
 

 

ABSTRACT 

LU, JIAQI. Biaxial Mechanical Properties of Venous Valve Leaflet Tissues. (Under the 

direction of Dr. Hsiao-Ying Shadow Huang.) 
 

        Chronic venous disease is caused by chronic venous insufficiency (CVI), resulting in 

significant symptoms such as ulcerations, ankle eczema, leg swelling, etc. Venous valve 

incompetence is a major cause of CVI. When the venous valves become incompetent, blood 

reflux can occur, which results in blood pooling in the lower extremities and CVI. Current 

clinical therapies, such as surgical vein reconstructions and bio-prosthetic valve replacements, 

are highly invasive with only moderate success. This is due, in part, to the scant information 

available on venous valve leaflet structural and mechanical properties. The mechanical 

properties of native tissues are critical inputs to the proper design of functional prosthetic and 

future tissue engineered venous valves. To date, previous study has only been reported on 

venous valve leaflet tissue mechanical properties under uniaxial tension. However, they are 

inadequate to describe the complex mechanical behaviors of planar soft tissues such as those 

of the venous valve leaflets, whose native mechanical loading state is intrinsically multi-axial. 

In our study, we conducted equi-biaxial tensile tests on bovine jugular and saphenous vein 

valve leaflet tissues to better understand their unique nonlinear and anisotropic mechanical 

behaviors. In our studies, bovine vein valves were utilized due to their ease of isolation and 

previous usage as prosthetic valves. By stretching the valvular tissues up to 60% strain in both 

circumferential and radial directions, we obtained stress-strain curves for proximal, middle and 

distal jugular and saphenous venous valve leaflets (JV and SV). Collagen assay was also 

conducted to study corresponding biochemical properties of the tissues. Results showed: 1) JV 

could be bicuspid or tricuspid, while SV were generally bicuspid, 2) Both JV and SV tissues 



 

 

were stiffer in the circumferential direction than in the radial direction (p<0.01), which showed 

overall anisotropic property, 3) leaflets from the same location did not possess exactly the same 

mechanical properties (i.e., intra-valvular variability). For JV proximal valves, one leaflet 

tended to be stiffer than the other one in the circumferential direction (p=0.04), while for JV 

distal samples, one leaflet tended to be stiffer than the other one in the radial direction (p=0.03), 

4) JV leaflets from distal valves appeared to have higher collagen concentration than those 

from proximal ones, while SV leaflets from distal valves had lower collagen concentration 

than those from proximal ones (inter-valvular variability, p<0.05), and 5) SV leaflets from 

proximal valves showed isotropic properties, while distal valves showed anisotropic 

properties. Distal SV appeared to be stiffer than proximal valves in the circumferential 

direction, p=0.04 (i.e., inter-valvular variability). To the best of the author’s knowledge, this 

is the first study reporting the biaxial mechanical properties of venous valve leaflet tissues and 

thus contributes toward refining our collective understanding of valvular tissue biomechanics. 
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CHAPTER 1: INTRODUCTION 

1.1 Chronic Venous Insufficiency 

        Chronic venous insufficiency (CVI) is widely accepted as the seventh most common 

chronic debilitating disease and has a huge impact on human health all over the world. In the 

United States, 10% to 35% of adults are affected by CVI [1], [2], and therefore suffering from 

variety of venous disorders including venous ulcers, varicose veins, ankle eczema, etc (Fig. 1-

1). CVI is initiated by venous hypertension and related inflammatory reactions [3]. Under 

abnormal hypertension, the veins in lower extremities become distorted and the venous valves 

become incompetent, which at last leads to the CVI.  

 

Fig.1-1 Significant symptoms of Chronic Venous Insufficiency[4] 

 

        Multiple factors can trigger CVI, including genetic factors, aging, pregnancy, greater 

height, prolonged standing, and obesity. With the effect of such factors, venous hypertension 

is more likely to occur, and leads to further progression of venous dilation and initiation of 
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inflammation. The inflammation triggers valve distortion and vein wall changes afterwards, 

which finally cause significant symptoms of ulcerations, skin color and texture changes and 

edema in lower extremities (Fig. 1-2). 

 

Fig.1-2 CVI triggering factors and mechanism[5]. 

 

        During the progression of CVI, the failure of venous valves plays a critical role. Normal 

functional venous valves allow blood transmission from the lower extremities back to the heart 

and prevent blood reflux (Fig. 1-3A). The regular blood should flow from the distal end, which 

is further away from the heart, to the proximal end, which is closer to the heart. However, as a 

result of venous hypertension, the valves become distorted or damaged, which lose their 

normal functions (Fig. 1-3B). In this case, blood flows backwards and pools in the lower 
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extremities, which in turn, increases the blood pressure, worsens the condition, and leads to 

further symptoms including varicose veins and ulcerations.  

 

Fig.1-3 Normal venous valves allow blood transport proximally and halt blood flow in a 

distal direction. Venous hypertension triggers inflammatory reactions which 

results dilation of the vein wall and damage of the valves [6]. 

 

        Existing treatments of CVI including conservative treatments such as blood medicine, 

elevating legs exercise and compression stockings [7]. Such treatments relieve the pain and 

resolve the diseases to some extent. However, for complete cure of the CVI, surgical treatments 

would be the choice. Due to the importance of functional competent venous valves, a number 

of surgical methods involving valve transplants and valve reconstruction have been studied 

[2], [8]. 

1.2 Prosthetic Venous Valves 

        To better satisfy the needs of valvular replacements and transplants, it is necessary to be 

aware of the critical characteristics of native venous valves. Previous studies showed that 

lyophilized saphenous valves could preserve desired properties of the valves, however, most 

of the valves failed to stay patent after the transplantation due to immunology factors [9], [10]. 
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While recently, tissue engineered prosthetic venous valves have been reported to have the 

potential of overcoming the immunology and biocompatibility complications [11], [12]. In this 

case, we believe that providing adequate information of mechanical and micro-structural 

information of the venous valves will help the design of tissue engineered biocompatible valves 

with desired functional properties. So far, only uniaxial tensile testing has been reported which 

showed that the valve leaflets had stronger mechanical properties comparing with the vein wall 

tissues [10]. However, it is inadequate to describe the complex mechanical behaviors of planar 

soft tissues such as those of the venous valve leaflets, whose native mechanical loading state 

is intrinsically multi-axial. Therefore biaxial tensile testing were used in this study to better 

understand the mechanical properties of venous valves. 

1.2.1 Bovine Jugular Venous Valves 

        In this study, bovine jugular venous valves were first tested in lieu of human venous 

valves. Jugular vein samples locate in the neck area of the subjects (Fig. 1-4), which are easy 

to access with relatively large size. Bovine jugular veins are approximately 15mm in diameter. 

Corresponding valve leaflets have the dimensions of 25~30mm in the circumferential 

direction, and 8~15 mm in the radial direction (Fig. 1-4c). Bovine jugular venous valves have 

previously been used in prosthetic studies [13]–[15], which makes them reasonable resources 

for the study of mechanical properties of desired venous valves leaflet tissues. 
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Fig.1-4 Anatomy of jugular vein in a) human [16], b) cow [17], c) bovine jugular venous 

valve 

 

1.2.2 Bovine Saphenous Venous Valves 

        Significant symptoms of CVI such as varicose veins, leg swelling, eczema, ulceration, 

etc, are known as Chronic Venous Disease (CVD). As CVD problems are normally observed 

in lower extremities, the properties of valve tissues from saphenous veins would provide more 

critical information regarding the disease (Fig. 1-5). Bovine saphenous venous valves have 

previously been used in prosthetic studies [9] and are easy to access, with the vein diameter of 

12mm [18]. Corresponding saphenous valves have the dimensions of 10~15 mm in the 

circumferential direction and 3~5 mm in the radial direction (Fig. 1-5c). Moreover, in human 
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great saphenous veins, at least 6 venous valves are observed [19], and in the bovine saphenous 

vein samples, approximately 12 pairs of valve leaflets are observed in the vein samples, which 

makes them perfect resources for experimental studies. 

 

Fig.1-5 Anatomy of saphenous veins in a) human [20] and b) cow [21] c) bovine 

saphenous venous valve 

 

1.3 Objectives of the Study 

        Venous valve leaflet tissue mechanical properties, components and structures are 

essential to the valves providing their normal physiological functions. Mechanical properties 

of native tissues, such as strain-dependent modulus of elasticity, ultimate strength, and 
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anisotropy ratio, are critical to understanding of the tissue response to tensile loading and 

mechanisms which lead to leaflet damages. However, such information remains unknown, 

which has limited the development of prosthetic valves and treatments on venous hypertension 

triggered CVI. Due to the scant information available on venous valve leaflet structural and 

mechanical properties, our study is to conduct biaxial tensile testing on venous valve leaflets. 

By stretching the leaflet specimen equibiaxially, the force-displacement relations of the tissue 

are obtained. Based on the collected data, the stress-strain relations of the tissue and 

quantitative mechanical properties of the valve tissues are reported. Detailed results are 

discussed in Chapters 3.4, 3.5, 4.4 and 4.5. 

