles 

in the intermediate lamina became more prominent craniocaudally in total contrast to the 

transversely oriented collagen bundles in the deep lamina which diminished in size gradually 

towards the hypogastrium (Figure 17A - C). 
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Legends for Figure 17 

Figures 17(A-C)- Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric linea alba illustrating the deep fascia (DF) lying ventrally and the three 

characteristic laminae of the linea alba namely the superficial (SL), intermediate 

(IL) and deep (DL). 

Figure 17A -Photomicrograph of the epigastric part of the linea alba consisted of transversely 

aligned collagen (horizontal white arrows) bundles dorsally while the ventral part 

comprised of an admixture of longitudinal (vertical arrows) and oblique (horizontal 

black arrows) collagen bundles.  

Figure17B -Photomicrograph of the umbilical part of the linea alba showing the longitudinally 

aligned collagen bundles (vertical arrows) in the intermediate lamina (IL) and the 

elastic fibre zone in the deep fascia (DF). 

Figure 17C -Photomicrograph of the hypogastric part of the linea alba showing the obliquely 

aligned collagen bundles and the elastic fibre zone in the superficial lamina (SL) 

and deep fascia (DF) respectively. Note the transversely aligned (horizontal white 

arrows) collagen bundles in the deep lamina (D) which have markedly diminished 

in size. 

Figure17(D-F) High magnification photomicrographs illustrating  the prominent elastic fibers (EF) 

found within the deep fascia (DF) lying ventral to the collagen bundles (Co) found 

within the superficial lamina (SL) of the epigastric linea alba, umbilical linea alba 

and hypogastric linea alba. 

 



PhD Thesis, UON. Page 67 

Figure 17.Photomicrographs of a transverse section of the three regions in the goat linea alba. 
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3.2.2.2Histology of the goat ventral rectus sheath   

Laterally, the ventral rectus sheath had collagen fibres organized into two laminae namely, 

a superficial and a deep one in relation to the deep fascia (Fig.18A - C).  

The epigastric, the umbilical and hypogastric ventral rectus sheath were made up of a deep 

fascia which consisted of a sheet of elastic fibres while the superficial and deep laminae were each 

made up of rows of obliquely aligned collagen bundles (Fig.18D - F). 

The deep fascia, which consisted of rows of longitudinally oriented elastic fibres, was 

thickest at the hypogastric ventral rectus sheath (Fig.18D - F). 
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Legends for Figure 18 

Figures 18(A-C)- Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric rectus sheath and hypogastric ventral rectus sheath illustrating the deep 

fascia (DF) lying ventrally and the two characteristic laminae of the ventral rectus 

sheath namely the superficial (SL) and deep (DL). Note the blood vessel (arrows) 

traversing the rectus abdominis muscle (ram) to supply the ventral rectus sheath in 

figure 18A. 

Figure 18(D- F)-High magnification photomicrographs of the epigastric ventral, umbilical and 

hypogastric ventral rectus sheath showing the prominent black, elastic fibers (EF) 

found in the deep fascia (DF) and the oblique collagen bundles (Co) found in the 

superficial (SL) and deep laminae (DL).The zone of longitudinally aligned black 

elastic fibers were notably thickest at the hypogastric ventral rectus sheath as seen 

in Figure 18F. 
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Figure 18.Photomicrographs of a transverse section of the three regions in the goat ventral rectus 

sheath. 
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3.2.2.3Histology of the goat dorsal rectus sheath    

The epigastric dorsal rectus sheath consisted of a layer of transversely oriented collagen 

bundles which were sandwiched ventrally and dorsally by a sheet of longitudinally aligned elastic 

fibres (Fig.20A, D).The sheet was noted to be continuous with a thick zone of elastic fibres found 

at the medial edge of the rectus sheath (Fig.19A, B).Umbilical dorsal rectus sheath had similar 

zone of transversely oriented collagen bundle but with much fewer dorsally oriented elastic fibres 

(Fig.20B, E). The hypogastric dorsal rectus sheath consisted of transversely aligned collagen 

bundles however, with a few fine sparsely distributed elastic fibres lining it dorsally. (Fig.20C, F). 
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\Legends for Figure 19 

Figure 19A - Photomicrograph of a transverse section of the epigastric, umbilical and 

hypogastric rectus sheath (DRS) joining to form the linea alba (LA). Note 

the heavy presence of elastic fibers (arrows) found lying medial to the 

rectus abdominis muscle (RAM). 

Figure 19B -A high magnification photomicrograph of the medial edge of epigastric 

ventral rectus sheath illustrating the orientation of elastic fibres (arrows).  
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Fig.19 Photomicrographs of a transverse section of the epigastric dorsal rectus sheath showing the 

elastic fibers at the medial edge of the rectus sheath (A) and their orientation (B).  
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Legends for Figure 20 

Figures 20(A-C)- Photomicrographs of a transverse section of the epigastric, umbilical and 

hypogastric dorsal rectus sheath (DRS) illustrating the characteristic transversely 

aligned overlapping transverse collagen bundles lying dorsal to the rectus 

abdominis muscle (RAM).  

Figures 20(D) - A high magnification photomicrograph of a transverse section of the epigastric 

dorsal rectus sheath lying dorsal to the rectus abdominis muscle (RAM). Note the 

collagen bundles (Co) intimately ensheathed by the longitudinally oriented elastic 

fibres (EF). 

Figure 20E -A high magnification photomicrograph of a transverse section of the umbilical 

dorsal rectus sheath lying dorsal to the rectus abdominis muscle (RAM). Note the 

less compact collagen bundles (Co) and the few elastic fibers (EF). 

