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ABSTRACT 

Various areas of studies on the natural and the 

prosthetic aortic valves are reviewed. 

A microtensile technique devised to investigate the 

inhomogeneous and anisotropic material properties of a por

cine aortic valve's leaflets is described. Also, the theory 

and apparatus of a new stereophotogrammetric technique to 

define points in space by their Cartesian coordinates is 

introduced. The technique is used to investigate the local 

surface strains and curvatures of a porcine aortic valve's 

leaflets from 0 to 120 mm. Hg. in-vitro. 

It is found that the valve leaflets display marked 

inhomogeneity and anisotropy (orthotropy is assumed) in the 

elastic moduli and transition strains. For the non-coronary 

leaflet, the radial post-transition moduli vary from 42 to 

2 2 2215 gm/mm with a mean of 111 gm/mm (s.d. = 43 gm/mm ); 

and the radial transition strains vary from 30% to 70% with 

a mean of 58% (s.d. = 7%). Areas nearer the leaflet's coapt

ation edge tend to exhibit lower radial transition strains 

than the annulus edge. The central region of the leaflet is 

found to be the stiffest. For the same non-coronary leaflet, 

the circumferential post-transition moduli vary from 220 to 

2
590 gm/mm2 with a mean of 342 gm/mm2 (s.d. = 118 gm/mm ); 
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and the circumferential transition strains vary from 22% to 

47% with a mean of 33% (s.d. = 3%). 

Inhomogeneity between leaflets is also observed; 

preliminary results seem to suggest that the non-coronary 

leaflet is the stiffest in the radial direction and the 

least stiff in the circumferential direction. In comparison, 

the right coronary leaflet exhibits the largest radial 

transition strains (-80% ) and the smallest circumferential 

transition strains (-25%). 

For the diastolic valve in-vitro, the circumferential 

strains are less than lo% at all pressures; therefore , this 

suggests pre-transition behaviour during diastole which is 

contrary to the general belief. Radial strains at diastole 

vary from 10% to well over 100% and show a definite tendency 

to increase from the sinus-annulus edge to the coaptation 

edge. The non-coronary leaflet is the least strained of the 

leaflets (lo% to 60% at diastole). 

The determination of pre- or post-transition state 

at diastole is discussed and the implications of the results 

on stress analyses and trileaflet valve designs are noted. 
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I. INTRODUCTION 

A. Purpose of Study 

There is a recent trend for a reversal in the design 

of prosthetic heart valves; the once abandoned artificial 

valves based on normal anatomophysiology [see Prosthetic Tri

Leaflet Valves, p. 52] are gaining renewed interest because 

of the recent success of the aortic valve replacements (AVR) 

using the stabilized glutaraldehyde-preserved porcine xeno

grafts [see Porcine Xenograft, p. 48], and also because of 

the variety of unsolved problems of the second generation 

valves whose design features were adapted from hydrodynamic 

principles [see Rigid Mechanical Prosthetic Valves, p. 42]. 

With the rapid progress now being made in newer, 

stronger and more durable fibre composite biomaterials, it 

is ant icipated by several researchers that the ultimate and 

ideal valve will have its basic design duplicating as much 

as possible the geometrical, functional, material and mech

anical characteristics of the natural human aortic valve. 

As part of the continuous combined effort to provide con

tributive information to the design of a prosthetic trileaf

let aortic ·valve, several researchers have conducted stress 

analyses to investigate the strength aspect of the valve 

leaflets while being subjected to simulated physiological 

1 
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static diastolic pressures [see Stress Analyses of the Aortic 

Valve Leaflets, p. 29J. 

All of these analyses have in one way or another 

based their calculations on some simplifying assumptions. 

Some of these assumptions, such as hypothetical symmetrical 

leaflet surface geometry, constant leaflet thickness, and 

homogeneity and isotropy in material properties were in part 

due to the lack of suitable methods of incorporating the 

more exact and realistic conditions (ie., irregular surface 

geometry, varied leaflet thickness, inhomogeneity and aniso

tropy) into the various different analytical methodologies. 

Nevertheless, the validity of these approximations is still 

questionable. 

In light of the above, this research was conducted 

to investigate the inhomogeneity and anisotropy of the leaf

let material properties with the porcine aortic valve as the 

in-vitro specimen. Also, the irregular local asymmetrical 

surface geometry of the diastolic leaflets was examined. 

B. Back~round and Overview of Studies on the Aortic Valve 

Bl. Anatomy and Geometry of the Human Aortic Valve 

The· aortic valve acts as the unidirectional check 

valve for the flow of blood from the heart's left ventricle 

to the aorta and the systemic circulation (figure 1). The 
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FIGUHE 1 . J 

The AORTIC VALVE and the HEART 
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Schematic diagram of the heart and associated blood vessels. from Wright ( 1972) 
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immediate anatomy of the valve as shown in figure 2 consists 

of three distinct regions: 1) the three sinuses of Valsalva, 

2) the aortic ring or annulus fibrosus and 3) the three thin 

flexible cusped leaflets. 

The sinuses are spherical cup cavities located 

behind the leaflets. They have been credited by Bellhouse 

(1968,1969 ) as being responsible for initiating valve clo

sure by entrapping vortex eddies during the deceleration of 

aortic flow in late systole. The sinuses' contribution in 

this area has been further studied by Spaan et al (1975 ). 

Two of the sinuses have coronary ostia. The latter are the 

origins of the two coronary arteries which feed blood to the 

heart myocardium. 

The aortic ring is the attachment line of the leaf

lets to the aortic wall. Its stiffness has led Missirlis 

(1973 ) to describe it as a circumferential clamping device 

that is structurally useful in maintaining proper leaflet 

coaptation and valve closure. Results from this research 

will show that the annulus might also serve to reduce the 

diastolic circumferential stresses. Brewer et al (1976 ) used 

strain transducers attached to a dog's aortic root at the 

commissures to measure the systolic and diastolic aortic 

radii. They found that besides being stiff, the annulus is 

also dynami·c and serves the purpose of reducing the leaflet 

fatigue stresses during systole . When cut and laid out flat 

(figure 2 ), the ring assumes a coronet-like shape with three 



5 FIGURE 2.
AORTIC VALVE ANATOMY 
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Sequence of dissection of porcine aortic valve frozen at in
flation pressure of 80 mm Hg. Note ligated coronary arteries. A: Transverse 
cut just distal to coronary sinuses. 13: Transverse cut just even with top of 
the three leaflet comrnissures. from Robel (1972) 
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prongs. Between and external to the prongs lie the expansi

ble elastic leaflet tissue. The leaflet attachments at the 

prongs are called commissures. 

The leaflets are thin with a varied thickness over 

the entire surface. The average thickness of a relaxed leaf

let is 0.5-0.6 mm. for human valves [Sands et al, 1969]. 

When stressed as in the diastolic state, the thickness is 

reduced; eg., about 0.3 mm. at 100 mm. Hg. pressure [Swanson 

and Clark, 1974]. Figure 3 is a distribution of the leaflet 

thickness for a typical leaflet in a stressed state at 80 mm. 

Hg. The range from 0.2 to 1.5 mm. clearly illustrates the 

inhomogeneity of the gross leaflet structure. 

The thickened nodule at the center of the leaflet's 

free edge is called the Corpus or Node of Aranti. It is the 

point of mutual coaptation of all three leaflets. The above 

average thickness is structurally important in preventing 

central leakage of backflow through the closed diastolic 

valve. The crescent-shaped line just above the free edge be

tween the node and the commissures is also thicker than the 

leaflet proper. This is the line of coaptation for the leaf

lets when the va lve is first closed. The thin lunalae below 

this line form the surfaces of coaptation of the leaflets 

and are chiefly responsible for providing a competent seal 

when the valve is increas ingly pressurized [Swanson and 

Clark, 1974]. 

The distal third or more of each leaflet attach ment 
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(that portion nearest the free edge) is strengthened by 

collagenous fibre cords inserting perpendicularly into the 

prongs . These cords, which are the most predominant gross 

structural features on the leaflets, will be discussed in 

more detail later [see Histolo gy and Ultrastructure of the 

Valve Leaflets, p . 17]. The proximal portion of each leaflet 

is connected to the .fibrous coronet by a thinner sheet of 

collagenous tissue with an interwoven and less tendonous 

texture . 

The first systematic study of the geometry of the 

aortic valve was undertaken by Robel et al (1964 ,1972 ) using 

freezing techniques with pressurized porcine aortic valves. 

More detailed analyses on the dimensions and geome try of the 

human aortic valves were conducted later by Swanson and Clark 

(1974 ) and Peskin (1974) . 