        Aside from mechanical properties, components of venous valve tissue extracellular 

matrix (ECM) are also important in the design of prosthetic valves. Though some studies 

regarding these biochemical properties of the venous valve tissue are available, only limited 

ECM compositions are reported [22]–[24]. To better quantify venous valve tissue ECM 

biochemical components, we collected information about collagen concentration of the tissues 

by conducting a collagen assay of the tissues. Also, histological images of the valve tissues 

were obtained for microstructures of the tissue, in which three different staining were used, 

including the Hematoxylin and Eosin (H&E), the Masson’s trichrome, and the Verhoeff–Van 

Gieson (VVG). Detailed results are discussed in Chapters 3.3 and 4.3. 

        The objective of the study is to provide information on mechanical and biochemical 

properties of venous valve tissues, and this information is critical to understand physiological 

and pathological venous valve tissue mechanics. 
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        In Chapter 2, we detail literature relating to chronic venous insufficiency, existing 

treatments, tissue engineered valves, and previous biochemical and mechanical studies of 

venous valves. 

        In Chapter 3, mechanical testing protocols of bovine jugular venous valves are introduced. 

Corresponding results are discussed, followed by the collagen assay process. 

        In Chapter 4, bovine saphenous venous valves experiments are discussed. The process of 

the experiment is based on our established jugular valve experiments. However, due to the 

differences in leaflet sizes, locations and daily functions of the valves, the saphenous valves 

still show quite different properties comparing with the ones of jugular valves.   

        Chapter 5 provides the summary of the study. By comparing the experimental results of 

jugular valves and saphenous valves, we obtained conclusion about mechanical properties and 

collagen concentration of the venous valve leaflet tissue. Due to some limitations of the current 

study, potential future work is proposed. 
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CHAPTER 2: Literature Review 

        Chronic Venous Disease (CVD) is caused by chronic venous insufficiency (CVI), 

resulting in significant symptoms such as venous ulcers, varicose veins, incompetent valves, 

ankle eczema, leg swelling, etc. CVD has a huge impact on human health across the world. A 

previous study of 1566 random subjects 18 to 64 years of age from the general population in 

Edinburgh, Scotland, found that telangiectases and reticular veins were each present in 

approximately 80 percent of men and 85 percent of women. Varicose veins were present in 40 

percent of men and 16 percent of women, whereas ankle edema was present in 7 percent of 

men and 16 percent of women [25]. Another study of 2211 subjects from San Diego also 

suggested that CVD prevalence was twice as high in women than in men, and showed an 

increasing trend along with aging [1]. Aside from the gender and aging, the prevalence of 

varicose vein problems can also be affected by other factors. For instance, obesity and 

pregnancy, which may cause structural alterations along with hormonal changes in the body, 

can also lead to venous hypertension and CVI. A positive family history also increases the risk 

of having venous disease, as well as long-standing involved working or living style, which 

introduces high pressure level into the lower extremities [26]. Taking all these factors into 

account, it is critical to understand the triggering mechanism of CVI and to create effective 

therapies for CVD problems. 

2.1 Triggering Mechanism of CVI 

        Among all the signs and symptoms, incompetent valves are known as one of the main 

characteristics of CVI. Normally in the venous system of the leg, pressure is determined by 

two components, a hydrostatic component and a hydrodynamic component, which related to 

the pressure generated by contraction of the skeletal muscles of the leg that is transmitted to 
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the venular capillary network. Both components are profoundly modified by the action of the 

venous valves. Competent venous valves ensure that the resulting blood flows towards to the 

heart, along with emptying of the venous systems and a fall in venous pressure. However, when 

the valves are damaged (Fig. 2-1), they lose their normal function of assisting pressure 

transmitting and preventing blood reflux, which results in venous pressure failing to fall with 

leg movements, and the pressures generated by muscle contraction are transmitted to the skin 

microcirculation. In this case, distal venous hypertension occurs and skin changes are 

observed. Venous hypertension then, in turn, worsen the failure of valves, and also leads to 

varicose veins and skin texture and color changes [3].  

 

Fig.2-1 (A) Normal venous valves allow blood transport proximally and halt blood flow 

in a distal direction. Note the vein wall and its enclosed valve sinus. 

(B) Venous hypertension triggers inflammatory reactions which 

results dilation of the vein wall and damage of the valves[3]. 

 

         The inflammatory process is believed to be responsible for the failure of valves, and 

initiation of ankle eczema and ulcers. The process is initially aiming at the removal of damaged 

tissues in the body. However, in CVI conditions, the process does not resolve, but continues to 

cause injury at lower extremities. During the inflammatory process, endothelial permeability 

is elevated, which allows a large amount of inflammatory mediators being released. Moreover, 
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accompanied by structural changes in the capillary system, leukocytes are trapped within 

capillaries and adhere to the venular endothelium and valve leaflets, which along with altered 

mechanical shear forces, further leads to valve damage and skin texture changes (Fig. 2-2) 

[27]. 

 

Fig.2-2 A schematic diagram illustrating selected mechanisms that may control 

inflammation of the vein wall and valve leaflet. (A) Normal vein and valve leaflets. (B) 

Valve leaflets subject to damage by alteration in fluid shear stress. (c) Venous valves 

become unable to close well due to wall distension by elevated venous pressure or by (D) 

leukocytes adhesion [27]. 

         

        As leukocyte infiltration occurs with the reconstruction of ECM components of the 

venous parenchyma, it may partially be responsible for the valve damage as well. In addition, 

when these process takes place, the structure of venous valves and vein walls usually become 

dilated or distorted and lose their normal function. In this case, surgically remove or replace 

the affected veins becomes a reasonable treatment.                  
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2.2 Surgical Treatments and Prosthetic Valves 

        Current existing treatments for CVI includes conservative therapies, such as compression 

stockings [28], elevating legs to reduce the pressure level in lower extremities [29], and using 

drugs to control the pressure level and hormonal balance in the body [30], etc. However, these 

treatments are designed to relieve the pain or prevent CVI from getting worse, which do not 

provide proper cure for the affected veins. For complete treatment of the dilated veins and 

damaged valves, surgical treatments of transplants are generally the choice. 

        For superficial vein systems, the affected vein segments can be small capillaries and 

tributaries. In these cases, surgical excision and phlebectomy of the affected veins are feasible 

without causing severe damage to the venous system. In order to cure superficial venous 

insufficiency, the incompetent venous junction would be tied off and the distal affected 

tributaries can be treated using phlebectomy (Fig. 2-3). 
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Fig.2-3 Varicose vein surgery with preservation of the saphenous trunk. A. Diagram of 

an incompetent saphenous vein. The blue arrows indicate the normal direction of blood 

flow, the red arrows show reflux. B. The incompetent saphenous trunk is left in place. 

Only the incompetent tributaries are treated by phlebectomy. C. The incompetent 

saphenofemoral junction is tied off, the incompetent tributaries are treated by 

phlebectomy and the saphenous trunk is tied off below re-entry of the perforating vein 

which returns blood to the deep venous trunk. D. The incompetent saphenous vein is 

left in place. A sleeve is placed on the incompetent saphenofemoral junction, reduction 

of diameter of the vein restores the anti-reflux function of the terminal valve of the 

saphenous vein. [31] 

 

        For deep venous insufficiency, removal of the vein would not be feasible. In such cases, 

more complicated surgical procedures are required. Vein transplantation is available as one of 

the surgical treatments. Venous segment containing a competent valve was transposed into the 

affected position and sealed with the vein wall segments and a piece of native vessel was used 

as reinforcement outside of the transplanted segment (Fig. 2-4). This technique was highly 

invasive. Also, the changing in vein diameter and fibrosis have introduced significant 

challenge into the procedure[8]. 
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Fig.2-4 Venous segment containing a competent valve being transplanted [8]. 

 

        Valvuloplasty was another surgical technique for deep venous insufficiency. By manually 

correcting the anatomical defect, it became possible for the valve to retrieve its competency. 

However, during the process, the valve apparatus was cut open to allow modification on the 

valve leaflets, which introduced great risk for the valve to be damaged by phlebotomy (Fig. 2-

5). 
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Fig.2-5 Internal valvuloplasty by Trapdoor method of Tripathi. Left: before 

valvuloplasty; right: after valvuloplasty [32]. 

 

        Aside from vein transplantations, prosthetic valves were also designed as a potential 

treatment for CVI. In order to find qualified prosthetic veins, hemodynamic studies have been 

conducted and have shown that glutaraldehyde preservation and cryopreserved veins would 

maintain their desired mechanical properties before implantations [2], [14]. Since mid-1960s, 

single, double, and/or triple cusp leaflets made from allografts, xenografts, or synthetic 

material attached to a carrier or a frame have been designed as prosthetic valves (Fig. 2-6).  