Figure 20F - A high magnification photomicrograph of a transverse section of the hypogastric 

dorsal rectus sheath lying dorsal to the rectus abdominis muscle (RAM). Note the 

few collagen bundles (Co) surrounded by very fine sparsely populated elastic fibers 

(arrows). 
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Figure 20.Photomicrographs of a transverse section of the three regions in the goat dorsal rectus 

sheath. 
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3.2.3 Measurement of the various laminae of the goat fibrous ventral 

abdominal wall 

The epigastric region of the linea alba noted to be the thickest (0.365mm) while the 

hypogastric region was the thinnest at 0.238mm (Table 3).The deep lamina was49% of wall 

thickness in the epigastric region and27% in the hypogastric region (p-0.002).  The deep fascia 

and superficial lamina, which was smallest in the umbilical region at 7% and 9 %, was23% and 

21% respectively in the hypogastric region (p-0.002).The intermediate lamina hardly changed in 

percentage proportion craniocaudally (p-0.008).(Fig.21A). 

The hypogastric region of the VRS was noted to be the thickest (0.074mm) while the 

epigastric was the thinnest at 0.036mm (Table 3). (Fig.21B). When the laminae were compared, 

the deep lamina was the thinnest at an average of 0.007mm (p-0.008) in the hypogastric VRS. The 

superficial lamina and the deep fascia on the other hand were thickest at 0.04mm (p-0.002) and 

0.04mm (p-0.007) in the umbilical and hypogastric VRS respectively. The superficial lamina 

nearly doubled in size from 0.016mm in the epigastric VRS to 0.032mm in the umbilical VRS. 

The elastic rich deep fascia was nearly 50% of the wall section in the hypogastric VRS compared 

to less than 20% in the epigastric VRS. The deep fascia and superficial lamina in the hypogasatric 

VRS made up nearly 90% of the wall thickness (Fig.21B) (p-0.007).  

There was no significant difference in thickness between the epigastric and umbilical DRS 

of the (Table 4). 
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Legends for Figure 21 and Table 4 

Figure 21A -Bar chart showing percentage proportions of the mean measurements of the 

different laminae at the epigastric linea alba (ELA), umbilical linea alba (ULA) and 

hypogastric linea alba (HLA) regions. The deep lamina was the thinnest lamina 

proportionately in the hypogastric region (p-0.018), when compared to the 

epigastric and the umbilical region. 

Figure 21B -Bar chart showing percentage proportions of the mean measurements of the 

different laminae at the epigastric ventral rectus sheath (EVRS), umbilical ventral 

rectus sheath (UVRS) and hypogastric ventral rectus sheath (HVRS) regions. Note 

how the intermediate lamina and the superficial lamina were thickest in the 

umbilical and hypogastric region respectively.  

Table 4 -Table showing the geometrical dimensions (mm) of the mean thickness of the linea 

alba, ventral and dorsal rectus sheath samples in the epigastric, umbilical and 

hypogastric regions. Note that the epigastric linea alba was the thickest while the 

umbilical DRS and hypogastric DRS were the thinnest with roughly the same 

values.  
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Figure 21. Bar charts showing percentage proportions of the mean measurements of the different 

laminae of the goat. 

 

 

Table 4 Table showing the geometrical dimensions (mm) of the mean thickness of the 

fibrous ventral abdominal wall samples in three different regions in the goat. 

 Epigastrium SD Umbilicus SD Hypogastrium SD 

       

*Linea alba 0.365 0.033 0.301 0.021 0.238 0.013 

*Ventral rectus sheath  0.036 0.005 0.049 0.007 0.047 0.003 

Dorsal rectus sheath 0.026 0.004 0.012 0.003 0.013 0.005 

*Inclusive of the deep fascia 

Ventral rectus sheath 

Linea alba 
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3.2.4 Tensiometry of the goat fibrous ventral abdominal wall 

3.2.4.1Tensiometry of the goat linea alba 

During longitudinal and oblique mechanical loading, the linea alba displayed the typical 

stress-strain curves with an elastic (Toe and linear) and a plastic region (Fig 22A, B). 

The typical stress-strain curve seen during longitudinal loading of the linea alba did not 

seem to vary significantly among the 3 regions.The maximal/ultimate stress needed (load to 

failure) to fracture the linea alba during longitudinal traction and oblique traction was 35N/mm2 

and 44.7N/mm2at a strain of 0.15 and 1.6 respectively (Fig 22A, B). The epigastric linea alba had 

a signficantly higher load to failure of 35N/mm2compared to the hypogastric linea alba 

(26.5N/mm2) respectively during longitudinal traction. 

When LA was exposed to longitudinal tration, the most strain it encountered before 

breaking at its ultimate breaking point was seen in the hypogastrium at a strain of 0.21. (Fig 22A). 
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Legends for Figure 22 

Figure 22A -Line graphs showing the longitudinal stress - strain curves on the epigastric linea 

alba (ELA), umbilical linea alba (ULA) and hypogastric linea alba (HLA) of the 

goat. The arrows point to the ultimate tensile strength point of each part of the linea 

alba. 

Figure 22B -Line graphs showing the oblique stress - strain curve on the hypogastric linea alba 

(HLA) of the goat. The arrows point to the ultimate tensile strength point of the 

linea alba. 
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Figure22. Graphs showing the longitudinal and oblique stress/ strain curves on the various parts 

of the linea alba. 
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3.2.4.2Tensiometry of the goat ventral rectus sheath 

During mechanical loading of the ventral rectus sheath the toe region, characteristic of the 

collagen fibril strength, was present in all the curves. The elastic behaviour and the plastic 

behaviour of the VRS was also well illustrated in the regions when exposed to longitudinal, oblique 

or transverse traction(Fig 23).  