The surface geomet ry of the leaflets when the valve 

is closed and pressurized has received considerable attention 

following its recognition as being a critical input in stress 

analyses [Gould et al, 1973 ; Miss irlis, 1973 ]. The stressed 

leaflets were once thought to be spherical segments [Retz ius , 

1843], and Mir Sepasi et al (1975 ) has constructed tissue 

leaflets on this premise . Robel et al (1964 ) and Robel (1972) 

viewed the leaflets as cylindrical segments, and Mercer et al 

(1973 ) constructed tissue leaflets on a paraboloid geometry 

assumption. Other standard geometrical surfaces such as the 

cylindrical paraboloid, the elliptical paraboloid and the 
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paraboloids of r evolution have been used as inputs for vari

ous leaflet stress analyses [Chong et al , 1973; Gould et al, 

1973; Missirlis , 1973; Missirlis and Armeniades, 1976]. 

Accurate knowledge of the leaflet surface geometry 

is however not essential in the construction of a valve 

leaflet replacement since molds of actual valves may be used 

in this respect [Geha et al, 1970; Carpentier et al , 1971; 

Reis et al , 1971]. But for reasons of refining stress analy

ses, techniques have been devised to describe more discrete

ly the local surface geometry of the leaflets. Greenfield 

et al (1973 ) digitized data obtained from thin slices of 

human aortic valve molds in order to simulate on a computer, 

the changes in the three-dimensional surface of the valve 

with pressure. Affeld et al (1973) attempted to do the same 

with bovine aortic valves. Karara and Marzan (1973 ) and 

Karara (1975 ) described the leaflets' surface geometry by 

using close-range stereophotogrammetry to determine the 

three- dimensional coordinates of dots appl i ed onto human 

aortic valve molds. 

The three leaflets are not all similar and are in

dependently named in the literature as the non-coronary (NC), 

the left coronary (LC) and the right coronary (RC) leaflets. 

Figure 4 i dentifies these leaflets with respect to their 

anatomical positions as seen from the valve's ventricula r 

side. From time to time in this study , they will also be 

referred to respective ly as the non-coronary (NG), the non
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mu scle coronary (NMC = LC) and the muscle coronary (MC =RC ) 

leaflets, ac cording to the presence or a bsence of a coronary 

artery and to the amount of s u pport i ng myocard i um . The d i s 

s imila rity between leaflets and the part icular asymmetry of 

the LC leaflet are probably of funct ional importance since 

the valve surrounding anatomy i s itself very asymmetri cal. 

Th e inclusion of asymmetry, although seemingly im

portant , was i gno red in a ll of the earlier prosthetic tri

leafl et valve designs. To employ a slmple symmetrical valve 

in place of an obviously asymmetrical natural valve in a 

structurally asymme trical environment would appear to be 

contrary to the rules of design optimization. 

B2. The Porc ine Aortic Valve 

Among the ani mal aortic valves , the porcine aortic 

valve comes closest to reflecting the anatomy and d i mens ions 

of the human aortic valve [Sands et al , 1 969] . Therefore , 

the p i g i s most commonly used as the source of xenogr aft 

AVRs . However, there are a few notable differences. Ave r age 

center leaflet thickness for the porcine valve is 0 .7 5 mm . 

as compared to 0 . 62 mm . for the human valve. The aortic ring 

diameter for both valves measure abou t 26 mm . but the human 

aortic ring is more circular due to the more equal s i zing of 

the three l€aflets. The porcine valve has a characteri sti

cally smaller NC leaflet and a more asymmetrical LC leaflet. 

The porcine valve also exhibits more myocardial support 
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along the annulus circumference; specifically, the porcine 

valve shows a greater percentage of myocardium along the LC 

leaflet annulus. Both of the valves' NC leaflet bases join 

a fibrous membrane immediately below the annulus without any 

myocardial support . This membrane is continuous with the 

base of the anterior mitral valve leaflet and is shared by 

the adjacent LC leaflet. The porcine valve's NC leaflet has 

however a less proportionate share of this membrane. 

The recognition of these differences i s important 

to analyzing the stress distributions in the leaflets of an 

in-vivo valve. It is particularly important when proper in

sertion of a porcine xenograft in the differing human aortic 

environment is considered. For example, excision of the myo

cardial support of porcine xenografts which is required to 

eliminate areas of potential calcification [Mohri et al , 

1969] weakens the RC leaflet support and encourag es valve 

incompetency . As such, researchers have devised specific 

means of mounting grafts ; Ionescu et al (1 968 ) tried fabric 

reinforcement to the muscle-excised RC leaflet and then 

Carpentier et al (1969 ) utilized an asymmetrical frame for 

mounting. Recent improvements in this area have included the 

partially flexible stent developed by Reis et al (1971 ) for 

the Hancock xenografts, the fully flexible stent introduced 

by Edwards Laboratories for the Carpe ntier-Edwards porcine 

xenografts [Edwards Labs Tech . Bull., 1976] and the multi

anatomical stents desi gned by Shiley Laboratori es for the 
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Angell-Shiley xenografts [Shiley Labs Tech. Bull., 1976]. 

BJ. Physiological Function of the Aortic Valve 

The aortic valve functioning as a unidirectional 

valve opens during ventricular systole (left ventricle con

tracts increasing ventricular pressure toward the aortic 

pressure) and closes during diastole (left ventricle relaxes 

causing ventricular pressure to drop below the aortic pres

sure). During systole, the valve's three leaflets fold back 

toward the wall of the aorta-sinus to permit blood flow 

through a tapered triangular orifice [McMillan et al , 1955; 

Davila, 1961; Robel, 1972; Brewer et al, 1976]. During dia

stole, the leaflets coapt and distend to prevent regurgita

tion. 

The normal healthy valve generally opens when the 

l eft ventricle pressure just exceeds the intra- aortic pres

sure at the beginning of the systolic stage (figure 5 ). 

Blood flows through the opened valve with a negligible 

pressure grad ient. The pliable leaflets flap freely in the 

flow of blood and observations of the aortic valve opening 

have indicated a wavy, buckling and whipping leaflet motion 

[Swanson and Clark, 1973]. Such a motion would induce bend

ing fatigue stresses in the leaflet region with the most 

buckle. However, calculations of the maximum bending stresses 

indicated that they are only a fraction of the maximum in

plane membra ne stre sses developed a t va lve closure at about 
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100 mm . Hg . [Swanson and Clark, 1973,1974]. It is also in

teresting to note that regions of large bending stresses 

(1.2 - 2 . 4 x 104 dynes/cm
2* [Clark et a l, 1974]) associated 

with buckling during systole coincide with the regions of 

valve rupture in diastole. It is possible that these two 

factors are interrelated. 

The triangular orifice configuration of the leaflets 

during systole presents another complication in fatigue 

stresses . This configuration implies that the flapping leaf

lets are flat and under circumferential tension; therefore, 

they must have contracted along the line of coaptation. 

Robel (1972 ) using measurements from frozen pressurized 

porcine aortic valves showed that there is an overall change 

of 35% in the leaflet free edge length over a cardiac cycle 

of 138/104 mm . Hg. The valve leaflets are therefore remark

ably durable if this cycling of tension is being repeated 

over 40 x 106 times per year. On the other hand , Swanson 

and Clark (1974 ) using silicone molds of pressurized aortic 

valves concluded that the free edge length of the leaflets 

varied very little with pressure . The inherent mechanism in 

the valve geometry which eliminates the cycling of tension 

implied by Robel' s (1972 ) data was however not identified. 

Prior to Bellhouse (1968 ), it was generally thought 

that the reverse aortic flow associated with increasing 

I 2* 0 . 17 - 0 . 35 psi or 0 . 12 - 0 . 24 gm/mm • 
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aortic pressure and decreasing ventricular pressure closed 

the valve. However, he showed that the valve starts to close 

during the deceleration phase of systole and is three-quarter 

closed at the end of systole [Bellhouse and Talbot, 1969]. 

Formations of eddy vortices in the sinuses during flow de

celeration were identified as the prime mechanism of closure. 

Spaan et al (1975) noted that the eddy vortices also help to 

reduce the high tension in the leaflets at valve closure. 

Complete closure is obtained with a small reverse flow and 

the aid of the aortic root's elastic recoil [Brewer et al, 

1976]. After closure and during diastole, the leaflets dis

tend and build up in-plane membrane stresses due to the in

creasing aortic-ventricular differential loading pressure 

(figure 5). Comparatively small bending stresses due to 

small changes in radii of curvature are also expected. 

At peak diastolic loads, the leaflets of a typical 

healthy human aortic valve are subjected to a transvalvular 

pressure (Pt = P t - P t . ) of about 90 to 100 ran aor a ven ric1 e 

mm. Hg. In conditions such as hypertension or during exercise 

this diastolic load may be as much as tripled. 