        Borst has used bovine jugular venous valves as prosthetic valves [15]. By attaching the 

valve leaflets to a stent, the prosthetic valve was transplanted into porcine subjects (Fig. 2-7). 

However, two weeks later, bleeding complications and loss of competency were observed, 

which indicated the failure of the transplantation study. Other prosthetic valves with satisfying 
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mechanical properties were also put into animal studies. However, those valves still showed 

disappointing 2-year patency rate due to rejection phenomenon[2]. 

 

Fig.2-6 Illustration of the mono-cusp operation. (A) Top view of the incisions and 

sutures. (B, C) Transverse views as the valve open and close, respectively. (D) View of 

the completed operation with an expanded polytetrafluoroethylene vascular patch 

covering the mono-cusp. (E, F) Lateral views of the open and closed valve, respectively. 

Arrows denote the direction of venous blood flow [2].  
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Fig.2-7 Venous valve bioprosthesis. Gluteraldehyde preserved bicuspid bovine valve 

attached to the self-expanding stent [33] 

 

        In summary, though vein and valve transplantations have been designed and put into 

animal studies, the limitation of immunization [12] with thromboembolic reactions of the 

transplanted valves have led to the moderate success. In this case, tissue-engineered autologous 

prosthetic valves have become attractive to the field.         

 

2.3 Tissue Engineered Venous Valves 

        Immunologic and thromboembolic complications have limited the success of xeno- and 

allogenic transplants. Therefore to overcome the problems of immunization, autogenous veins 

were used as valve substitute. Most of the veins remained good patency and competence after 

even 4 years [2]. However, for applications in the clinical treatment, autogenous veins may not 
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always be an available resource as transplant for patients who require a valve replacement. 

Autologous cell-derived tissue-engineered venous valves (TEVVs) based on biodegradable 

scaffolds were then designed to overcome such limitations [12].  

        TEVVs were fabricated by seeding mesenchymal stem cells onto decellularized scaffolds. 

Compared with untreated veins, TEVVs showed the potential to provide acceptable 

histocompatibility, in vitro haemocompatibility and immunogenicity (Fig. 2-8). Histological 

analysis for subcutaneous implantation of different materials showed no inflammatory cells 

after sutures being implanted in vivo for 1, 3 and 9 weeks. While intensive and trachychromatic 

mononuclear cells wrapped the untreated ovine femoral vein segments 1 week after operation, 

and they were still detectable at 3 weeks and 9 weeks. Moreover, the structural integrity of the 

untreated segments collapsed. The tissue-engineered graft induced mild mononuclear cell 

infiltration at week 1, and this infiltration decreased 3 weeks and 9 weeks after the operation. 

The structure of the tissue-engineered graft remained intact throughout the experiment[11].  

        Despite the positive biocompatibility of the TEVV, intimal hyperplasia remains to be a 

problem for further study. In addition, no evidence shows that TEVVs possess desired 

mechanical properties as functional venous valves. 
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Fig.2-8 Histological analysis for subcutaneous implantation of different materials. No 

inflammatory cell after sutures being implanted in vivo for 1 (a), 3 (b) and 9 weeks (c). 

Intensive and trachychromatic mononuclear cells wrapped the untreated ovine femoral 

vein segments 1 week after operation (d), and were still detectable at 3 weeks (e) and 9 

weeks (f). Also the structural integrity of the untreated segments collapsed. The tissue-

engineered graft induced mild mononuclear cell infiltration at week 1 (g), and this 

infiltration decreased 3 weeks (h) and 9 weeks (i) after operation. The structure of the 

tissue-engineered graft remained intact throughout the experiment. S, suture; OFV, 

untreated ovine femoral vein segment; TE, tissue-engineered venous conduits 

containing valve[11] 

 

2.4 Biochemical Study of Venous Valves 

        Among all the factors that could trigger CVI, biochemical reactions also play an important 

role. By analyzing the diseased valves, increasing amount of leukocytes 

(monocyte/macrophage) infiltration has been observed (Fig. 2-9). Cell activation and fluid 

dynamic factors, such as eddies recirculation, and stasis in the valve sinus might be a part of 

the process of leukocyte penetration of the endothelium. The magnitude of leukocyte 
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infiltration was therefore claimed to be important in the initiation of primary venous 

dysfunction [23]. In Ono’s study[23], histology pictures of valve leaflet without 

counterstaining showed leaflet and preserved endothelium, while valve leaflet counterstained 

with hematoxylin demonstrated a monocyte attached to endothelial surface of valvular tissue. 

In a venous wall proximal to valve without counterstain, a sub-endothelial macrophage was 

observed and a macrophage had penetrated into the tissue. Endothelium and a sub-endothelial 

macrophage were found in the venous wall proximal to the valve with counterstain. A sub-

endothelial macrophage was observed in the proximal vein wall with counterstain. Intact 

endothelium and vein wall structures without monocyte/macrophage infiltrations were 

observed in the distal vein wall with counterstain (Fig. 2-9).  
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Fig.2-9 Light microscopic sections of valve leaflets and venous wall. A, Valve leaflet 

without counterstaining shows leaflet and preserved endothelium. B, Valve leaflet 

counterstained with hematoxylin demonstrates a monocyte attached to endothelial 

surface of a valve. C, Venous wall proximal to valve without counterstain shows a 

subendothelial macrophage is present and a macrophage has penetrated into the tissue. 

D, Venous wall proximal to valve with counterstain shows endothelium and a 

subendothelial macrophage. E, Proximal vein wall with counterstain shows a 

subendothelial macrophage. F, Distal vein wall with counterstain shows intact 

endothelium and vein wall structures without monocyte/macrophage infiltrations. VL, 

valve leaflet, E, endothelium, VW, venous wall, (a) monocyte, (b, d) subendothelial 

macrophage, (c) macrophage [23] 

 

        Aside from the leukocyte infiltration, along with the developing of CVI, other structural 

and biochemical changes also occur in venous veins and valves. Studies of patients with 
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different severity of venous diseases showed that with the progression of venous diseases, the 

endothelium of the venous valve and the vein wall tend to show more damage. In Mouton’s 

study[34], transmission electron microscopic images of the endothelial damage on the valve 

surface were obtained from specimens with increasing severity of CVI (Fig. 2-10). The 

microscopic images in turn showed normal endothelial cells, swollen and necrotic appearance 

of the endothelial cells and denuded valve surface with absent endothelial cells[34]. This 

change indicated that venous valve endothelia might degenerate in a similar way with the 

progression of the venous disease, which partially explained about how the valve damage 

progresses as CVI develops. 

 

Fig.2-10 Transmission electron microscopic image of endothelial damage on 

the valve surface with increasing severity from a to c: a) normal 

endothelial cells; b) swollen and necrotic appearance of the 

endothelial cells; c) denuded valve surface with absent endothelial 

cells. En: endothelial cells, BM: basal membrane. Magnification: 4400x [34]. 

         

2.5 Mechanical Testing of Venous Valves 

        As the main function of venous valves is to prevent blood reflux, a functional prosthetic 

valve is required to maintain similar mechanical properties to native venous valve tissues. 

Previous studies used in vitro flow circuit to study the competence of the lyophilized venous 

valves. Proximal and distal pressures were measured under prograde and retrograde flows. 
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Also valve closure times were determined using a Doppler examination. The results showed 

that lyophilized saphenous vein valves can preserve their normal function as withstanding 350 

mmHg of air pressure without leaking [9]. 

        In addition, Ackroyd has conducted uniaxial tensile study on the valve leaflets and vein 

wall tissues[10]. The valve leaflets were cut parallel to their free edge into strips, while the 

vein wall tissues were cut into circumferential and longitudinal strips (Fig. 2-11). The results 

showed that venous valves had almost twice ultimate strength as the vein wall tissues (Fig. 2-

12) [10].  

 

Fig.2-11 Segments for uniaxial testing a) valve leaflets cross section b) vein wall strips 
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Fig.2-12 Ultimate tensile strengths of valve leaflets and vein wall strips. Blank, 

unpreserved; Shaded, preserved. *Significant difference from valve leaflet P <0.001; 

**significant Calculation of results difference from circumferential strips P<0.001 [10]. 

 

        Based on the existing results, venous valve tissues showed extremely strong mechanical 

properties. However, the instinct loading condition of venous valves is obviously not uniaxial.  

That is, when the leaflets close tightly, they are stretched in both the circumferential and the 

radial directions. In this case, the uniaxial results are not adequate to provide detailed 

information of venous valve mechanical properties, which limits the design of functional tissue 

engineered prosthetic valves. Therefore the biaxial mechanical properties of venous valve 

leaflet tissues reported in this study would contribute toward refining the collective 

understanding of valvular tissue biomechanics. 
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CHAPTER 3: Jugular Venous Valve 

        Bovine jugular venous valve (JV) tissues have been used as prosthetic valves for CVI 

treatments [2], [14]. In this case, studying their properties would provide important information 

about what native mechanical properties of JV make them qualified as satisfying prosthetic 

valves. JV tissues were collected from bovine jugular veins (Fig.3-1) harvested by a slaughter 

house from mature Holsteins with average of approximately 1250lbs live weight. The specie 

was chosen due to their relatively large vascular system. JV specimens were then dissected 

from the veins. Via biaxial tensile tests and collagen assay of the specimens, mechanical 

properties and corresponding biochemical properties of the JV tissues were obtained. 