The maximal/ultimate stress needed fracture the umbilical VRS during longitudinal 

traction was 94.5N/mm2 at a strain of 0.23, the hypogastric VRS was 76.8N/mm2 at a strain of 0.2 

while the epigastric VRS was 50N/mm2 at a strain of 0.22respectively (Fig 23A). The greatest 

elasticity/ strain encountered, was seen in the umbilicus at 2.9 when VRS was exposed to 

transverse traction until its ultimate breaking point(Fig 23C). 
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Legends for Figure 23 

Figure 23A -Line graphs showing the longitudinal stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the goat. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath 

Figure 23B - Line graphs showing the oblique stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the goat. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath.. 

Figure 23C - Line graphs showing the transverse stress - strain curves on the epigastric ventral 

rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and hypogastric 

ventral rectus sheath (HVRS) of the goat. The arrows point to the ultimate tensile 

strength point of each part of the ventral rectus sheath.. 
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Figure 23. Graphs showing the longitudinal, oblique and transverse stress/ strain curves on the 

various parts of the VRS. 
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3.2.5 Coefficient of elasticity (Young’s modulus) of the goat fibrous ventral 

abdominal wall 

The linea alba’s Youngs modulus was calculated over linear portions of the stress strain 

curves. These values show that on average, the umbilicus and the epigastrium appeared about three 

times stiffer when exposed to oblique traction compared longitudinal traction. These values show 

that on average, the epigastrium appeared to be the stiffest at 350(SD 17) N/mm2when exposed to 

longitudinal traction. The hypogastric LA was the weakest at 42.4(SD 4.6) N/mm2 when exposed 

to oblique traction (Fig 23A). The linea alba’s Youngs modulus did not seem to vary significantly 

between the umbilical and hypogastric VRS during longitudinal loading ( 227(SD 6.5) N/mm2 vs 

217(SD 6.5) N/mm2)(Fig 24A). 

The VRS  was stiffest at 669(SD 21.2) N/mm2 when the hypogastrium was exposed to 

longitudinal  traction. The hypogastric VRS was the weakest at 28.6(SD 7.9) N/mm2 when exposed 

to oblique traction (Fig 23A). The VRS YM did not seem to vary significantly between the 

epigastric and hypogastric VRS during longitudinal loading [554(SD 29) N/mm2 vs 591(SD 5.5) 

N/mm2].(Fig 24B). The umbilical or hypogastric VRS’s Youngs modulus also did not seem to 

vary significantly whether exposed to oblique and transverse loading. 

In summary, the highestYoungs modulus/ stiffness among the LA and VRS was seen when 

they were exposed to longitudinal loading (Table 5).  
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Legends for Figure 24 

Figure 24A -Bar chart showing coefficient of elasticity (Young’s modulus) of the epigastric 

linea alba (ELA), umbilical linea alba (ULA) and hypogastric linea alba (HLA) of 

the goat when they were exposed to various traction forces. Note how the epigastric 

linea alba recorded the highest elastic coefficient at 350 N/mm2 when exposed to 

longitudinal traction.  

Figure 24B -Bar chart showing coefficient of elasticity (Young’s modulus) of the epigastric 

ventral rectus sheath (EVRS), umbilical ventral rectus sheath (UVRS) and 

hypogastric ventral rectus sheath (HVRS) of the goat when they were exposed to 

various traction forces. Note how the umbilical ventral rectus sheath recorded the 

highest elastic coefficient at 669 N/mm2 when exposed to longitudinal traction.  
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Figure 24. Bar charts showing Young’s modulus of the different regions of the goat’s LA and VRS 

when they were exposed to various traction forces. 
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Legend for Table 5 

Table 5 -Showing the maximal forces, highest ultimate tensile strengths and highest 

coefficient of elasticity recorded for fibrous ventral abdominal wall in the goat for 

the epigastric, umbilical and hypogastric regions when they were exposed to 

longitudinal (L), oblique (O) and transverse(T) tractional forces. Note the highest 

ultimate tensile strengths and highest coefficient of elasticity recorded was recorded 

at the umbilical region of the ventral rectus sheath. 
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Table 5 Table showing the maximal forces, highest ultimate tensile strengths and highest 

coefficient of elasticity recorded for linea alba and ventral rectus sheath in the goat 

for the epigastric, umbilical and hypogastric regions. 

 

Goat    

 Tractional force N Stress N/mm2 YM N/mm2 

Linea alba    

epigastric 280-L 35-L 350-L 

umbilical 210-L 33.3-L 227-L 

hypogastric 170-O 44.7-O 217-L 

Ventral rectus sheath    

epigastric 50-L 50-L 554-L 

umbilical 125-T 125-T 669-L 

hypogastric 146-L 76.8-L 591-L 
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CHAPTER FOUR 

4.0 DISCUSSION 

4.1 Morphology of the fibrous ventral abdominal wall  

Observations of this study have revealed that the ventral abdominal aponeurosis of the 

baboon and the goat are similar in their pattern of formation. In both animals, the aponeurosis of 

external and internal oblique abdominis muscle joined to form the ventral rectus sheath while the 

aponeurosis of transversus abdominis formed the dorsal rectus sheath in all cases seen.  