Other features of the valve leaflets which aid in 

functioning are their low inertial mass and the smoothness 

of the ventricular side. Together with the optimized design 

of the valve's inflow a nd outflow regions, turbulence and 

energy losses are kept minimal; for example, the natural 

human aortic valve exhibits a negligible systolic pressure 
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gradient (~5 mm . Hg .) at instantaneous peak flow rates 

associated with an average resting cardiac output of 5. 6 

litre/min [ Forrester et al, 1969; Wieting et al, 1969; 

Viggers, 1972; Stormer et al, 1976]. At higher flow rates 

such as those associated with exercising , the natural human 

aortic valve is capable of maintaining an acceptably low 

systolic gradient (~10 mm. Hg .) [Ross Jr. et al, 1966]. 

B4 . Histology and Ultrastructure of the Valve Leaflets 

One of the earliest histological study of the leaf

lets was performed by Gross and Kugel (1 931 ). It represents 

the classical view of the leaflet's laminate structure as 

depicted in figure 6 . Four main constituents (cells, col

lagen , elastin and mucopolysaccharides ) were thought to be 

organized into four distinct layers: 1) the fibro -elastic 

ventricularis which is covered with a lining of endothelial 

cells and has a well-organized elastic network of thick 

elastic fibres, 2) the spongiosa which is composed of a few 

fibroblasts, clumps of dense collagen and a delicate network 

of elastin fibrils , 3 ) the fibrosa which originates from the 

annulus fibrosus and is composed of an .interlacing network 

of thick collagenous bundles running in the circumferential 

direction, and 4) the arterialis which is a thin elastic 

layer covered by another layer of flat endothelial cells. 

More recently, more ext ensive histology has been 

performed by Missirlis [Armeniades et al , 1973 ; Missirlis , 
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1973; Missirlis and Armeniades, 1977] and by Clark and Finke 

(1974). Their results seem to suggest that the four classical 

layers can be divided into further sublayers. Observations 

indicated a vast inhomog eneity in the leaflets as well as a 

definite preferential orientation for the collagen and/or 

elastin fibres in the leaflets. 

Clark and Finke (1974) summarized their results by 

describing the leaflet structure as a composite lamina with 

five discernible layers of fibres (figure 6): 1) a super

ficial aortic layer composed of large interwound bundles of 

circumferential fibres, 2) an adjacent zone of similarly 

oriented interwound fibres which change from larger to 

smaller diameters, 3) an intermediate layer of mixed-size 

interwound collag en and elastin fibres oriented in the 

radial direction, 4) a layer of fine interwound circumferen

tial fibres and 5) a superficial ventricular layer of fine 

interwound fibres in the radial direction. Both of the 

superficial layers are covered by a layer of epithelium, 

which when peeled off reveal the definite circumferential 

and radial orientations of the fibres (figure 4). The latter 

are the main support structures for the diastolic pressure 

load. It wa s also noted that g enerally, the numb e r a nd the 

diameter of the larg e fibr e bundles nearer the aortic side 

become f ewer and smaller towa rd the annulus edg e while the 

fin e f ibre s n ear e r the vent ricula r surface remain relat ively 

cons t a nt. This is parti a lly consistent with Greep's (1966) 
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observations that elastin is concentrated at the base of the 

leaflet (ie., the annulus edg e) and is minimal at the free 

edge where the collagen content is predominant. 

Missirlis ' (1973 ,1977) observations agree with much 

of Clark and Finke's (1974 ). He did not however characterize 

the thin elastin and collagen fibres to be preferentially 

radial in orientation but instead saw them to be more ran

domized and anisotropic [Armeniades et al, 1973 ]. 

Recently, Broom (1978 ) reported an examination of 

relaxed and stressed porcine aortic valve leaflet collagen 

and elastin structures employing a non-destructive optical 

imaging technique. Laminate structure and fibre anisotropy 

are observed without the usual histological sectioning. 

In another study, a group of French r esearchers 

studied porcine valve leaflets by X-ray diffraction [Hue et 

al, 1975]. Their technique produced results which confirmed 

that the collag en fibres are circumferentially oriented. 

Mannschott et al (1976 ) recently showed that these same col

lagen fibres are also heterogeneous in collagen chemistry. 

For reasons which will become clear later in the 

stress analysis1 , this author will assume the orientation 

of the fibres in the leaflet to be approximately ortho gonal 

to each other. The orthogonality is defined by the radial 

and circumferential directions as suggested by Clark and 

The stress analysis is covered in Part II of this study . 1 
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Finke (figure 4). Thus to a gross approx imation , it may be 

visualized that during diastolic distension of the leaflets, 

th e stretching (or straining ) can be approximated by linearly 

inde pendent stretches (or strains ) in the two orthogonal 

directions. In other words, the leaflets are behaving as 

orthotro pic laminae. 

B5. Mechanical Material Properties of the Valve Leaflets 

Basically , there have been two methods which have 

been used to i nvest i gate the intrinsic mechanical propert i es 

o f the valve l eaflet t i ssue : 1) pressure-vo l ume measur ements 

of complete aortic valve cusps and 2) microtensile stress-

strain measurements of strips cut from the leaflets . 

Mundth et al (1971 ) and Wri ght and Ng (1974 ) studi ed 

the elasticity of human aortic valve l eaflets by allowing a 

d i sc of cusp tissue that is clamped to a closed saline- f illed 

chamber to bulge under pressure . The resulting pressure-

volume curves showed the characteristic phases of biological 

material as pointe d out by Yamada (1973 ). An initial low 

elastic modulu s phase is noted from 0 to 1 2 . 5 mm . Hg . with 

a corresponding lO'fo strain . Thereafter, the cusp tissue 

becomes relatively inelastic being characterized by a high 

elastic modulus . The two phases are respectively referred 

. 2
to as the p·re - trans i tion and post-transition regions . 

These terms are defined and descri bed in Appendix A. 2 
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The non-linear behaviour is attributed to the struc

ture of the leaflets. Histology of the relaxed leaflet has 

shown the collagen fibres to be wavy, disoriented, rolling 

and interlaced over one another. Thus, the initial stage of 

pre-transition, characterized by a low elastic modulus, 

occurs as these fibres begin to straighten out with much of 

the strain and stress uptake being supported by the more 

extensible elastin fibres. The post-transition high elastic 

modulus is the manifestation of the collagen fibres having 

been straightened taut to support the in-plane stresses. 

This particular non-linear behaviour is regarded as being 

significant in aiding in valve opening and closure, in 

insuring a competent seal between the leaflets in diastole 

and in minimizing the fatigue stresses in the leaflets. 

Lim and Boughner (1976 ) used a modified pressure

volume technique to measure the dynamic elastic modulus in 

order to assess the viscoelastic properties of the leaflets. 

The leaflets exhibited a very low loss modulus which is 

indicative of a high fatigue resistance. It reflects the 9gfo 

elastic recovery measured by Clark (1973 ). 

The above methods did well to characterize the bio

logical nature of the intact valve leaflets. However, they 

were deficient since they were unable to quanti fy the aniso

tropy of the leaflets. Improvements were reali zed following 

the use of microtensile stress- strain experiments on strips 

of human aortic valve leaflets cut in various orientations. 
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Clark (1973 ), Mi ss irlis (1973 ) and Yamada (1973 ) performe d 

these experiments on h uman valves whereas Affeld et al (1973 ) 

and Tan and Holt (1976 ) conducted s i mi lar tests on bovine and 

porcine valves respect i vely . Their results confirmed the two 

phased nature of the tissue and also s ubstantiated the aniso 

tropy . The leaflet tissue exhibi ts a l a r ger circumferential 

post- transit io n e l a s t i c modulus (3X to 4X greater than the 

radial post- trans i t i on elastic modulus ), and a smaller cir

cumferential t rans i t i on strain (about 1 0% as compared to 25% 

for the radial case ). This of cou r se , is attributed to the 

d i fferentiation between the st i ffer collagen fibres wh i ch are 

c i rcumferenti a lly preferential and the more extens i ble 

elastin fibres which are radially preferential . 

All of the above methods do however have one very 

i mportant limitation ; that is , they are unable to probe the 

inhomogeneity of the leaflet material properties . Although 

Wright and Ng (1974 ) d i d state that the elasticity f r om the 

different valves are comparable , they as well as others d i d 

not investigate the variation of the e l ast i c moduli over the 

same leaflet . Consequently , elastic modulu s inputs for the 

past stress analyses have been restri cted to being singular 

homo g eneous values . More study is obvi ously required in this 

area ; no stress analysis appeari n g i n the present l iterature 

has incorporated inhomo g eneous elast i c moduli , and only one 

work [Missirlis and Armeniades , 1976] has gone as far as to 

consider moduli anisotropy . This thes i s makes a contribution 
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by considering both material inhomogeneity and anisotropy . 

A note of interest stemming from the leaflet material 

non-linearity is the acknowledgement by both Clark (1973 ) and 

Wright and Ng (1974 ) that at normal diastolic pressures, the 

leaflet tissue is well into its post-transition large modulus 

phase. Consequently, stress analyses in the past have used 

the large post-transition modulus as the input for the stress 

calculations. The concern raised here is that the above con

tention was based on results obtained from individual strips 

or total cusps which were excised and stressed separate from 

the total valvular support of the stiff aortic ring and the 

myocardium. For the intact functional valve in-vivo, a large 

pressure load associated with diastole might not necessarily 

infer the absolute presence of the post-transition phase . 