 

Fig. 3-1 Location of Bovine Jugular Vein [35] 

3.1 Dissection Procedure 

        Vein samples from the slaughter house were generally with the length of approximately 

24cm, width of 2cm, and plenty of soft tissues clinging to the surface (Fig 3-2a). Removing 

the clinging soft tissues would help with the following dissection process, and made the 

samples easier to manipulate (Fig 3-2b, c).  



26 

 

Fig. 3-2 First step of dissection a) original vein samples, b) removing clinging soft 

tissues, and c) vein after soft tissue being removed and the vein compares to a penny. 

Scale bars: 1cm 

        After cleaning the surface of the vein samples, using tweezers to flip the vein inside out 

would expose the location of sinus and valves (Fig. 3-3c), and therefore prevent any breaking 

of the valve leaflets by accident during the dissection (Fig. 3-3). During this process, one pair 

of tweezers were used to hold the vein, while another pair were used to grab on the inside of 

the vein wall, and pulled it out gently.  
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Fig. 3-3 Vein sample being turned inside out. a) At the beginning of the process, b) half 

of the vein is inside out, c) entire vein is inside out, and the size is compared with a 

penny. Scale bars on the dissection board: 1cm 

 

        As all the valve leaflets are exposed, the vein can be cut open longitudinally without 

breaking any leaflets. By laying the vein flatly on the board, the valve leaflets can be lifted 

carefully by a pair of tweezers. During this process, the tweezers should neither tear the leaflet 

nor poke through the leaflet, which might cause damages or affect the native properties of the 

specimens. By holding the valve and cutting along the edge, the semilunar leaflet can be 

isolated from the vein (Fig. 3-4).  
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Fig. 3-4 Dissection of valve leaflets: a) Leaflets held by tweezers, b) cutting along the 

edge, c) half of the leaflet has been separated from the wall, and d) a separated leaflet.  

Scale bars: 1cm  

 

3.2 Collected Specimens and Testing Protocol 

        During the dissection process, both bicuspid valves, which had two leaflets at the same 

longitudinal location of the vein (Fig. 3-5a), and tricuspid valves, which had three leaflets at 

the same longitudinal location (Fig. 3-5b), were observed in jugular vein samples.  
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Fig. 3-5 a) Bicuspid leaflets and sinus and b) tricuspid leaflets and sinus. Scale bar: 1cm 

 

The proximal end of the vein is closer to the heart, while the distal end is furthest from 

the heart. The blood flows through the vein from distal end to proximal end (Fig. 3-6a). As the 

vein samples were mostly around 24cm in length, the portion within 7cm of the 1st pair of 

valves from the proximal end was defined as JV Proximal. The portion of 7cm to 15cm from 

the 1st pair of valves was defined as JV Middle, and the last portion of 15cm to 24cm from the 

1st pair was defined as JV Distal (Fig. 3-6). 
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Fig. 3-6 a) Blood flow schematic of jugular veins. b) Definition of JV Proximal, Middle, 

and Distal portions 

3.2.1 Specimens 

        All the collected leaflets were recorded of their longitudinal location, and were separated 

into the three groups, JV Proximal, Middle, and Distal, accordingly. To rule out the boundary 

effect of the leaflets, only the central belly region of each leaflet was tested (Fig. 3-7a). A 

10mm by 10mm specimen from the center of each leaflet was collected and measured by a 

Starrett Pocket Dial Gage for its thickness, before being mounted onto the Biotester 5000 for 

mechanical testing (Fig. 3-7 b, c). The sample information including valve location, thickness 

and specimen size was recorded for further analysis of all the specimens (Table 3-1). 
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Table 3-1 Sample information of all JV specimens 

Proximal sample thickness(um) length_x(um) length_y(um) 

1 1-1-001 30 4535 4535 
1 1-1-002 25 4533 4533 
3 3-1-001 50 4536 4534 
7 7-1-001 30 4536 4534 
7 7-1-002 30 4542 4535 
8 8-1-001 90 4537 4535 
9 9-1-001 35 4536 4536 
9 9-1-002 20 4538 4535 

10 10-1-001 25 4537 4535 

10 10-1-002 50 4536 4535 
12 12-1-001 30 4536 4534 

Middle     

1 1-3-002 40 4542 4535 
1 1-3-003 35 4536 4535 
6 6-3-003 30 4536 4534 

10 10-2-001 40 4536 4534 
10 10-2-002 35 4536 4535 
12 12-2-001 50 4536 4535 
18 18-2-001 35 4536 4535 
18 18-2-002 35 4536 4535 

Distal     

9 9-3-001 50 4536 4535 
9 9-3-002 25 4536 4535 
9 9-3-003 30 4536 4535 
9 9-4-001 30 4536 4535 
9 9-4-002 25 4536 4534 
9 9-4-003 40 4536 4536 

10 10-3-001 35 4536 4536 
10 10-3-002 30 4536 4536 

 
 

        When mounting the specimens, the circumferential direction (cir) of the leaflet, which 

naturally runs along the circumference of the vein, was lined up with the x axis of the machine, 

while the radial direction (rad) was lined up with the y axis. During the testing process, 

displacement and force data were controlled and recorded by the Biotester and output through 

Labjoy software. 



32 

 

Fig. 3-7 a) Selection of a specimen on a leaflet, b)-c) Mounted specimen on Biotester, d) 

BioTester 5000 (Cellscale, Waterloo, CAN). Scale bar: a and b: 1cm, c, 1mm 

 

3.2.2 Mechanical Testing Protocol 

        The mechanical testing process was controlled by the Biotester displacement control 

program. The specimen was stretched to reach the input of desired strains (Eq. 3-1a) with a 

specified strain rate. During the process, corresponding forces were recorded. Based on the 

output data, stresses during the process can be calculated (Eq. 3-1b), and stress-strain curves 

can therefore be generated using Microsoft Excel. 

𝜖𝑥 = Ln(
𝑥

𝑥0
); 𝜖𝑦 = Ln(

𝑦

𝑦0
)                     (Eq.3-1a) 

𝜎𝑥 =
𝐹𝑥

𝐴𝑥
=

𝐹𝑥

𝑡∗𝑦0
; 𝜎𝑦 =

𝐹𝑦

𝐴𝑦
=

𝐹𝑦

𝑡∗𝑥0
                 (Eq.3-1b) 
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        Before collecting data for the stress-strain curves, repeat cycles of preconditioning on the 

tissues can help to generate repeatable curves [36]. After 8 cycles of stretching, the force-

displacement relation became steady and repeatable (Fig. 3-8), which showed 8 cycles of 

preconditioning should be adequate to provide reliable results for JV specimens. The 

mechanical testing were therefore performed equibaxially using a protocol with 10mN preload 

to reduce the residual stresses inside the tissue at the beginning, followed by 8 cycles of 

preconditioning to 30% strain, at the same rate as the tensile test of 1%/s. After 

preconditioning, the specimen was rested for 5 minutes recovery. The specimen was then 

stretched to 60% at the rate of 1%/s and at last recovered to 0% strain (Fig. 3-9). During the 

testing process, the displacements and strains on the samples could be tracked using the 

software image tracking moduli (Appendix A). 

 

Fig. 3-8 Force output became steady after 8 cycles. Repeatable force-displacement 

relation was obtained. 
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Fig. 3-9 a) Biaxial JV tensile test protocol: preload: 10mN, precondition: 8 cycles, 30% 

strain, 1%/s, recovery for 5 minutes, stretch 60% strain at 1%/s, then recover to 0. b) 

Mounted specimen at 0% strain c) Stretched specimen at 60% strain equibiaxially 

Scale bar: 1mm 

 

3.3 Histology 

        Histological images of samples from JV Proximal and Distal groups were obtained using 

Zeiss Axiophot microscope (Fig. 3-10) with three different kinds of stains, including 

Hematoxylin and eosin stain (H&E stain), Masson’s Trichrome stain, and Verhoeff–Van 

Gieson stain (VVG). H&E stained collagen fibers in pale pink and nuclei in blue or purple. 

Masson’s Trichrome stained collagen in blue, nuclei in black, cytoplasm and keratin in red. 

VVG stained elastic fibers in black, collagen in red, cytoplasm in yellow, and nuclei in black 

(Fig.3-11). 
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Fig. 3-10 State-of-art Zeiss Axiophot microscope in the Cellular and Molecular Imaging 

Facility at NC State 

 

 

Fig. 3-11 Histological images of JV tissues under 400x microscope. a) Proximal H&E. b) 

Proximal Masson’s Trichrome. c) Proximal VVG. d) Distal H&E. e) Distal Masson’s 

Trichrome. f) Distal VVG. Scale bar: 50um 
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        The histological images of the tissues showed that collagen fibers of JV Proximal samples 

had a unique orientation. Most of the fibers lined up well along the circumferential direction, 

which suggested that the mechanical properties in the circumferential direction might be 

stronger than those of the radial direction. The collagen fibers of Distal samples did not show 

a consistent orientation (Figure 3-11e), which indicated that there might be less directional 

dependency in properties compared with the Proximal ones.  