The above results are in conformity with the findings for group II type of arrangement as 

described by Walmsley (1937). This author observed group II type of arrangement in primates 

such as the baboon, gibbon, chimpanzee and the gorilla. The rabbits, dogs and the insectivora 

(except Talpidae) were also described as having a similar rectus sheath formation pattern and thus 

also belonged to this group.  

The formation of the rectus sheath has been known to show regional variation in some 

species (Walmsley (1937). Typically the umbilical part is taken as classical or primary 

morphological position while the epigastric part has been explained to be different due to the 

presence of the costal skeleton in the abdominal wall. The variations seen in the hypogastric part 

almost always consist of a ventral shifting of a part or whole of the dorsal sheath into the ventral 

rectus sheath with an abrupt suddenness leaving a sharp free border; the arcuate line (Mwachaka 

et al., 2009). However, neither the baboons nor the goats we studied had any variations from their 

group type.  
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The fibrous ventral abdominal wall is a complex dynamic system which performs multiple 

interactions within a framework of bones and muscles. The abdominal wall is an important 

structure serving many different functions. The two major functions are movements of the trunk 

(De Troyer, 1983) and regulation of intra-abdominal pressure (Cresswell et al., 1993). Moreover, 

it supports respiration and plays a role in stabilization of the spine (Tesh et al., 1987). All these 

functions are facilitated by the coordinated and task-specific activation pattern of the abdominal 

muscles (Cresswell et al., 1993). However, electromyographic observations clearly demonstrated 

the transversus muscle to be most significant in intra-abdominal pressure production and to be 

recruited preferentially in breathing (De Troyer, 1983).In contrast, the internal and external oblique 

muscles are more effective in contributing to trunk movements (McGill, 1996)and stabilization of 

the spine (Tesh et al., 1987).  

The cranial fascicles of transversus abdominis act as a circular compressor of both thoracic 

and abdominal cavities (Hodges et al., 2000).As proposed by the Richardson et al (2002) and other 

authors, the lower fascicles of TAM and IOM support abdominal viscera and generate forces that 

compress the sacro-iliac joints for postural stability (Rizk, 1980; Richardson et al., 2002). 

Electromyographic studies on the TAM have shown greater tonic activity in the caudal fibres 

during upper limb movements. Rapid flexion of the upper limb produces a brief challenge to 

postural stability of the trunk with most of the effects being felt at the sacroiliac joints (Hodges et 

al., 2000). Contraction of lower fibres of TAM and IOM flex the spine leading to stabilization of 

the sacroiliac joints (Richardson et al., 2002). The rectus abdominis muscle is also recruited during 

these maneuvers (Hodges et al., 1997). The ventral position of the fibrous abdominal wall is thus 

the most favorable as the forces act on the most curved surface with the contracted RAM acting as 

a rigid support.  
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4.2 Histology of the fibrous ventral abdominal wall 

4.2.1 Histology of the linea alba 

The microscopic structure of the fibrous ventral abdominal wall has been reported by 

several workers in man (Askar, 1977; Axer et al., 2001a; Pulei et al., 2007; Pulei et al., 2015; 

Mwachaka et al., 2009) and in animals (Acostasantamaria et al, 2015). Studies by 

Acostasantamaria et al., (2015) dwelt mainly on the distribution of collagen fibres in the porcine 

LA, with scarce reports on elastic fibres. Our study has for the first time reported the microscopic 

structure of the fibrous ventral abdominal wall in the baboon and goat.  

Our study showed that the linea alba of the baboon and the goat, was similar to that in man 

(Pulei et al, 2009), with regards to the three distinct laminae namely the superficial, intermediate 

and deep lamina. Pulei et al, 2009 reported that the elastic fibres in man were longitudinally and 

obliquely disposed in the entire length of the LA and in addition were more abundant in the lateral 

and hypogastric parts of the LA especially in the superficial lamina. Human females were noted 

to have more elastic fibres than males particularly in the hypogastric region.  

The results of our study showed that the lateral, ventral and hypogastric aspects of the goat 

linea alba also had a lot of elastic fibres. This thick zone of elastic fibres were also seen in the 

ventral and hypogastric aspects of the goat VRS. Our study in the goat however noted the distinct 

zone of elastic fibres seen in the ventral aspect of the LA and VRS, as described by Pulei et al 

(2015), were actually part of the deep fascia intimately adherent to the underlying superficial 

lamina and not part of the superficial lamina. It is hereby suggested that the high content of elastic 

fibres noted, may have a role in facilitating the smooth gliding of the rectus abdominis muscle 

during truncal movement. 
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In our study, the baboon epigastric LA comprised of mainly obliquely aligned collagen 

bundles while the umbilical LA was composed of a fused thick mass of transversely oriented 

collagen bundles. The arrangement of the collagen bundles in man (Pulei et al., 2015) were similar 

to that seen in our study in the baboon, even though in the latter virtually all the collagen bundles 

in the hypogastric LA seemed more longitudinally disposed.   

The goat LA had an intermediate and deep lamina, which consisted of longitudinally 

aligned collagen bundles and transversely oriented collagen fibers respectively. The deep lamina 

of the male goat LA had transversely aligned collagen bundles which are consistent with reports 

from the human female (Pulei et al., 2015) and in the porcine (Acostasantamaria et al., 2015).   