Furthermore, no detailed studies have been carried 

out on the inhomogeneity and the anisotropy of the Poisson's 

ratio. Work in this area is required since all of the stress 

analyses to date have either used a homogen eous isotropic 

value of 0.5 [Gould et al, 1 973 ; Missirlis, 1973; Missirlis 

and Armeniades, 1 976 ], or 0 .3 [Clark et al, 1975; Cataloglu 

et al, 1975, 1976,1977; Chen et al, 1977]. Leaflet thickness, 

another of the neglected factors, has only been incorporated 

in Clark's et al (1975) and Catalog lu's et al (1977 ) papers . 

B6 . Flow Studies of the Aortic Valve 

Studies of the functional mechanics of the natural 
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aortic valve are generally of two types: 1) the flow dynamics 

and hydraulics of the opening and closing valve, and 2) the 

static stress analyses of the closed diastolic leaflets. The 

majority of the studies has been conducted in-vitro although 

other in-vivo techniques have also been used. 

Flow studies have been made possible with the aid of 

a mechanical-hydraulic device called the pulse duplicator. 

Designed to simulate the physiological environment and cir

culatory aspects with respect to the valve as accurately as 

possible, it is used to study the flow performance and func

tional characteristics of experimental valves using water or 

a suitable blood analog fluid. In the earlier years of AVRs, 

the pulse duplicators were extremely crude, being designed 

primarily to cinephoto the opening and closing of the natural 

valve [McMillan et al, 1952,1955; Davila, 1956; Callaghan et 

al, 1961]. With the increasing number of prosthetic cardiac 

valves being designed in the 1960's, many researchers built 

their own pulse duplicators t o assess and compare the flow 

patterns and the hydraulics of the many prostheses [Marx and 

Kittle, 1959 ; Leyse et al, 1961; Bjork et al, 1962; Wessel 

et al, 1962; Starkey et al, 1963 ; Calvert et al, 1964; Duran 

et al, 1964 ; Steinmetz et al, 1964; Temple et al, 1964 ; Davey 

et al, 1966; Smeloff e t al, 1966; Wieting et al, 1966,1969; 

Kast er et a l, 1968,1969 ; Bellhouse and Talbot, 1969 ; Klain 

et al, 1969 ; Trimble et al, 1969 ; Padula et al, 1970; Love 

et al, 1971; Olin, 1971; Wri ght and Temple, 1971; Duff and 
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Fox, 1972; Hauf et al, 1973; Stormer et al, 1976]. The number 

of models is numerous to say the least. Moreover, each of the 

pulse duplicators is different in one way or another. As such 

most of the analyses performed with the pulse duplicators are 

non-standardized and only comparative at best. 

Some of the pulse duplicators were modified to per

form accelerated testing.in order to investigate durability 

and fatigue of experimental valves. Some insight into this 

area may be found from the literature [Quinton et al, 1961; 

Steinmetz et al, 1 964 ; Koorajian et al, 1969 ; Mohr i et al, 

1973]. 

A limitation of present pulse duplicators is their 

failure to simulate more in-vivo conditions; for example , 

thrombus formations, coronary flow effects and a compliant 

viscoelastic aorta. Nevertheless , skillful use of the pulse 

duplicators i s essential in revealing any desi gn flaws and 

deficiencies in valve performance prior to clinical applica

tions. The most recent pulse duplicators appearing in the 

literature are the Cornhill (1977 ) model and the improved 

Wright model [Wright and Brown , 1977; Wright and Temple, 

1977]. The former uses a collapsible silastic bag as the 

left ventricle and is able to simulate very accurately the 

phys iological ventricular and aortic pressure-flow wave 

forms . The latter employs a curved rigid aorta to improve 

the aortic flow modelling and introduces a method to obtain 

direct measurements of valvular gradients in pulsatile flow. 

http:testing.in
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The use of the pulse duplicator to study the natural 

human aortic valve has perhaps been best exploited by Bell

house. His r esearch [Bellhouse and Bellhouse, 1968,1969; 

Bellhouse and Talbot, 1969] were the most comprehensive 

studies on the human valve's fluid mechanics . Besides the 

usual pressur e-flow measurements , valve action and flow 

pattern visualization, Bellhouse also investigated the 

effect s of the sinuses and stenosis on coronary flow and 

turbulence. The obs e rvations formed the basis of Bellhouse's 

theory that the act ion of the sinuses' vortices on the 

leaflets is the major mechanism of valve closure. 

Recently , a group f rom Holla nd reported results which 

presented a new model of valve closure [Spaan et al , 1975 ; 

Steenhoven et al, 1 976] . It was noted that a transfer of ro

tational momentum in the sinuses is the prime valve closure 

mechanism . Valve closure is retarded, thereby reducing the 

potential tension peaks in the leaflets at complete clo s ure. 

In another study, Swanson and Clark (1973 ) used e l e 

ments of fluid mechanics to calculate the displacement of an 

aortic valve l eaflet during systole. They observed a retarded 

valve opening that resulted in a wavy buckling whipping and 

fluttering motion of the leaflets . Leaflet protrusion into 

the sinus similar to that observed in the Bellhouse model 

was a lso observed . Calculations of maximum leaflet bending 

and shear st r esses were shown to be much smaller than the 

in- plane membrane stres ses developed in the diastolic valve. 
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To this author's knowledge, there are still no in

depth theoretical analysis of the flow through the n atur a l 

or prosthetic aortic valve; that is, there are no solutions 

to the full conservation equat ions of mot ion for time vary

ing , viscous, axisymmetric flow through the valve with the 

boundary conditions of a viscoelastic aorta . It is only 

speculative as to whether an elastic a orta would alter the 

flow significantly. Kramer (1 962 ) thought that flexible walls 

might prevent turbulent effects but experiments performed by 

Dinklelacker (1966) neither confirmed nor refuted thi s . No 

pulse duplicators to date have incorporated a viscoelastic 

or elastic aorta. 

Until recently, flow analyses and valve performances 

have been assessed by conventional semi-empirical engineer

ing parameters suitable only for steady flow; eg ., 1) pres

sure gradient as a function of average cardiac output, 2) 

efficiency as measured by regurgitation relative to net for

ward flow, 3 ) energy dissipation across the valve, 4) open

ing and closing times of the valve and 5) degree of turbu

lence. A greater understanding of these parameters is given 

by Viggers (1972). 

Aortic valve turbulence has been closely studied 

since it reduces flow efficiency and induces high shear 

stresses which lead to hemolysis [Blackshear et al , 1966, 

1969; Blackshear , 1972; Sutera et a l, 1972,1977; Goldsmith 

et al , 1974]. Also , thrombosis and atherosclerosis have been 
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linked with turbulence intensity [Wesolowski et al , 1962; 

Davila et al, 1963; Blackshear et al, 1969; Mustard et al, 

1970; Stein and . Sabbah, 1976J. The initial works in this 

area were qualitative, using the flow pattern visualization 

technique in the pulse duplicator as a means of a~sessment . 

For steady flow, a critical Reynolds number of 2300 

is usually used as an index for turbulence; but for pulsa

tile flow such as the aortic flow, the index is suspect. The 

peak Reynolds number just proximal to the aortic valve may 

be as high as 10000 [Freis and Heath, 1964]. As such, some 

researchers have sought other means to quantify the degree 

of turbulence. Much work has been done in the area of pul

satile flow turbulence and it may be found described in the 

literature [Yellin, 1 966 ; Bellhouse and Talbot, 1969; Love 

et al , 1971; Greenfield and Kolff, 1972; Greenfield, 1976; 

Hwang et al , 1977]. 

B7. Stress Analyses of the Aortic Valve Leaflets 

The healthy human aortic valve is intrinsically dura

ble mainly because of the valve leaflets' unique biological 

characteristics [Clark, 1973; Wright and Ng, 1974] but also 

partly because of the valve's synchronous operation with the 

viscoelastic cardiac support structures . The prospects of 

designing ~ prosthetic flexible trileaflet aortic valve that 

would duplicate this durability have prompted researchers to 

investigate the natural aortic valve ' s most fundamental 
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functional and structural mechanics. One of the areas of 

this investigation has involved analyzing the stresses in 

the aortic valve leaflets while being subjected to simulated 

physiological static diastolic pressures. The information so 

obtained would then better enable the designers to design to 

what nature has constrained. 

The elements of a typical stress analysis is shown 

in figure 7. The credibility of any analysis, regardless of 

the level of sophistication used in the theory, is dependent 

on the realistic and representative nature of the various 

inputs - geometry, material parameters and assumptions. 

All prior stress analyses of the aortic valve leaf

lets have in one way or another based their calculations on 

some simplifying though questionable assumtions (table 1). 