3.4 Inter-valvular Variability 

        Leaflet specimens were stretched under equibiaxial tensile testing, during which 

displacement and force data were collected. Corresponding strain and stress values were 

calculated and stress-strain curves of the specimens were therefore obtained.  

        During the dissection process, different vein samples did not contain the same numbers 

of valves. For each of the vein, at least one pair of valves were observed on the Proximal end, 

however, valves at the Middle or Distal portions were not observed as common. Moreover, JV 

Proximal valves were mostly observed as bicuspid leaflets, while JV Distal valves were mostly 

tricuspid. As blood flows back to the heart from the distal to the proximal end of the vein, the 

valves from different locations of the vein are obviously exposed to different levels of blood 

pressure. However, it was not clear if the differences in the distribution and pressure conditions 

had effects on tissue properties, i.e., inter-valvular variability. In this case, the specimens were 

separated into the three groups based on their location when analyzing their properties, and 

afterwards, the results from the three groups were compared statistically for their differences 

using the significant level as α=0.05.   
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3.4.1 Proximal JV tissues 

        Proximal specimens showed non-linear anisotropic properties (N=11). The leaflets 

appeared to be stiffer in the circumferential direction than that in the radial direction (Fig. 3-

12), as we expected from the histological images (Fig. 3-11). Based on the stress-strain curves, 

tangent modulus of elasticity of the tissue was calculated for the linear region (45%~60% 

strain). The circumferential direction had the modulus of 26.98±9.36 MPa, which was three 

times higher than that of the radial direction, 8.89±5.57 MPa. 

 

Fig. 3-12 JV Proximal stress-strain curve, Tangent modulus of elasticity cir: 26.98 ±9.36 

MPa, rad 8.89±5.57 MPa 

3.4.2 Middle JV tissues 

        Middle specimens also showed non-linear anisotropic properties (N=8), as the leaflets 

appeared to be stiffer in the circumferential direction than that in the radial direction (Fig. 3-

13). Based on the stress-strain curves, tangent modulus of elasticity of the tissue was calculated 

for the linear region (45%~60% strain). The circumferential direction had the modulus of 23.49 
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±20.21 MPa, which was twice higher than that of the radial direction, 10.35±16.26 MPa. The 

differences in the mechanical property between the circumferential and radial direction were 

not as obviously as that of the JV Proximal tissues. In addition, the variability of samples have 

introduced large uncertainty toward the results, which appeared as the noticeable error bars. 

 

Fig. 3-13 JV Middle stress-strain curve, Tangent modulus of elasticity cir: 23.49 ±20.21 

MPa, rad 10.35±16.26 MPa 

 

3.4.3 Distal JV tissues 

        Distal specimens still showed non-linear anisotropic properties (N=8), as the leaflets 

appeared to be stiffer in the circumferential direction than that in the radial direction (Fig. 3-

14). Based on the stress-strain curves, tangent modulus of elasticity of the tissue was calculated 

for the linear region (45%~60% strain). The circumferential direction had the modulus of 29.72 

±6.18 MPa, which was almost twice as that of the radial direction (15.42±9.46 MPa). The 
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difference of the mechanical property between the circumferential and radial directions were 

not at large as that of the JV Proximal tissues, and was even slightly smaller than that of the 

JV Middle tissues, which corresponded to the histological images (Fig. 3-11). Besides, the 

variability of samples did not appear to be as significant as the Middle samples, which appeared 

in the smaller error bars.   

 
 

Fig. 3-14 JV Distal stress-strain curve, Tangent modulus of elasticity cir 29.72 ±6.18 

MPa, rad 15.42±9.46 MPa 

 

3.4.4 Statistical Analysis 

        All the specimens showed anisotropic properties with noticeable difference between 

circumferential properties and radial properties. Besides, based on the stress-strain curves and 

tangent modulus of elasticity, an increasing trend in radial properties is visually observed from 

the proximal end to the distal end (Proximal: 8.89±5.57 MPa, Middle: 10.35±16.26 MPa, 

Distal: 15.42±9.46 MPa, Table 3.2). Therefore statistical analyses were used for studying the 

inter-valvular variability. 
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Table 3-2 Maximum stresses and tangent moduli of elasticity for JV tissue (MPa) 

Units: MPa JV Proximal JV Middle JV Distal 

 Cir Rad Cir Rad Cir Rad 

Max stress 6.28±2.3 2.46±1.3 5.90±5.50 2.43±4.1 6.12±1.9 3.84±2.7 

Modulus 26.98±9.4 8.89±5.6 23.49±20.2 10.35±16.3 29.72±6.2 15.42±9.5 

  

        Statistical analyses were conducted using Microsoft Excel with a significance level of 

α=0.05. To verify the anisotropic property of the valve tissues, paired t-tests were used to 

compare moduli in the circumferential and radial directions. ANOVA single factor analysis 

was used to determine if differences existed in the modulus among the proximal, middle, and 

distal specimens. 

        Based on the statistical analysis, all three groups had significantly larger maximum 

stresses (Proximal: p=0.0003, Middle: p=0.001, Distal: p=0.02) and moduli (Proximal: 

p=0.0001, Middle: p=0.0002, Distal: p=0.005) in the circumferential direction than that in the 

radial direction. However, no significant difference was observed among these three groups, 

which indicated that no significant inter-valvular variability was observed (Fig. 3-15). 
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Fig. 3-15 Comparison of different sample groups a) Maximum stresses at 60% strain b) 

Tangent modulus of elasticity * Significant difference between circumferential and 

radial directions, p<0.05 
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3.5 Intra-valvular Variability 

        Both bicuspid leaflets and tricuspid leaflets have been observed during the dissection 

process (Fig. 3-5), however, the two or three leaflets from the same longitudinal location did 

not show similar properties (i.e., intra-valvular variability). For bicuspid valves, one leaflet 

appeared to be stiffer than the other, while for tricuspid valves, all the three leaflets showed 

different stiffness. Standard t-tests were used to compare the leaflets with the significant level 

of α=0.05 (Fig. 3-16). Two leaflets from the same sinus location were compared for their 

maximum stresses and moduli of elasticity (For tricuspid valves, the leaflet with the largest 

stiffness was compared with the one with the smallest stiffness). Significant differences existed 

between the two leaflets in circumferential maximum stress (p=0.04), radial maximum stress 

(p=0.03), and radial tangent modulus of elasticity (p=0.05). 

        During dissection process, each vein sample was observed to contain one or more pairs 

of venous valves. However, the valves were not likely to distribute evenly along the vein. Some 

of the veins contained only one pair of the valves and they were likely to be located at the 

proximal end (Fig. 3-17). The high sample variability of JV Middle group failed to show 

significant difference in that group. 
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Fig. 3-16 Comparison of intra-valvular variability a) Maximum stresses at 60% strain 

b) Tangent modulus of elasticity. 

*Significant difference in circumferential maximum stress between the two groups of 

leaflets, p=0.04 

**Significant difference in both radial stress, p=0.05 and modulus, p=0.03, between the 

two groups      
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Fig. 3-17 Bovine Jugular Vein with only one pair of proximal valves 

    

 

3.6 Collagen Assay 

        In preparation of collagen assay, the specimens were frozen after the mechanical testing, 

collagen extraction solution was prepared, and standard curve were generated. 1.43ml of acetic 

acid and 50mg of pepsin were dissolved in distill water for 50ml of collagen extraction solution 

(Appendix B). The liquid was measured by pipettes and powder weighted by a Sartorius 

Analytical Balance (Fig. 3-19a). The extraction solution was then put into a vortex mixer (3-

19b) to mix well before using. Sircol Collagen Assay Collagen Standard were used to generate 
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the standard collagen concentration curve. Four standards of 0ug, 12.5ug, 25ug, and 50ug were 

prepared, and a linear standard curve was obtained (Fig. 3-18). 

 

Fig. 3-18 Collagen Assay Standard Curve: slope= 0.0284, R2=0.9994 

 

        During the collagen assay process, the specimens were weighted using the anlytical 

balance, and then put into 1000ul of collagen concentration solution and into the vortex mixer 

for collagen extraction. After extraction period, Sircol Collagen Assay Dye Reagent was mixed 

with each sample and mixed on the vortex mixer for 30 minutes to bind with collagen. The 

samples were then centrifuged for 10 minutes using a speed of 13400RPM in the Eppendorf 

MiniSpin centrifuge (Fig. 3-19c), after which the upper liquid was removed, and the pellets on 

the bottom were kept for dissolving in the Alkali Reagent. After the pellets being completely 

dissolved, the samples were transferred into cuvettes and put into the Genesis 20 

Spectrophotometer (Fig. 3-19d), where the absorbance of 550nm light will be recorded for 
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each sample. Collagen concentration of each sample can be calculated based on the absorbance 

value and the slope of the standard curve.  