Our study hence extends the argument about the role of the admixture of oblique and 

transversely aligned collagen fibers observed in the baboon and goat LA. Pulei et al (2015) had 

suggested that they may constitute a “strong aponeurosis of variable tension” which would serve 

various functions (Pulei et al., 2015). The thicker deep lamina, which contains transversely aligned 

collagen fibers, seemed to represent the main reason for the great compliance (350 N/mm2) noted 

in the goat ELA when it was exposed to longitudinal traction (Table 4). This was higher than what 

was seen in the baboon ULA (328N/mm2). 

Considering that most of the weight of the compound stomach in the goat will be loaded 

on the epigastrium and hence the LA, the crisscrossing multidirectional collagen bundles would 

allow for changes in the shape of the abdominal wall while at the same time strengthen the ELA 

during browsing or grazing when it is over distended. The substantial amount of elastic fibers seen 

in the LA of the goat, not comparable with the findings in the baboon and in man (Pulei et al., 

2015), make the LA of the goat, more compliant to stretch during grazing.  
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The compact bundles of collagen fibres seen fusing in the intermediate zones of the baboon 

umbilical linea alba is a feature of the tissues subjected to biomechanical stresses such as tendons 

and ligaments (Parry et al., 1978; Birk and Trelstad, 1986). It is suggested that this zone was 

designed to provide tensile strength to the linea alba. Pertinent to this is the report by Parry et al 

(1978), that the presence of collagen fibres in compact bundles increases the cross-linkages in 

these fibres leading to an increase in the tensile strength. This was confirmed by the high elastic 

coefficient of 328N/mm2 noted in the baboon ULA. 

4.2.2 Histology of the rectus sheath 

The microscopic structure of the ventral rectus sheath has been reported by several workers 

in humans only (Askar., 1977; Axer et al., 2001a; Mwachaka et al., 2009). Only Mwachaka et al, 

(2009), studied the dorsal rectus sheath.  

4.2.2.1Histology of the ventral rectus sheath 

The baboon and goat VRS were found to consist of 2 laminae which were predominantly 

made of obliquely aligned collagen fibres. The collagen bundles in the baboon VRS hypogastrium 

were arranged in a characteristic crisscross manner. While the goat epigastric VRS had an 

obliquely aligned collagen bundles in the superficial lamina which became more prominent in the 

hypogastric region in contrast to the bundles in the deep lamina which diminished in size.  

These findings are similar to previous work done in the human rectus sheath (Askar, 1977; 

Axer et al., 2001a; Axer et al., 2001b; Mwachaka et al., 2009). Mwachaka et al (2009) reported a 

random arrangement of collagen and elastic fibres in the deep zone of the VRS. As was described 

earlier in the LA, it is plausible that the elastic fibres seen by Mwachaka et al (2009) in the 

superficial lamina were also actually part of the deep fascia and not part of the rectus sheath. 
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The arrangement of collagen and elastic fibres in the VRS in the present study suggests a 

functional adaptation. Disparities in fibre composition and orientation in the various laminae 

however, suggests that these laminae are modified for specific functions. Loosely arranged 

connective tissue fibres function to anchor tissues to one another. In support of this is the report 

by Viidik (1978) that the orientation of connective tissues fibres is greatly influenced by the 

mechanical activities of tissues around. By virtue of its position, this zone is subjected to 

multidirectional forces emanating from the pull of the rectus abdominis muscle as well as those 

from the three anterolateral muscles (McArdle, 1997). Accordingly, the multidirectional 

orientation of collagen and elastic fibres may be designed to accommodate these forces.  

As elucidated by McArdle (1997), the assumption of the upright posture in human beings 

lead to the generation of more intra- abdominal pressure in the lower abdomen as a result of the 

weight of abdominal viscera. Consequently, it is proposed that the characteristic crisscross 

orientation of collagen bundles in the baboon hypogastric VRS and the prominent deep fascia 

elastic fibres intimately adherent to the superficial lamina of the goat VRS may provide a “check-

rein” mechanism for absorbing sudden intra-abdominal pressures.  This would support the 

documented constant bipedal form of locomotor activity reportedly seen in the olive baboon 

(Berillon et al., 2013). 

4.2.2.2Histology of the dorsal rectus sheath 

 Our study has for the first time reported the microscopic structure of the DRS of 

the baboon and goat. The baboon and the goat DRS, were noted to consist of predominantly 

transversely aligned collagen bundles. However, while the baboon epigastric and umbilical DRS 

collagen bundles contained heavily infiltration of transversely aligned elastic fibers, the goat 

epigastric DRS in contrast, was noted to consist of a thin zone of longitudinally aligned thin sheets 
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elastic fibres lining transversely aligned collagen bundles. The collagen bundles in the both 

animals became thinner craniocaudally as the elastic fibre content diminished rapidly in size and 

number. The transversely oriented collagen fibres seen in our study in both the goat and baboon 

dorsal rectus sheath were consistent with those seen in the human DRS (Mwachaka et al., 2009). 

However, in contrast to our findings, Mwachaka et al, (2009) reported only very few and fine 

sparsely distributed elastic fibres which were limited to lining the deep lamina and interspersed 

within the transversely aligned collagen bundles. It is known that the transversely aligned collagen 

fibre bundles seen in the fibrous abdominal wall follow the orientation of the fibres of the 

transversus abdominis muscle (William., 1995; Mwachaka et al., 2009).  

Consequently, from the foregoing, it is suggested that the transversus abdominis muscle 

exerts the most effect on the dorsal wall of the rectus sheath. It is further suggested that the entire 

rectus sheath above the arcuate line takes part in all movements of the transversus abdominis such 

as in respiration (Hodges et al., 1997; Urquart et al., 2005). In this way, the contraction of TAM 

pulls the deep lamina of internal oblique muscle. This same traction force then draws the 

superficial lamina of internal oblique muscle together with the rectus abdominis muscle. This 

phenomenon is observed during normal respiration and supports the classification of the upper 

abdominal wall into a respiratory portion (Rath et al., 1997).  