The first three assumptions listed in the table have been 

generally acknowledged to be unrealistic. However, research

ers have nevertheless used them due to the lack of suitable 

methods of incorporating the more exact situations into 

their analytical methodologies. 

For exampl e , K. Chong et al (1973), Ghista (1976) 

and Ghista and Reul (1977) referred the leaflet surface geo

metry to two principal radii of curvature. And Gould et al 

(1973) as well as Missirlis (1973,1976) approximated the 

leaflet surfaces with standard geometrical surfaces. Stress 

level calculations were found to be extremely sensitive to 

the geometrical surfaces being used for the approximations. 
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TABLE 1 . 

ASSUMPTIONS used in the ST RESS ANALYSES 

of AORTIC VALVE LEAFLETS 
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Stress K. Chong et al (1973 );

Analysis (1973 ) Missirlis and 
Armeniades (1976 ) 

Gould et al 
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Clark et al 
(1975);

Cataloglu et al . 

M. Chong 
(1 977 ) 
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Chen et al (1977 
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Local Surface 

Geometrical 


Specimen Human Human Human 

NO 
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Material 
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NOYESYES YESHomo geneity 
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Post-Transition NOYESYES YESElastic Modulus 
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Furthermore, despite the obvious existence of leaflet 

material inhomogeneity and directional anisotropy, the above 

analyses and others [Clark et al, 1975; Cataloglu et al, 1975, 

1976,1977; Missirlis and Armeniades, 1976; Chen et al, 1977] 

have ignored the incorporation of one or both of these con

siderations into their calculations. Corroborating evidence 

from histological examinations of the human aortic leaflets 

under light, scanning and transmission electron microscopy 

[Armeniades et al, 1973; Missirlis, 1973,1977; Clark and 

Finke, 1974] and from microtensile stress-strain experiments 

on human and animal aortic leaflets [Affeld et al, 1973; 

Armeniades et al, 1973; Clark, 1973; Missirlis, 1973; Yamada, 

1973; Tan and Holt, 1976] have confirmed the anisotropy. The 

leaflets were observed to be orthotropic laminae with calcu

lated post-transition elastic moduli in the circumferential 

direction being 3 to 4 times larger than the radial moduli. 

Robel (1972 ) in his studies on porcine aortic valve 

mechanics noted that the " prosthet ic replacement leaflet" 

must " have either a non-homogeneous or non-uniform cross

section to allow variable elasticity ." However, only one 

work in the literature has investigated and quantif i ed this 

inhomo gene ity [Affeld et al , 1973]. The lack of such perti

nent information, which probably arose from the lack of any 

suitable experimental technique for acquiring such data , is 

likely the main reason for as suming homogeneity in the past 

stress analyses . 
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On the other hand, the last assumption in table 1 

has received scant mention. Elastic modulus inputs in past 

stress analyses have been invariably the post-transition 

moduli. The results from this study however suggest that the 

previously assumed inference of post-transition behaviour at 

diastole [Clark, 1973; Wright and Ng, 1974] is questionable. 

The determination of pre-transition or post-transition state 

for the leaflet material when subjected to diastolic condi

tions is certainly worthy of further investigat ion. 

BS. Reasons for Aortic Valve Replacements 

AVR is usually the result of valvular dysfunctions 

which cause overloading of the heart as a pump in two basic 

ways: pressure overload and/or volume overload. The result 

is work overload for the heart, which reduces the efficiency 

and promotes myocardial hypertrophy. Also, altered blood 

flow may lead to valve turbulence and subsequent hemolysis 

and calcification of valvular structures. 

Functionally, the natural aortic valve may be altered 

in three ways: 1) the valve does not open fully as in the 

case of stiffened and shortened leaflets or an overly com

pliant aortic ring, 2) the valve orifice area decreases in 

size such as in the case of obstruction to flow due to any 

thrombus and 3 ) the valve does not close fully thus causing 

leakage or regurgitant backflow. Defects 1) and 2) are clas

sified as aortic stenosis - a condition that increases the 
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systolic pressure gradient which in turn can result in tur

bulence, energy dissipation and pump inefficiency. Defect 3 ) 

is better known as aortic insufficiency or regurgitation. It 

is characteri zed by a reduced aort ic pressure and a compen

satory effort of the heart to recover the lost backflow by 

increasing its stroke volume. Oversized left ventricles are 

common developments. 

Common causes of valvular dysfunction are : rheumatic 

fever and atherosclerosis (stenosis), syphilistic aortitis, 

ankylosing spondylitis and Marfan ' s syndrome (regurgitation ), 

bacterial endocarditis (leaflet rupture and regurgitation) 

and congenital defects (s tenotic uni-, bi- and multi-cuspid 

aortic valves). Further insight into these areas is given 

by Roberts (1974 ). 

Prior to the developments of the heart-lung machine 

and extracorporeal circulat ion [Melrose, 1 953 ; Lillehei and 

DeWall, 1958 ], repairs to the above dysfunctions were made 

by various reconstructive surgical techniques such as valvu

loplasty [Murray et al , 1938; Templeton and Gibbson , 1949; 

Castra-Villograna et al , 1957]. Besides being risky and time 

consuming , these procedures were often also met with only 

short-term success. Thus, the availability of aortic valve 

substitutes became a welcomed alternat ive. 
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C. Aortic Valve Substitutes 

Heart valve replacements in the United States alone 

numbered somewhere in the neighbourhood of 10,000 per year 

in 1973 [Roschke , 1973] . The number in Canada at present is 

estimated to be about 1000 per year.3 A fair portion of the 

replacements are AVRs. Brewer's (1969~ statistical review of 

3620 patients from twenty-seven centers indicated 49°/a AVR. 

The AVRs may be categorized into three major types: 

1) rigid mechanical prostheses with central flow occluders, 

which are designed to s imulate the natural valve function, 

2) flexible trileaflet prostheses which are designed to sim

ulate the anatomophysiology of the natural human valve, and 

3) tissue valves which include homo- or allografts (human 

cadavers or transplants), hetero - or xenografts (animal 

cadavers or transplants), and autologous and heterologous 

tissue valves ( eg ., fascia lata, pericardium, dura mater). 

Groups 1) and 2) are termed prosthet ic as opposed to group 

3) which is referred to as being biological. Figure 8 shows 

some of the typical valves in the different groups . 

Cl. Historical Review of AVR 

Historically, the first implantation of a prosthet ic 

aortic valve in a man was performed in 1952 by Hufnagel who 

3 Personal communication with Edwards Laboratories, 1977. 
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used a hollow rubber ball prosthesis in the descending aorta 

to correct aortic regurgitation [Hufnagel and Harvey, 1952, 

195JJ. Coronary circulation complications and the inability 

to correct aortic insufficiency encouraged others to develop 

a subcoronary prosthesis. 

Over the next decade, a large number of ball valves 

emerged with innovative modifications, though not necessarily 

improvements. With the advent of open heart surgery in 1955 

and extracorporeal circulation [Melrose, 1953; Lillehei and 

De Wall, 1958 ], AVR at the valve site was made possible. In 

1958, Edwards and Smith described a new ball valve for aortic 

valve replacement. Harken et al in March 1960, and Starr and 

Edwards in September 1960 then performed successive AVR and 

MVR using caged ball valves. The subsequent work of Starr and 

his associates has led to the world wide acceptance of the 

caged ball desi gn. The latter has since acquired numerous 

structural and material modifications. 

Other major developments in rigid aortic prosthesis 

included the Smeloff-Cutter's 1965 introduction of a double

cage full-orifice ball valve, Cooley-Cutter's adaptation of 

the full-orifice principle with a double-cone disc, Braunwald

Cutter' s 1968 introduction of cloth or fabric covering, and 

Wada's 1967 tilting disc concept. The latter stimulated more 

developments which led to the sucessful Bjork-Shiley tilting 

disc valve introduced in 1969 and the Lillehei-Kaster pivot

ing disc valve introduced in 1971. Cage disc valves, although 
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not generally employed for AVR, were introduced in 1965 and 

thereafter. Specific information and clinical experi ences on 

these valves are in abundance in the available literature . 