 

Fig. 3-19 Facilities for collagen assay a) Sartorius Analytical Balance b) Vortex Mixer c) 

Eppendorf MiniSpin centrifuge d) Genesis 20 Spectrophotometer  
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Fig. 3-20 JV collagen concentration,  

* Significant difference between Proximal and Distal, p=0.03 

**Significant difference among the three groups, p=0.04 

         

        To determine the desired length of collagen extraction period, the tissues were extracted 

for different time periods and the collagen concentration results were compared. The desired 

length of collagen extraction period should be adequate to extract all the soluble collagen 

component from the tissue. Therefore, after the desired period, the collagen concentration 

results should not have significant increase as time increases. According to the results, the 

collagen concentration of the samples kept increasing until 120 hours extraction. After 120 

hours of extraction, no significant increases of the collagen concentration were observed 

between 120 hour and 144 hour of extraction period, which suggested that 120 hour should be 
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enough to completely extract all the collagen content from the JV tissues (Fig. 3-20). Based on 

this result, the collagen extraction period was determined to be 120 hours. 

        Nine specimens from JV Proximal, 4 from JV Middle, 11 from JV Distal were collected 

and put into collagen assay. Significant differences existed between JV Proximal and JV Distal 

for 120h (p=0.03) and 144h (p=0.02). Moreover, significant difference was observed among 

all the three groups at 144h (p=0.04). The limited samples size of JV Middle group might have 

introduced error into the result, yet the overall collagen concentration showed an increasing 

trend from the proximal end to the distal end.  
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CHAPTER 4: Saphenous Venous Valve 

        Bovine saphenous venous valve (SV) tissues have also been used as prosthetic valve in 

previous studies for CVI treatments [2], [9]. Moreover, as the saphenous vein locates in lower 

extremities, where CVI usually occurs in human body, studying SV properties would provide 

better information of the natural mechanical properties for the desired prosthetic valves. SV 

tissues were collected from bovine saphenous veins (Fig.4-1) harvested by slaughter house 

from mature Holsteins with average of approximately 1250lbs live weight. The specie was 

chosen due to their relatively large vascular system. SV specimens were then dissected from 

the veins. After biaxial tensile tests and collagen assay on the specimens, mechanical properties 

and corresponding biochemical properties of the SV tissues were obtained. 

 

Fig. 4-1 Location of Bovine Saphenous Vein[37] 
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4.1 Dissection Procedure 

Vein samples from the slaughter house were generally with the length from 15 to 30cm, 

width of 1cm, with plenty of soft tissues clinging to the surface (Fig 4-2a). Dissecting process 

is similar to the one for jugular vein. Removing the clinging soft tissues would help the 

following dissection process, and made the samples easier to manipulate (Fig 4-2b, c).  

 

Fig. 4-2 First step of dissection: a) Original vein samples, b) removing clinging soft 

tissues, c) vein after soft tissue being removed, and vein is compared to a penny.  Scale 

bars on the dissection board: 1cm 

 

After cleaning the surface of the vein sample, using tweezers to turn the vein inside out 

would expose the location of sinus and valves (Fig. 4-3b), and therefore prevent breaking the 

valve leaflets by accident during dissection (Fig. 4-3). During this process, one pair of tweezers 

were used to hold the vein, while another pair were used to grab on the inside of the vein wall, 

and pulled it out gently.  
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Fig. 4-3 Vein sample being turned inside out. a) Before b) After c) Exposure of valve 

leaflets, Scale bars: 1cm 

 

As all the valve leaflets are exposed, the vein can be cut open longitudinally without 

breaking the leaflets. By laying the vein flatly on the board, the valve leaflets can be lifted 

carefully by a pair of tweezers. During this process, the tweezers should neither tear the leaflet 

too much nor poke through the leaflet, which might cause damage or affect the native 

properties of the specimens. By holding the valve and cutting along the edge, the semilunar 

leaflet can be isolated from the vein (Fig. 4-4).  
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Fig. 4-4 Dissection of valve leaflets a) SV leaflets on the sinus b) cutting the vein open c) 

vein being opened d) separated leaflet.  Scale bars: 1cm  

 

4.2 Collected Specimens and Testing Protocol 

During dissection process, only bicuspid valve (i.e., two leaflets at the same 

longitudinal location of the vein) were observed in saphenous vein samples (Fig. 4-5), which 

was different from that of jugular vein samples.  
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Fig. 4-5 Bicuspid leaflets and sinus. Scale bar: 1cm 

 

The proximal end of the vein is closer to the heart, while the distal end is furthest from 

the heart. The blood flows through the vein from distal end to proximal end (Fig. 4-6a). For 

saphenous vein samples, slight changes in vein diameter was observed. The proximal end 

appeared to be larger in diameter than the distal end (Fig. 4-3c). As in the natural status, the 

proximal end is closer to the thigh and the distal end is closer to the foot, and this geometry 

change is reasonable. 

During jugular vein dissection, we have observed 1 to 4 pairs of valves in a single vein 

sample. While for saphenous veins, 6 to 12 pairs of veins were observed in one vein sample. 

Due to the evenly distribution of valves along the length of saphenous veins, the vein were 

defined as SV Proximal and SV Distal and it was assumed that the two portions of the vein 

contain equal number of valves (Fig. 4-6). 
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Fig. 4-6 a) Schematic blood flow in a saphenous veins. b) Definition of SV Proximal, and 

Distal portions. Scale bar on dissection board: 1cm 

 

 4.2.1 Specimens and Mounting Technique 

        All the collected leaflets were recorded of their longitudinal location and were separated 

into the two groups, SV Proximal, and Distal, accordingly. Each leaflet thickness was 

measured by a Starrett Pocket Dial Gage at its central area. Due to the limited leaflet size, it 

was not feasible to isolate the central belly region for SV specimens, nor could the 5mm by 

5mm bio-rakes be used for mounting the specimens (Fig. 4-4d). For saphenous valve testing, 

Bio-sutures and hooks and special clamps were designed to test the central 2mm by 2mm area 

of the SV leaflet. The sutures and hooks have introduced significant difficulties into the 

mounting process (Appendix C). Thus the clamps were used in the saphenous valve testing 
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(Fig. 4-7b, c).  The samples information including valve location, thickness and specimen size 

was recorded for further analysis of all the specimens (Table 4-1). 

Table 4-1 Sample information of all SV specimens 

Proximal sample thickness(um) length_x(um) length_y(um) 

1 01-3-001 10 2000 2001 

1 01-3-002 15 2000 2001 

4 04-3-001 10 2000 2001 

4 04-3-002 15 2000 2001 

2 02-3-001 10 2000 2001 

3 03-3-001 5 2000 2001 

3 03-1-001 15 2000 2001 

3 03-1-002 10 2000 2001 

4 04-1-001 35 2000 2001 

Distal     

3 03-12-001 25 2000 2001 

3 03-12-002 20 2000 2001 

2 02-8-001 10 2000 2001 

2 02-8-002 15 2000 2001 

4 04-8-001 20 2000 2001 

4 04-8-002 20 2000 2001 

2 02-6-001 25 2000 2001 

2 02-6-002 15 2000 2001 
 
 

        As the SV specimens were too soft, a piece of paper towel was used as a support during 

the mounting process (Fig. 4-7a, b). A 2mm by 2mm square was drawn on the support, to 

ensure that after sample mounting, the central 2mm by 2mm area would be tested (Fig. 4-7d). 

As the paper towel support held the valve in place, the four clamps could be mounted one by 

one onto the Biotester. During the mounting process, the two clamps on the opposite position 

needed to be perfectly in line with each other to ensure no shear stress would be introduced 

during stretching process. When mounting the specimens, the circumferential direction of the 

leaflet (cir), which naturally runs along the circumference, was lined up with the x axis of the 

machine, while the radial direction (rad) was lined up with the y axis. During the testing 
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process, displacement and force data were recorded by the Biotester and output through Labjoy 

software. 

 

Fig. 4-7 a) Paper towel support, b) SV leaflet sitting on the support, c-d) Mounted 

specimen on Biotester. Scale bar: 2mm 

 

4.2.2 Mechanical Testing Protocol 

        The mechanical testing process was controlled by the Biotester displacement control 

program. The specimen was stretched to reach the input of desired strain (Eq. 3-1a) at a 

required strain rate. During the process, corresponding forces were recorded. Based on the 
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output data, stresses during the process can be calculated (Eq. 3-1b) and stress-strain curves 

can therefore be generated using Microsoft Excel. 