This observation may be an adaptation of the transversus abdominis muscle in generating 

intra-abdominal pressure. Pertinent to this is the report by Muramatsu et al (2001) that skeletal 

muscles contain contractile elements (muscle fibres) and elastic components (aponeuroses or 

tendons). The elastic component interacts with the contractile element (Kubo et al., 2000) and 

functions as a store of elastic energy when the muscle contracts (Alexander, 1984). It is plausible 

therefore that the aponeurotic part of transversus abdominis or dorsal rectus sheath stores energy 
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when this muscle contracts and releases the energy when the muscle relaxes. This leads to build 

up of pressure in the lower abdomen. 

4.3 Morphometry and biomechanics 

4.3.1 The biomechanical role of collagen and elastic fibres in the fibrous 

ventral abdominal wall 

The view generally held is that collagen fibres provide tensile strength (Parry et al., 1978) 

whose main purpose is to withstand forces, while grossly maintaining the body’s shape.  In 

contrast, elastic fibres, have a difficult task trying to overcome the tensile forces that are constantly 

trying to pull joints or points of attachments apart whenever movement or muscle contraction takes 

place. They thus allow stretch and recoil of tissues to their original shape and size (Kielty et al., 

2002). These tissues don’t need to be able to bear heavy loads, but instead, must be able to stretch 

and "deform" (at least to a slight degree) while resisting tearing. Of these tissues, fascia is the most 

elastic, while tendons are considered the least elastic (some say that tendons are actually non-

elastic). Accordingly the fibroelastic composition of the rectus sheath and linea alba may be a 

design to enable it to withstand high levels of biomechanical stresses emanating from the pull of 

the muscles and also to tolerate sudden changes in the intra-abdominal pressure.  

Typical stress–strain curves for tendon and virtually all other collagen-containing 

connective tissues, tend to have a ‘J-shaped’ stress–strain curve. At low strains the slope is low, 

but as extension proceeds it rises gradually and becomes constant when the collagen fibres become 

aligned and then finally stretched. These data, and particularly the load cycle, show that collagen 

is definitely capable of reversible deformation and it is this aspect of collagen that establishes it as 
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an elastic protein. Indeed, the resilience of tendon collagen is ca. 90% (Bennett et al., 1986; 

Shadwick, 1990).  

In spite of this, collagen does not always function as an elastic protein in animals. Rather, 

collagen is frequently arranged in parallel with elastin fibres to form connective tissues, and in 

these circumstances the ‘stretchy’ elasticity of the tissue is due primarily to the elastin. The 

collagen provides a network of wavy, reinforcing fibres that become aligned in the direction of 

stretch. When taut, this network limits tissue deformation and prevents the rupture of the softer 

and weaker elastin fibres. Some tendons, however, do function as elastic devices and have a 

remarkable energy storage capacity. 

 Elastic implies the property of elasticity, or the ability to deform reversibly without loss 

of energy; so elastic proteins should have high resilience. Another meaning for elastic is ‘stretchy’, 

or the ability to be deformed to large strains with little force. Thus, elastic proteins should have 

low stiffness. The combination of high resilience, large strains and low stiffness is characteristic 

of rubber-like proteins that function in the storage of elastic-strain energy. Other elastic proteins 

play very different roles and have very different properties. Collagen fibres provide exceptional 

energy storage capacity but are not very stretchy. Mussel byssus threads and spider dragline silks 

are also elastic proteins because, in spite of their considerable strength and stiffness, they are 

remarkably stretchy. The combination of strength and extensibility, together with low resilience, 

gives these materials an impressive resistance to fracture (i.e. toughness), a property that allows 

mussels to survive crashing waves and spiders to build exquisite aerial filters (Gosline, 2002). 

Some workers described intriguing material properties of two segments from Mytilus 

californianus (Bell and Gosline, 1996). They showed that the proximal segment is extremely 
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stretchy suggesting a rubber-like behaviour, but its stiffness and strength are about an order of 

magnitude greater than those for elastin and resilin. The distal region is somewhat less extensible 

but its stiffness and strength approach those of collagen. Because of the combination of high 

strength and extensibility, the toughness of both proximal and distal byssal threads is 

approximately an order of magnitude greater than that of resilin or elastin and about six times 

greater than that of tendon collagen. The toughness of byssal fibres is quite comparable with that 

of Kevlar and carbon fibres, and this high toughness is certainly key to the survival of mussels in 

the marine intertidal zone (Bell and Gosline, 1996). 

Elastic fibres respond to low pressures by stretching without obeying Hooke’s law, but 

rather resisting stretch the more it is stretched (Wolinsky and Glagov, 1964). When the stretch is 

removed normal morphology can be resumed (Sandberg, 1976).  In concert with the microfibrillar 

glycoproteins, elastin is considered to provide resilience to connective tissue structures (Parks et. 

al., 1993).  By virtue of their wide range and reversible stretch-ability, elastic fibres may act as 

tensioregulators, thus enabling the tissues or organs in which they are found to adapt adequately 

to sudden variations of tension, or to sustained stresses with minimum expenditure of energy 

(Sandberg, 1976).   