Reviews, besides giving the best overview, generally provide 

excellent references [Braunwald and Detmer, 1968; Starr et al, 

1969 ; Bjork, 1970 ; Braunwald et al, 1971; Sauvage and Wood, 

1972; McGoon, 1972; Wright, 1972; Behrendt and Austen, 1973; 

Roschke, 1973; Pluth and McGoon , 1974; Smeloff et al, 1974; 

Barnhorst et al, 1975; Bonchek and Starr, 1975; Bjork et al, 
a

1975; Braunwald, 1975; Brawley et al, 1975; Roberts, 1976; 

Isom et al, 1977; Starr et al, 1977]. Other excellent primary 

sources can be found in the 1977 March- April issue of Medical 

Prior to Harken's and Starr's pioneering works, 

Instrumentation and in various books [Merendino , 1961; Brest , 

1966; Brewer, 1969~ Sauvage et al, 1972]. 
I 
many 

attempts were made to replace cardiac valves with prostheses 

that simulated the natural anatomy of the human aortic valve 

in hope of correcting the inefficiency of the ball valves' 

hemodynamics. Using materials such as polyurethane, silastic, 

teflon, ivalon, nylon and dacron, thin membrane leaflets were 

casted or cut and sewn into the configuration of the natural 

valve. Merendino ' s (1961 ) book covering the First Conference 

on Prosthetic Valves for Cardiac Surgery describes much of 
r.

this early work on flexible trileaflet prostheses . Thrombus 

and fibrin formations , infections, hemolysis and mechanical 

dysfunction due to leaflet fractures and tears were found to 
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be the major complications. Subsequent designs produced more 

satisfactory early results. However, there were still high 

incidences of failures due to the following: hemolysis; 

stenosis caused by calcification, thrombus and leaflet con

tractures; regurgitation caused by leaflet fractures, tears 

and perforations; and dehiscence caused by poor insertion 

techniques [Bjork, 1963; Bjork and Hultquist, 1964; Judson et 

al, 1964; Bahnson et al, 1965; Baird et al, 1965; Braunwald 

and Morrow, 1965; Hufnagel and Conrad, 1965; Viner and Frost, 

1965; Yeh et al, 1965; Roberts and Morrow, 1966; Sauvage et 

al, 1968; Roe, 1969; Marinescu et al, 1971]. And although Roe 

(1969) did report a 6~ year survival for his valves, it was 

then generally accepted that prosthetic trileaflet valves be 

abandoned for clinical application until more durable leaflet 

materials were developed [Braunwald and Detmer, 1968]. The 

observation that not one single art icle, devoted to flexible 
b 

leaflet design appeared in Brewer's (1969) book covering the 

Second National Conference on Prosthetic Valves for Cardiac 

Surgery, is supportive of the pessimism toward leaflet valves 

at that time. More recently in the 1970's, the search for the 

ideal trileaflet prosthetic valve has regained considerable 

interest [ Clark et al, 1974]. 

Tissue valves first arrived on the AVR scene in 1956 

when Murray· and his colleagu es demonstrated long term function 

(- 6~ years) of an aortic homo graft in the de s cending aorta to 

correct aortic regurgitation. And in 1962, Barratt-Boyes and 
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Ross fo llowed with the first aort ic homografts in the sub

coronary pos ition [Ross, 1 962,19 64; Barratt-Boyes, 1 964]. Th e 
r 

valves then appeared to be the ideal aortic valve substitute : 

unobstructed central flow, minimal hemolysis and no thrombo

embolism without anticoagulation . However , various technical , 

biological and procurement problems encouraged others to find 

ot her more suitable biological tissue valves : sterilized and/ 

or preserved homografts and xenografts, stented homografts and 

xeno grafts, pulmonary auto grafts, and valves fashioned from 

various autologous and heterologous tissue ( eg ., fasc ia lata, 

pe ricardium , dura mater and reconstituted fibrocollagen). The 

description of these tissue valves is described in Ione scu ' s 

(1972 ) book , Biological Tissue Heart Valve Replacement and in 

various reviews [Braunwald and Detmer , 1968; Gerbode , 1970; 

Ross , 1972 ; Sauvage and Wood , 1972 ; Wright, 1972 ; Angell et 

al , 1 973 ; Pluth a nd McGoon , 1974 ; Wallace, 1 975 ; Kiraly and 

Nose, 1976 ; Roberts , 1976] . Many successful experimental and 

clinical results were reported for short te rm applications . 

Lack of long te r m durability was howev er the major limitat ion 

for all of the tissue valves and grafts as it still remains 

so presently. 

The major recent development in tis sue valves seems 

to be the glutaraldehyde-preserved porcine xenograft that was 

first introduced by Carpentier et al (1969 ) and then later 

i mproved by Re i s and Hancock (1971 ) [ see Th e Glutaraldehyde-

Preserved Porc i ne Xenograft, p . 48] . 
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C2. Rigid Mechanical Prosthetic Valves 

From the standpoint of mechanical reliability and 

durability, the rigid mechanical prostheses at present are 

unsurpassed, although not unchallenged. Their track record of 

proven clinical application with satisfactory to good results 

is long (eg ,, since the early 1960's). The most recent status 

reviews on ball prostheses by Barnhorst et al (1975 ), Bonchek 

and Starr (1975 ), Braunwald (1 975) , Roberts (1976 ), Isom et 

al (1977 ) and Starr et al (1977 ), and on disc prostheses by 

Bjork et al (1975~, Brawley et al (1 975 ), Bjork (1977 ) and 

Lillehei (1977) report the more advanced models to be nearing 

a decade of acceptable function with reduced operative and 

late mortality. In fact, one of Harken 's initial patients is 

still alive with an original ball valve [Harken, 1977]. This 

durability coupled with the advantages of also being easily 

insertable and available ha~ made many surgeons either firm 

believers in their use or users until other alternatives of 

equal durability become available. 

Whereas natural heart valves offer central flow with 

low resistance, gentle acceleration and very small regurgita

tion, ri gid prostheses obstruct and baffle the aortic flow. 

Regurgitation and turbulence are common occurrences. Rigid 

valves usually consist of three basic elements: 1) the flow 

occluder or poppet , 2) the valve body and sewing ring and J ) 

the guiding structure that limits the occluder travel (eg ., 

cages and struts ). Since the pioneering days of Harken ' s and 
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Starr's ball valves, numerous designs have been proposed and 

refined in response to a wide range of problems. Many of the 

valves, too numerous to be listed here, failed and are now of 

historic interest only. 

At present, there remains three major designs: 1) the 

caged ball valve, 2) the caged disc valve and J) the tilting/ 

pivoting disc valves (see figure 8). However, the caged disc 

valves are generally not used for AVR. 

Brewer's (1969~ book and various reviews [Braunwald 

and Detmer, 1968; Starr et al, 1969; Bjork, 1970; Braunwald 

et al, 1971; Sauvage and Wood, 1972; McGoon, 1972; Wright, 

1972] describe the progress in developments of the various 

rigid mechanical prostheses during the 1960's. During this 

period, the design emphasis was in the area of reducing any 

thromboembolism. The latter was the major complication plagu

ing the earlier valves [Davila et al, 1966; Duvoisin et al, 

1967; Akbarian et al, 1968; Matloff et al, 1969; Friedli et 

al, 1971; Hylen, 1972~. Current reviews by Dale (1976,1977) 

suggest that thromboembolism still remains the number one 

problem with prosthetic valves. Many other problems also 

plagued the early valves, causing a high operative mortality 

as well as a host of post-operative complications: noise, 

poor fixation, paravalvular leaks, hemolysis and hemolytic 

anemia, infBctive and fungal endocarditis, anticoagulation 

complications, poor hemodynamics and mechanical failures such 

as disc and ball variances [Herr et al, 1965 ; Kloster et al, 
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1965; Kastor et al , 1968; McHenry et al, 1968; Brewer et al, 

1969; Duvoisin and McGoon, 1969; Eyster et al, 1971; Hylen, 

1972~ Roberts and Morrow, 1972; Slaughter , 1973] . More recent 

reviews demonstrate that some of the problems are still pre

valent: infection, hemolytic anemia, mechanical dysfunctions 

and thromboembolism and its related anticoagulation risks are 

still causing deaths or re-operations [De Boer et al, 1974; 

Isom et al, 1974; Bjork et al, 1975;b 
Kloster, 1975; Arnett 

and Roberts, 1976 ; Katholi et al, 1976; Meistrell et al, 1976; 

Roberts et al, 1976; Dale, 1976,1977; Isom et al, 1977]. 

CJ, Biological Tissue Valves 

In comparison to the prosthetic valves, all tissue 

valves to date have shown a very small incidence of thrombo

embolism even without anticoagulants . Because of the natural 

trileaflet structure , the valves should possess much better 

hemodynamics than the prosthetic valves. Comparative i n-vitro 

and in-vivo assessments have however shown that tissue valves 

are only comparable. Incidences of hemolysis are generally 

lower whereas incidences of infect ion are generally higher. 

Short term results obtained with th e majority of the 

tissue valves have been encouraging from the standpoint of 

satisfactory hemodynamic function and low thrombogenecity. 

But in general, the incidences of late post- operative tissue 

degeneration l eading to failures have been discouragingly 

high . Fortunately when failures of this nature occur, the 
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effects are less catastrophic than with prosthetic valves, 

thus allowing valuable time for a selective replacement. 

Biological tissue valves, despite continued changes 

in sources and methods of fabrication and preservation, have 

not matched the prosthetic valves in durability. A potential 

exception is the glutaraldehyde-preserved porcine xenograft. 

Current reviews indicate .that its durability is approaching 

or has equalled that of the more advanced prosthetic valves. 