       Before collecting data for the stress-strain curves, repeat cycles of preconditioning on the 

tissues can help to generate repeatable curves [36]. After 8 cycles of stretching, the force-

displacement relation became steady and repeatable (Fig. 4-8), which showed 8 cycles of 

preconditioning should provide reliable results for SV specimens. As the paper towel was 

introduced into the system due to mounting requirement, the support needed to be broken 

before collecting data of leaflet specimens. Therefore, an extra cycle of 60% stretch was 

included before the final testing cycle, in which the paper towel would be broken and would 

no longer contribute to the force output. The mechanical testing protocol was determined to be 

performed equi-biaxially with 8 cycles of preconditioning to 30% strain, at the same rate as 

the tensile test of 1%/s. After 5 minutes recovery after preconditioning, the specimen was 

stretched to 60% at the rate of 1%/s and at last recovered to 0% strain for two cycles. Data 

output from the second cycle will be used in stress-strain calculations (Fig. 4-9).  

 

Fig. 4-8 Force output became steady after 8 cycles. Repeatable force-displacement 

relation was obtained. 
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Fig. 4-9 a) Biaxial SV tensile test protocol: precondition: 8 cycles, 30% strain, 1%/s, 

recovery 5 minutes, stretch 60% strain at 1%/s, then recover to 0 for two cycles. b) 

Mounted specimen at 0% strain. c) Stretched specimen at 60% strain equibiaxially, 

where paper towel support is broken at the tested area and no longer contribute forces. 

Scale bar: 1mm 

 

4.3 Histology 

        Histology of samples from SV Proximal and Distal groups were obtained using three 

different kinds of stains, including Hematoxylin and eosin (H&E), Masson’s Trichrome, and 

Verhoeff–Van Gieson (VVG). H&E stained collagen fibers in pale pink and nuclei in blue or 

purple. Masson’s Trichrome stained collagen in blue, nuclei in black, cytoplasm and keratin in 

red. VVG stained elastic fibers in black, collagen in red, cytoplasm in yellow, and nuclei in 

black (Fig.4-10). 
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Fig. 4-10 Histology of SV tissues under 400x microscope. 

a) Proximal H&E. b) Proximal Masson’s Trichrome. c) Proximal VVG. 

d) Distal H&E. e) Distal Masson’s Trichrome. f) Distal VVG. Scale bar: 50um 

 

        The histological images of the tissues showed that collagen fibers in SV Proximal samples 

did not have a uniform orientation (Fig. 4-10c), which indicated that the difference between 

circumferential and radial properties might not be very significant. Yet SV Distal samples 

show preferred collagen fiber directions (Fig. 4-10d), which suggested that the mechanical 

properties in one direction might be stronger than those of the other direction in SV Distal 

samples.  

4.4 Inter-Valvular Variability 

        Leaflet specimens were stretched under equibiaxial tensile testing, during which 

displacement and force data were collected. Corresponding strain and stress values were 

calculated and stress-strain curves of the specimens were therefore obtained.  
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        During the dissection process, slight changes in the vein diameter were observed from 

proximal to distal end along the vein. Also, as blood flows back to the heart from the distal to 

the proximal end, the valves from different locations of the vein are obviously exposed to 

different levels of daily pressure. Therefore, results from different sample groups were 

compared to see if the difference in geometry and pressure conditions had effects on tissue 

mechanical properties (inter-valvular variability) using the significant level as α=0.05.   

4.4.1 Proximal SV tissues 

        Proximal specimens showed non-linear isotropic properties. The leaflets appeared to 

possess similar mechanical behaviors in both the circumferential and the radial direction (Fig. 

4-11), as we expected from the histological images (Fig. 4-10). Based on the stress-strain 

curves, the tangent modulus of elasticity of the tissue was calculated for the linear region 

(50%~60% strain). The circumferential direction had the modulus of 62.66 ±34.88 MPa, which 

was close to that of the radial direction with 41.61±16.01 MPa. 
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Fig. 4-11 SV Proximal stress-strain curve. Tangent modulus of elasticity: cir: 62.66 

±34.88 MPa, rad 41.61±16.01 MPa 

3.4.2 SV Distal tissues 

        Distal specimens showed non-linear anisotropic properties, as the leaflets appeared to be 

stiffer in the circumferential direction than in the radial direction (Fig. 4-12). Based on the 

stress-strain curve, tangent modulus of elasticity was calculated for the linear region 

(50%~60% strain). The circumferential direction had the modulus of 92.08 ±27.86 MPa, which 

was almost three times as high as that of the radial direction, 31.76±13.87 MPa. The difference 

between the directional mechanical properties were significantly larger than that of the SV 

Proximal tissues, which corresponded to the histological images (Fig. 4-10). Moreover, SV 

Distal tissues appeared to possess larger tangent modulus of elasticity in the circumferential 

direction compared with SV Proximal tissues, yet the radial modulus appeared to be quite 

similar.  
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Fig. 4-12 SV Distal stress-strain curve, tangent modulus of elasticity: cir: 92.08 ±27.86 

MPa, rad: 31.76±13.87 MPa 

 

4.4.3 Statistical Analysis 

        Based on the stress-strain curves and tangent modulus of elasticity, SV Proximal tissues 

had isotropic mechanical properties, while SV Distal tissues had anisotropic mechanical 

properties. Therefore statistical analyses were used to identify the inter-valvular variability. 

        Statistical analyses were conducted using Microsoft Excel with a significance level of 

α=0.05. To verify the anisotropic property of the valves, paired t-tests were used to compare 

moduli in the circumferential and radial directions. Standard t-test was used to determine if 

differences existed in the modulus between the SV Proximal and SV Distal specimens.  
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Table 4-2 Maximum stresses and tangent moduli of elasticity for SV tissue (MPa) 

Units: MPa SV Proximal SV Middle 

 Cir Rad Cir Rad 

Max stress 7.86±4.2 6.09±2.5 11.58±3.9 4.48±2.1 

Modulus 62.66±34.9 41.61±16.0 92.08±27.9 31.76±13.9 

 

        Based on the statistical analysis, SV Proximal tissues had isotropic properties, while SV 

Distal tissues had anisotropic properties. Distal tissues had significantly larger maximum stress 

at 60% strain (p=0.001) and modulus (p=0.0005) in the circumferential direction than in the 

radial direction. Also, SV Distal tissues had significantly larger maximum stress at 60% strain 

than SV Proximal tissues in the circumferential direction, p=0.04, which indicated that 

significant inter-valvular variability existed in the circumferential direction of SV leaflets (Fig. 

4-13). 
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Fig. 4-13 Comparison of different sample groups. a) Maximum stresses at 60% strain. 

b) Tangent modulus of elasticity 

* Significant difference between circumferential and radial directions, p<0.01 

**Significant difference between SV Proximal and SV Distal, p<0.05 
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4.5 Intra-valvular Variability 

        Bicuspid leaflets have been observed during the dissection process (Fig. 4-5), however, 

the two leaflets from the same longitudinal location did not show similar properties (intra-

valvular variability). One leaflet appeared to be stiffer than the other. Standard t-tests were 

used to compare the leaflets maximum stress at 60% strain and tangent modulus. A significant 

level of α=0.05 is used (Fig. 4-14).  

        SV tissues showed overall anisotropic properties. All the groups showed significant 

difference between circumferential and radial directions, p<0.05. Significant difference existed 

between the two leaflets in circumferential maximum stress only (p=0.04), which indicated the 

intra-valvular variability was not as significant as that of JV tissues. 
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Fig. 4-14 Comparison of intra-valvular variability. a) Maximum stresses at 60% strain. 

b) Tangent modulus of elasticity. 

*Significant difference in circumferential maximum stress between the two groups of 

leaflets, p=0.04 

**Significant difference between circumferential and radial directions, p<0.05  
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4.6 Collagen Assay 

        In preparation of collagen assay, the specimens were frozen after the mechanical testing, 

collagen extraction solution was prepared, and standard curve were generated. 1.43ml of acetic 

acid and 50mg of pepsin were dissolved in distill water for 50ml of collagen extraction 

solution. The liquid was measured by pipettes and the powder is weighted by a Sartorius 

Analytical Balance. The extraction solution was then put into a vortex mixer to mix well before 

using.  

        Sircol Collagen Assay Collagen Standard were used to generate the standard collagen 

concentration curve. Four standards of 0ug, 12.5ug, 25ug, and 50ug were prepared, and a linear 

standard curve was obtained (Fig. 3-18). 

        During the collagen assay process, the specimens were weighted using the weight 

balance, and then put into the 1000ul of collagen concentration solution, followed by the vortex 

mixer for collagen extraction. Based on JV experiments, the collagen extraction period for SV 

was determined to be 120h. After extraction period, Sircol Collagen Assay Dye Reagent was 

mixed with each sample and put into the vortex mixer for 30 minutes to bind with collagen. 

The samples were then centrifuged for 10 minutes using a speed of 13400RPM in the 

Eppendorf MiniSpin centrifuge, after which the upper liquid was removed, and the pellets on 

the bottom were kept for dissolving in the Alkali Reagent. After the pellets being completely 

dissolved, the samples were transferred into cuvettes and put into the Genesis 20 

Spectrophotometer, where the absorbance of 550nm light will be recorded for each sample. 