Several workers have described in the ligamentum nuchae (Reed, 1973) and in the wing 

tendon of the domestic fowl (Oakes and Bialkower, 1977) that elastic fibres are closely invested 

by a system of collagen fibres, and most cases, the collagen fibres intrude intimately into the fine 

scale dimensional network of elastic fibres and not the converse (Ogeng’o, 2008).  

Kimani (1993) described cases of collagen fibrils extending into the surface of elastic fibers 

and at times were found intermingled with microfibrils of elastic fibers. Microfibrils and elastic 
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fibers not only have biomechanical properties but may also be involved in anchoring mechanisms 

between collagen fibers, stromal cells, lymphatic capillary walls, mature elastic fibers and muscle 

cells ( Bancroft, 1994).  Elastic fibers complement collagen fibers in their function (Kelty, 2002). 

If collagen and elastin composition is altered, tissue complacency may be jeopardized (La 

Bourenne, 1990).  

Ozdogan et al (2006) investigated the collagen and elastic fibre content of the abdominal 

wall layers rich in connective tissue, such as the skin, the rectus sheath, the transversalis fascia and 

the peritoneum. He managed to correlate inguinal hernia formation with (local) connective tissue 

disorders. The integration of elastic fibers with collagen fibers is important and is suggested to be 

critical for the maintenance of normal tissue resistance (Quintas et al., 2000).   

 

4.3.2 The role of morphometry and tensiometry in the fibrous ventral 

abdominal wall 

Studies by Shadwick (1990) have described collagen fibres in tendons as stretchy; with 

some having a modulus of approximately 1000 times greater than that of elastin or resilin. Our 

study has shown that the highest coefficient of elasticity (Youngs modulus) recorded in either 

animal was seen when the fibrous ventral abdominal wall was exposed to longitudinal loading 

(Table 3, 5). This is consistent with work done by Martin et al, (2011) whose data showed that 

forces along the longitudinal direction of the rectus sheath was not only stronger but also stiffer 

than if loaded in a transverse direction.  

Our observations in the baboon have shown that on one hand, umbilical DRS(YM 

1000N/mm2) recorded the highest elastic coefficient and the high UTS (95N/mm2) despite its small 
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size (0.051mm) while on the other hand, the baboon umbilical LA which was the thickest 

(0.779mm) had only a UTS of 23.6N/mm2 and an elastic coefficient of 328N/mm2 when exposed 

to tractional forces. Our study has thus suggested that the tensile strength is inversely proportional 

to the wall thickness.  

In the goat, the epigastric LA and hypogastric LA regions were the thickest (0.365mm) and 

thinnest (0.012mm) respectively. The deep fascia and superficial lamina of the goat LA and VRS 

made up more than 72% and 85% of the hypogastric wall thickness compared to 25% and 63% of 

the epigastric wall thickness respectively (p-0.002).  While the umbilical of the goat VRS recorded 

the highest elastic coefficient (YM 669N/mm2), it was less than 14% in size in relation to the 

thickest wall in the goat fibrous ventral abdominal wall.   

 From the foregoing and as will be seen in the following section, Korenkov’s (2001) 

proposal was not in agreement with our findings. The tensile strength of the fibrous ventral 

abdominal wall may not be necessarily directly proportional to the thickness and density but would 

also depend on the orientation and composition of the connective tissue fibre content. This is 

consistent with suggestions by other authors who showed that the ratio of collagen type I and III 

may play a direct role in the tensile strength of the fibrous ventral abdominal wall (Calvi et al, 

2011). 

Our study confirms and extends studies by others (Axer et al., 2001a; Acostasantamaria et 

al., 2015) by showing significant differences in tensiometric characteristics between the three 

regions of the LA. The baboon and the goat hypogastric LA had the highest UTS of 63.6 

N/mm2and 44.7 N/mm2 (Table 3, 5) respectively when exposed to oblique traction despite showing 

the least elastic coefficient. In our samples, the baboon ULA and the goat ELA showed a highest 
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elastic coefficient of 328 N/mm2 and 350 N/mm2 respectively. This is in contrast to the porcine 

samples (Acostasantamaria et al., 2015) and the human samples (Axer et al., 2001a) where the 

hypogastric linea alba was reportedly significantly stiffer than the epigastric linea alba (Table 3, 

5). 

Although the goat’s umbilical ventral rectus sheath recorded the highest ultimate breaking 

strength of 125 N/mm2 in both animals, however, when the umbilical and hypogastric regions 

ultimate breaking strengths were combined, the goat’s VRS (201.8 N/mm2) and the baboon’s 

DRS(195 N/mm2) had a similar values. 

Our study has confirmed biomechanical studies done by others which showed that the 

fibrous ventral abdominal wall has elastic properties (Kirker-Head et al., 1989; Rath et al., 1999; 

Kirilovam et al., 2009). Further to this, mechanical elasticity in our study of the fibrous ventral 

abdominal wall was observed to vary topographically in such a way that in both animals, the rectus 

sheath was recorded to have a higher elastic coefficient while the LA had the least elastic 

coefficient (Table 3, 5).  

Kirilovam et al, (2009) reported that the viscoelasticity of the fibrous abdominal wall is 

supported by the varied elastic moduli and ultimate tensile stresses (UTS). They noted that samples 

cut parallel to the direction to the collagen fibres exhibited 3 times the elastic modulus and had 

nearly twice the ultimate tensile strength compared to those cut perpendicular to the fibres. Parallel 

samples hence exhibited a greater elastic modulus and UTS primarily due to the mostly uniform 

orientation of the collagen fibers. This was consistent with our findings in the baboon umbilical 

DRS and the goat VRS which exhibited a high elastic coefficient and ultimate tensile strength 

because they were cut parallel to the direction of the main connective tissue fibres. However, we 
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suggest that the high content of elastic fibres in these tissues contributed also a great deal to the 

tensile strength noted.  