Homografts or Allografts 

Initial and early results with fresh homograft AVRs 

were gratifying [Barratt-Boyes, 1967; Stinson et al, 1968]. 

Early difficulties encountered in the time-consuming insertion 

of a graft by free suturing were eliminated by the use of the 

rigid stent and improved surgical techniques [Braunwald et al, 

1968; Ionescu et al, 1968; Carpentier et al, 1969]. Unstented 

or improperly implanted valves often experienced dehiscence, 

leaks and valve incompetence. 

The inconveniences of procuring fresh homografts under 

ideal sterile conditions initiated the use of a multitude of 

sterilization and preservation techniques. Mercurate, ethylene 

oxide, beta-propiolactone, gamma irradiation, formalin and 

glutaraldehyde have all been used for sterilization. Contrary 

to what was· expected and claimed, all tissue valves so treated 

did not retain their viability because of cellular damages and 

morphological degeneration of the collagen-elastin structure 
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[Malm et al, 1967; Trimble et al, 1969; Welch et al, 1969; 

Innes et al, 1971; Al-Janabi et al, 1972; Gavin et al, 1973; 

Manhas et al, 1973; Waterworth et al, 1974; MacGregor et al, 

1976]. Freezing, freeze-drying and aldehyde treatments have 

been used for preservation. Most valves were preserved to the 

time of implantation and performed satisfactorily well in the 

early post-operative phase. However, the majority experienced 

late (ie., after 4 years) failures [Barratt-Boyes and Roche, 

1969; Missen et al, 1970; Barratt-Boyes, 1971; Gonzalez-Lavin 

et al, 1 972 ; Pacifico et al, 1972; Davies and Roberts, 1974; 

Ionescu et al, 1974; Wallace et al, 1974; Moore et al, 1975]. 

Failures as determined from pathological studies of the leaf

lets were the result of infective endocarditis, perforations 

and tears, thinning and stretching, calcification and fibrosus 

[Hudson, 1966; Smith, 1967; Davies et al, 1968; Yarbrough et 

al, 1973]. 

[ Availability is a major problem with the fresh aortic 

homograft~ It alone has contributed a significant share of 

valve failures because of less than optimum matching of graft 
a 

size [Trimble et al, 1969]. Compared to the preserved valves, 

the fresh homografts are less prone to fail [Stinson et al, 

1968; Barratt-Boyes, 1971; Angell et al, 1 972 ; Barratt-Boyes 

et al, 1977], but there are reservations that late failures 

are inevitable [Ionescu et al, 1974; Davies and Roberts, 1974; 

Moore et al , 1975; Anderson and Hancock, 1976]. Studies have 

shown that all of the various sterilization and preservation 
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methods adversely affect the leaflet tissue's mechanical and 

cellular characteristics [Harris et al, 1968 ; Trimble et al, 

1969~ Firor et al, 1970; Innes et al, 1971; Litwak et al, 

1972; Suzuki and Ray, 1972 ; Clark, 1973; Yarbrough et al, 

1973; Ng and Wright, 1975; Tan and Holt, 1976; Parker et al, 

1977]. Comparative analyses with prosthetic AVR report simi

lar results in the mortality and morbidity rates [Karp et al, 

1974; Anderson and Hancock, 1976 ; Pine et al, 1976; Angell et 

al, 1977]. 

Heterografts or Xenografts 

Procurement and graft-size matching problems prompted 

surgeons to use the preserved xenograft as an alternative for 

AVR. Binet and his associates (1965 ) reported the first suc

cessful xenograft AVR in man after Duran and Gunning (1965 ) 

performed it in a dog. Shortly thereafter, Carpentier and his 

colleagues (1969 ) reported the use of a rigid stented hetero 

graft to eradicate the technical problems of insertion due to 

the differing valve anatomy between animals and man . During 

the same time, O'Brien and Clarebrough (1966) and Ionescu et 

al (1968 ) were examining the same technical problems . Since 

then, accumulating experimental and clinical experiences have 

helped to identify a number of technical and biological prob

lems associated with this method of valve replacement . 

As with the preserved homografts, the preserved xeno

grafts were rendered non-viable. Thus, they experienced the 
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due to degenerative changes to the tissue [Binet et al, 1967; 

O'Brien, 1967; Carpentier et al, 1969; Gerbode, 1970 ; Buch et 

al, 1970; O'Brien et al, 1970; Ionescu et al, 1972; Yarbrough 

et al, 1973; Zuhdi et al, 1974; Cevese, 1975] . Clinical exper

iences clearly indicate that long term function is primarily 

dependent on the method of preservation. 

The failure of formalin and other preservative agents 

led Carpentier et al (1969 ) to attempt a new method of curing 

and preserving xenografts using a glutaraldehyde (with sodium 

metaperiodate) process. Tissue so treated became more durable 

and less prone to late degenerative changes to the collagen 

structure [Strawich et al, 1974; Hue et al, 1975]. The work 

of Carpentier initiated a succession of developments that has 

resulted in the most exciting aortic valve substitute to date: 
r-

the stabilized glutaraldehyde-preserved porcine xenograft~ It 

has been coined a "bioprosthesis " by Carpentier because the 

glutaraldehyde process renders the tissue valve acellular and 

non-viable, but structurally stati c as an "organic plastic" 

[Carpentier et al, 1972]. 

The Glutaraldehyde-Preserved Porcine Xenograft 

Glutaraldehyde has provened to be the best chemical 

tanning agent used to stabilize and preserve the collagen 

structure of natural tissue. The explanat ion for its effect 

lies in the intermolecular cross-linking of collagen fibres : 
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whereas natural collagen fibres possess three cross-links per 

tropocollagen molecule, glutaraldehyde introduces 11.5 cross

links per tropocollagen molecule. 

Previous methods (eg., formalin, mercurate, chromic 

acid) failed because the cross-linkages were biodegradable. 

Their reversibility with time was the chief cause for tissue 

degeneration, loss of elasticity and limited durability. 

Chemical and mechanical tests of glutaraldehyde-treated tissue 

(eg., collagen shrink temperature and tension-elongation mea

surements) have helped to explain the unfailing stability and 

durability being reported for the implanted glutaraldehyde

preserved porcine xenografts [Litwak et al, 1972; Strawich 

et al, 1974]. 

When Carpentier et al (1 969 ) first introduced the 

process, he included an initial pre-treatment with sodium 

metaperiodate that was to remove the antigen determinants in 

the tissues. However, the pre-treatment was found to reduce 

the elasticity and cross-linking irreversibility [Litwak et 

al, 1972], and has since been eliminated [Carpentier, 1977]. 

Reis and Hancock (1 971 ) modified the treatment and 

introduced a porcine xenograft that was preserved by the 

stabilized glutaraldehyde process (SGP) without the sodium 

metaperiodate procedure. They also designed a semi-flexible 

polypropylene Dacron-covered stent which was claimed as being 

able to reduce leaflet closing stresses by ninety percent . 

To date , many clinical experiences have reported some 



50 


extremely encouraging results for AVR as well as for MVR: 

satisfactory to excellent hemodynamics, no thromboembolism 

without anticoagulants, minimal hemolysis, high resistance to 

infections and extremely few structural failures [Carpentier 

et al, 1974 ; Zuhdi et al, 1974; Buch et al, 1975; Cohn et al, 

1976; Hannah and Reis, 1976; Morris et al, 1976; Pipkin et al, 

1976; Zuhdi, 1976; Albert et al, 1977; Cevese et al, 1977; 

Carpentier , 1977; Hancock, 1977; Lurie et al, 1977; Stinson 

et al, 1977]. What few failures there have been, were not 

attributed to tissue degeneration and collagen denaturing but 

mostly to infections and technical errors. However, the long 

term durability is still open to question. Many patients with 

the ini tial glutaraldehyde- preserved porcine xenografts are 

now entering or have already entered the cri tical follow-up 

period when the homografts began to fail (eg ., after four to 

five years). And despite Carpentier's (1974 , 1977 ) statement 

that the expected durability is only ten to fifteen years 

with a fifteen to twenty per cent failure rate, many surgeons 

are presently converting from the prosthetic valves to the 

glutaraldehyde- preserved porcine xenografts . 