The standard curve showed the linear relation between collagen concentration and the 

absorbance of 550nm light. The collagen concentration of each sample should be proportional 
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to the absorbance value. Therefore the collagen concentration of each specimen can be 

calculated based on the absorbance value and the collagen standard curve.  

 

Fig. 4 - 15 SV collagen concentration 

 

        Eleven specimens from SV Proximal and 11 from SV Distal were collected and analyzed 

by the collagen assay. According to the result, the collagen concentration showed a decreasing 

trend from the proximal end to the distal end. The collagen concentration of SV Proximal 

leaflets was 336.94±92.4 mg/g, which was significantly larger than that of SV Distal leaflets 

of 263.94±68.0 mg/g (p<0.05). 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

In this study, stress-strain relations of bovine jugular and saphenous vein valves leaflet 

tissues were reported based on biaxial tensile testing. Tangent modulus of elasticity of the 

tissues were obtained. Generally the venous valves showed nonlinear and anisotropic 

mechanical properties. The leaflets appeared to be stiffer in the circumferential direction than 

that in the radial direction, which indicated that given the same stress level, the leaflets would 

be stretched to unequal strain in the circumferential and in the radial directions.  

By comparison samples from different longitudinal location of veins, inter-valvular 

variability was observed between proximal saphenous valves and distal saphenous valves. In 

the proximal portion of the saphenous veins, the diameters of the veins tended to be larger than 

those of the distal portion, which might have led to different properties between the valve 

leaflets at corresponding locations. Valve leaflets from proximal saphenous veins showed 

isotropic mechanical properties, while leaflets from distal saphenous veins showed anisotropic 

properties with the modulus of elasticity in the circumferential direction three times larger than 

that of the radial direction.  

As the venous valves were either bicuspid or tricuspid, intra-valvular variability was 

determined by comparing the two leaflets from the same longitudinal location of the vein. At 

60% strain, significant difference was observed in maximum circumferential stresses for both 

JV proximal samples and SV samples. Also, JV distal samples showed significant intra-

valvular variability in the radial direction both for values of the maximum stress and tangent 

modulus of elasticity. 

Previous study has shown that venous valve tissues were stronger than vein wall tissues 

[10]. Based on the biaxial testing results, despite of the relatively smaller size of samples, 
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saphenous valves showed even larger mechanical properties than the jugular valves (Table 5-

1), which indicated that to design functional venous valves for CVI treatment, the prosthetic 

valve leaflets should possess relatively strong mechanical properties to serve as desired 

transplants. 

Table 5-1 Maximum stresses and tangent moduli of elasticity of JV and SV 

Units: MPa JV Proximal JV Middle JV Distal 

 Cir Rad Cir Rad Cir Rad 

Max stress 6.28±2.3 2.46±1.3 5.90±5.50 Max stress 6.28±2.3 2.46±1.3 

Modulus 26.98±9.4 8.89±5.6 23.49±20.2 Modulus 26.98±9.4 8.89±5.6 

 SV Proximal SV Distal 

 Cir Rad Cir Rad 

Max stress 7.86±4.2 6.09±2.5 11.58±3.9 4.48±2.1 

Modulus 62.66±34.9 41.61±16.0 92.08±27.9 31.76±13.9 

 

        Based on collagen assay results, an increasing trend of collagen concentration was 

observed from JV proximal to distal valve tissues. Due to the limited sample size of the JV 

Middle group, no significant difference was observed among these three groups. However, for 

SV tissues, the collagen concentration of the valve leaflets showed a decreasing trend from the 

proximal end to the distal end (Fig. 5-1). SV Proximal tissues had significantly larger collagen 

concentration than SV Distal tissues (p<0.05). These results indicated that the component of 

the valve tissues might be location-dependent. 
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Fig. 5-1 Collagen concentration for JV and SV tissues from different locations 

 

5.1 Future Work  

In this work, bovine jugular and saphenous venous valves were used in lieu of human 

tissues due to their ease to access and previous usage in prosthetic studies [2]. Animal studies 

can provide referral information for future clinical usage on human. However, there must be 

certain differences between the properties of bovine tissues and human tissues. In this case, 

though the study has achieved to obtain mechanical properties from the tissues, further study 

should still be conducted on human tissues for comparisons.  

On the other hand, the histological images in the study were obtained from light 

microscopy. For further study of investigating fiber orientation, the samples can be examined 

using confocal microscopy. Moreover, the tensile testing was conducted equibiaxially at the 

strain rate 1%/s in the current study. However, such condition may not match well with the 

physiological condition perfectly due to lack of information in the related field. To better 
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understand native valve loading conditions, further information should be provided from 

physiological view. Therefore, the testing protocol will therefore be adjusted correspondingly. 

In the study, quantitative collagen concentration was obtained for the venous valve 

tissues, while other components remain unknown. For example, according to the histological 

images, elastin fibers were also observed in the valves. Future study can be conducted to 

analyze the remaining components of venous valve ECM. 
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Appendix A. Image Analysis 

        The BioTester software allows image tracking of selected points on the output image 

during the tensile testing. By adjusting the image output frequency, a series of images can be 

saved throughout the testing phase, and together they could show the continuous testing 

process as a movie.  

        For the image tracking, several points of interest were selected in the central area of the 

specimen to avoid the effect of rakes and the boundary (Fig. A-1a). The software then tracked 

the selected points in each image and generate the displacement vector accordingly (Fig. A-

1b). Also by adding grids on the images, the regional strains inside each grid box were 

calculated and displayed in different colors for different strain levels (Fig. A-1c, d). 

  

 

  

 

Fig. A-1 Image tracking a) 0 displacement b) 60% strain displacement c) 0 strain d) 

60% strain  
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Appendix B. Collagen Assay Reagent 

       The Sircol Collagen Assay Kit used in the study could only analyze soluble collagen 

components. Therefore to quantitatively analyze the collagen concentration of the tissues, the 

specimens were collected and put into the collagen extraction solution. The solution was 

prepared using Sircol acetic acid (Fig. B-1a), Sigma Pepsin A (Fig. B-1b), and distill water. 

And the desired solution consists of 0.5 mol/L acetic acid and 1mg/ml pepsin. Liquid reagent 

was measured using pipettes and the Pepsin powder was weighted by the weigh balance (Fig. 

3-19a). The measured acid and pepsin was dissolved in the distill water on a vortex mixer (Fig. 

3-19b).  

 

Fig. B-1 Reagent for collagen assay a) Sircol Acetic Acid b) Sigma Pepsin A c) Sircol 

Dye Reagent d) Fisher Alkali Reagent 
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        During the collagen assay process, the collagen samples were first bound with Sircol Dye 

Reagent (Fig. B-1c) on the vortex mixer for 30 minutes, after which the mixed samples were 

centrifuged at 13400 RMP for 10 minutes in the Eppendorf MiniSpin centrifuge (Fig. 3-19c). 

At the end of centrifuging, the dye pellets were saved and to be dissolved in alkali reagent (Fig. 

B-1d) while the residual dye was removed (Fig. B-2).    

 

Fig. B-2 Alkali reagent added to the dye pellet after the removal of residual dye 

        In order to generate the standard curve, Sircol collagen standard was used (Fig. B-3). By 

preparing collagen standard which contained 0, 12.5, 25, 50 ug of collagen and analyzing their 

550 nm absorbance on the spectrophotometer, the standard curve which described the relation 

between 550 nm absorbance and sample collagen concentration was obtained (Fig. 3-18). 
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Fig. B-3 Sircol collagen standard 
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Appendix C. Design of Bio-sutures 

        Bovine saphenous venous valves were smaller than jugular venous valves. To mount the 

specimens from saphenous valves, the 5mm Bio-rakes would not meet the requirement. 

Therefore Bio-sutures were designed using micro fishing hooks (Fig. C-1). By attaching the 3 

hooks onto a magnet with fishing lines and super glue (Fig. C-2), the sutures were able to 

mount the specimens as small as 2mm in width (Fig. C-3). 

 

Fig. C-1 micro fishing hooks, scale bar: 5mm 

 

Fig. C-2 Micro hooks attached to fishing lines and glued on a magnet, scale bar: 2mm 
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Fig. C-3 Bio-sutures mounting a 2mm length on a specimen, scale bar: 1mm 

 

        Though the design of Bio-sutures was satisfying, the flexibility of the fishing lines has 

introduced great difficulties into mounting process of the soft tissues. Therefore the sutures 

were improved into the revised hooks. The fishing hooks were directly glued onto the magnets 

and the specimens were mounted using the threads and then attached to the hooks (Fig. C-4). 

However, due to the small size of saphenous valve, the needle failed to lead the thread through 

the leaflet without damaging the tissue. In this case, the sutures and hooks were not used for 

the saphenous valve testing. 
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Fig. C-4 Revised hooks and 2mm x 2mm specimens mounted by threads, scale bar: 

5mm 

 