In vivo biodynamic properties of the intact equine linea alba has been found to show 

regional variations such that the hypogastric linea alba experienced greater stress than the 

epigastric linea alba (Kirker-Head et al., 1989). This was confirmed in man (Grassel et al., 2005). 

Using a biomechanical study, Grassel et al (2005) proposed that when the linea alba is exposed to 

increasing force in the longitudinal, transverse and oblique direction, compliance was highest in 

the longitudinal direction and least in the transverse direction (Grassel et al., 2005). They further 

showed that the hypogastric region exhibited a coefficient of elasticity greater than that of the 

epigastric portion (Grassel et al., 2005). In the female, the compliance of the hypogastric part was 

found to be significantly smaller in the transverse than in the oblique direction. This compliance 

in the transverse direction was also found to be smaller in women than in men.   

 A study of the biomechanics of the superficial fascia attempted to characterize properties 

of human abdominal tissue through tensile testing (Song, 2004). The superficial fascia was found 

to have a failure load of 102.6±74.4 N, and when the dermis and fascia were evaluated as a single 

unit, the value for failure load increased to 401.4±44.9N (Song, 2004). Other authors have found 

the combination of the rectus abdominis with the sheath can withstand up to 180N of force applied 

in a transverse direction, and requires sutures that retain high tensile strength when surgeries are 

performed (Carriquiry, 1996).Our study has described values as high as 420N for the baboon 

hypogastric LA and 280N for the goat epigastric LA, without the rectus abdominis muscle, when 

they were exposed to oblique and longitudinal traction respectively (Table 3, 5). This is suggestive 

of the important role the elastic fibres play in the dorsal rectus of the baboon and in the deep fascia 
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of the goat fibrous ventral abdominal wall. It is important to note however, tensile strength 

calculated as stress in N/mm2 is more useful for analysis than using actual forces in Newtons. 

The fibrous ventral abdominal wall was suited to accommodate the rapid acceleration/ 

deceleration forces associated with strenuous activity which might otherwise cause injury to the 

abdominal viscera as suggested by Kirker-Head et al, (1989). The latter further proposed that 

minimizing exercise and rectus abdominis palpation post-operatively reduces the likelihood of 

incisional dehiscence. The resistance of the fibrous ventral abdominal wall is important when 

planning the surgical repair of incisional hernias (Rath and Chevrel, 1997).  

Transverse deformation of the epigastric abdominal wall is limited by the thoracic cage. 

The abdominal wall in this region experiences more deformation resulting from trunk 

movement than intra-abdominal pressure. Oblique fibers in linea alba transmit tension especially 

in trunk rotation. The hypogastric abdominal wall has been shown to respond more to a loading 

induced by intra-abdominal pressure (Acostasantamaria et al., 2015). The tensions, in fibrous 

ventral abdominal wall, is transmitted mostly by transverse fibers. Our study shows that the highest 

UTS was seen in the baboon umbilical DRS (95N/mm2) and the goat umbilical VRS (125N/mm2) 

when they were each exposed to transverse traction. Our findings suggests that in both animals, 

the fibrous ventral abdominal wall function correlates well with microstructure which in turn 

determines the macroscopic mechanical behavior. 

The fibrous ventral abdominal wall has been seen as the decussation of the tendon fibers 

of the abdominal wall muscles. The three-dimensional fiber architecture of the fibrous ventral 

abdominal wall and its tensiometric characteristics shows the functional anatomical entity of this 

structure as it acts as the midline insertion of the abdominal wall muscles. Thus, it has to perform 
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the stabilization of the abdominal wall while the muscles resemble the dynamic elements (Grässel 

et al, 2005).  

4.4 Conclusions 

The findings of this study suggests that the collagen bundles with the heavy elastic fibre 

impregnation seen in the baboon dorsal rectus sheath and the unusually elastic rich deep fascia, 

which was closely apposed to the ventral aspect of the goat fibrous ventral abdominal wall, may 

constitute a strong fibroelastic “band-like” structure of variable tension” which would serve 

important adaptive functions. Furthermore, the baboon’s dorsal rectus sheath and the goat’s ventral 

rectus sheath, which had some of the highest amount of elastic tissue, exhibited a very high elastic 

coefficient when exposed to longitudinal traction.  This suggests that the  umbilical and 

hypogastric rectus sheath of the goat and the baboon are best suited for visceral support when the 

fibrous ventral abdominal wall is exposed to high pressures and tension. The intimate association 

of the elastic and collagen fibres observed embedded in or closely apposed to the fibrous ventral 

abdominal wall of the baboon and the goat may allow the strengthening of the wall, like the steel 

in tyres, thus reducing incidences of rectus diastases and hernia formation. 
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4.5 Suggestions for further studies 

1. To study the microstructure and tensiometry of the fibrous ventral abdominal wall in 

different ages of baboon and goat 

2.   To study the microstructure and tensiometry of the fibrous ventral abdominal wall in the 

female baboon and goat. 

3.   To study the microstructure and tensiometry of the fibrous ventral abdominal wall in the 

pig and the cat. 

4.   To study the underlying molecular mechanisms that regulates the adaptive behavior of 

the fibrous ventral abdominal wall of the baboon and goat. 
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CHAPTER FIVE 
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