~The Hancock porcine xenograft [Reis and Hancock, 1971; 

Hancock, 1977] has equalled or outperformed all of the other 

AVR substitutesj Its optimistic future has convinced two other 

valve manufacturing companies, which are traditionally ball 

and disc valve manufacturers (Edwards and Shiley Laboratories ), 

to market their own models. 
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Autologous and Heterologous Tissue Valves 

Availability problems with homografts, and thrombo

embolic and hemodynamic complications with mechanical valves 

were some of the reasons for resorting to valves constructed 

from autologous and heterologous tissues. Various sources 

have been used for fabricating the leaflets of the valves: 

pericardium [Sauvage et al, 1963; Bjork, 1964], autogenous 

and restructured fibrocollagenous tissue [Loughridge et al, 

1965; Williams et al, 1969; Geha et al, 1970; Schumacker et 

al, 1970; Carpentier et al, 1971; Edwards, 1971], arteries 

[Bailey, 1967], pulmonary autografts [Ross, 1967; Ross and 

Geens, 1972], fascia lata [Senning, 1967; Ionescu and Ross, 

1969], peritoneum [Fadali et al, 1970], dura mater [Puig, 

1972] and vena cava [Ramos et al, 1973]. In general, all of 

the valves gave good early hemodynamics and freedom from 

major thromboembolic episodes. However, fascia lata valves 

(unsupported, frame-supported or preserved) proved to be poor 

aortic valve substitutes as late failures became commonplace 

due to tissue degeneration and loss of elasticity [Ionescu et 

al, 1972~ Rothlin and Senning, 1973; Yarbrough et al, 1973; 

Ionescu et al, 1974; Olsen et al, 1975; Senning et al, 1975]. 

Fascia lata valves are no longer used. And experiences with 

autogenous tissue, peritoneum and vena cava have been limited 

or inconclus ive . On the other hand, pericardium [ Ionescu et 

al , 1974,1977] and dura mater valves [Nuno-Concei9ao et al, 

1975; Puig et al, 1977] have now been implanted for more than 
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four years with satisfactory results. The Ionescu-Shiley 

(bovine) pericardial xenograft preserved by the stabilized 

glutaraldehyde process seems to be equally as competent as 

the glutaraldehyde-preserved porcine xenograft. However, it 

is difficult to imagine that tissues which are structurally-, 

functionally-, and environmentally-differentiated from the 

aortic valve tissue could be superior to the valve tissue. 

C4, Prosthetic Trileaflet ValV§§ 

Prosthetic trileaflet valves were abandoned in the 

late 1960's with the claim that failures were the result of 

the lack of durability of the available leaflet materials 

[Braunwald and Detmer, 1968]. Failures however may not have 

been due solely to as claimed. The relatively crude methods 

of design lacked engineering sophistication and therefore, 

may have been partially at fault. For example, none of the 

leaflet materials displayed mechanical characteristics which 

are typical of the aortic valve leaflets (ie,, a non-linear 

and two-phase stress-strain response with a high elastic 

recovery). These particular characteristics play important 

roles in determining the efficiency and durability of the 

natural valve [Clark, 1973; Wright and Ng, 1 974] , but were 

i gnore d in the desi gns . Furthermore, fabricating symmetrical 

prosthetic valves to replace the natural asymmetrical valves 

produced possible abnormal stress concentrations in the arti

ficial leaflets. These stresses might have been responsible 
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for increased leaflet fati gue and subsequent valve failures. 

It would then seem appropriate to use in a design a 

leaflet material that, besides being biocompatible and anti

thrombogenic, is also biological in mechanical properties 

(ie., non-linear and two-phase stress-strain characteristics) 

and inhomogeneous and anisotropic (ie., variable elasticity 

with respect to position and orientation). 

Researchers have recently placed a new resurgance in 

flexible trileaflet prosthesis design. Studies on the natural 

leaflets' fibre structure [see Histology and Ultrastructure 

of the Valve Leaflets, p. 17] and mechanical properties [see 

Mechanical Material Properties of the Valve Leaflets, p. 21] 

have been conducted, and have aided in understanding how tri

leaflet prostheses can be made to be more durable. Clark and 

his colleagues (1974) have reported a composit e leaflet woven 

from 10µ polyester filaments which are microcrimped in order 

to simulate the non-linearity and anistropy of the natural 

leaflet material. Inhomo geneity was however not incorporated. 

Recent works on flexible trileaflet prostheses have 

also been reported by Mohri et al (1973), Gerring et al (1974), 

Ghista (1976 ), Ghista and Reul (1977) and Hufnagel (1977 ). · 

C5. Summary and Consensus 

Despite all of the many advanced modifications and 

improved surgical techniques which to their credit did reduce 

some of the problems , none of the currently available valves 
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have been able to eliminate all of the complications which 

are associated with AVR. A quick look at the literature of 

clinical experiences reveals claims and counterclaims of 

each valve's performance, successes or failures. Often, the 

observations are clouded by the surgeon's biases and by the 

use of unstandardized statistical methods in the follow-up 

reports. At present, the situation is satisfactory but by no 

means acceptable. Each valve type offers its own advantages 

and disadvantages (table 2). The one chosen by the surgeon is 

usually governed by his preference, his skill and experience 

with the valve, and also by the patient's contraindications. 

One is often faced with the following dilemma: to 

either choose a prosthetic valve substitute that has proven 

durability but also has increased thromboembolic risks and 

related anticoagulation complications, or to choose a tissue 

valve substitute that has better hemodynamic characteristics, 

lower thrombogenecity without ant icoagulation and minimal 

hemolysis but has a high susceptibility to late failures. The 

recent success of the glutaraldehyde-preserved porcine xeno

grafts may have somewhat reduced this "prosthetic-or-tissue" 

dilemma. But pending the final outcome of the late evaluations 

of the porcine xenografts, it would still seem that the ideal 

AVR substitute should be a flexible trileaflet prosthesis that 

is fabricated from a leaflet material which is biocompatible, 

non-thrombogenic and resemblant of biological tissue in its 

mechanical properties . 



TABLE 2. COMPARISON OF AORTIC VALVE SUBSTITUTES 
,

_
,, 

,, 

Rigid 
Mechanical 
Prosthetic 

Valves 

Biological Tissue Valves 

Autologous & Heterologous 
Graft s Tissues 

Types 

Ball 

S-E 
B-C 
S-C 

Disc 

B-S 
L- K 

Homo grafts Glutaraldehyde 
Preserved 

Porcine 
Xenografts 

H ' E-C , A-S 

Fascia 
Lata 

Pericardium Dura 
Mater 

Availability 1 1 3 1 3 1 3 

Technique 1 1 3 2 3 2 2 

Thromboembolism 
& 

Anticoagulation 
2 2 1 1 1 1 1 

Hemodynamics 2 2 1 2 2 1 1 

Infection 2 2 1 1 1 1 1 

Durability 1 1 3 2 3 2 2 

* An arb itrary rating from good (1 ) t o poor (3) i s used in the table. 
Based on a personal evaluation of the surveyed clinical literature. 
S-E : Starr- Edwards B-C : Braunwald-Cutter S-C Smeloff-Cutter 

B-S : Bjork- Shiley L- K : Lillehei-Kaster 
ViH : Hancock E-C Edwards-Carpentier A-S Angell-Shil ey 
\.Jl 
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D, Methodology 

The work presented in this thesis is Part I of a two 

part study on the mechanics of the porcine aortic valve. It 

describes the acquisition, presentation and analysis of an 

intact porcine aortic valve leaflets' local surface geometry 

(ie., local surface strains and radii of curvature) as a 

function of the static intra-aortic pressure in-vitro. In 

addition, the inhomogeneity and anisotropy of the intrinsic 

material mechanical properties (ie., stress-strain responses 

and elastic moduli) of the leaflets are investigated in a set 

of corresponding microtensile experiments. 

Part II is a presentation of the stress analysis of 

the porcine aortic valve leaflets in diastole, utilizing the 

results obtained in Part I. Specifically, considerations of 

geometrical asymmetry, material inhomogeneity, anisotropy 

and non-linearity are analysed in light of their effects on 

the stresses. 



II, EXPERINIENTAL NIETHOD 

Investigations were conducted followin g two sets of 

experiments: A, Microtensile stress-strain experiments on 

circumferentially and radially cut strips of the leaflets, 

and B, Analysis of the local circumferential and radial sur

face strains and curvatures over the leaflets of an intact 

whole valve. In the latter, the valve is subjected to simu

lated static diastolic pressures in-vitro. 

A. Microtensile Stress-Strain Experiments 

Al. Dissection and Tissue Preoaration 

Fresh porcine hearts from four months old pigs were 

obtained from a local slaughterhouse and the leaflets from 

two healthy valves were excised within the day of the kill. 

1From valve 1, the NC leaflet was cut into five parallel 

radial strips , each about 2.4 mm . wide. A series of surgical 

blades separated a nd spaced in parallel by washers and held 

together by a screw and nut was used as the cutting mechanism. 

Figure 20 shows the five radial stri ps numb ered 1 to 5 as 

For leaflet identification, refer to figure 4 , p . 10. 
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v i ewed from the ventricular side . The RC (or MC ) leaflet and 

LC (or NMC ) leaflet of the same valve 1 were cut to provi de 

similar radial stri ps in a position comparable to strip 3 of 

the NC leaflet (figure 22 ). 

From a second valve , valve 2 , the NC leaflet was cut 

2i nto four pa r a ll e l circumferent i al strips , each about 2 . 0 

mm . wide ( f i gu re 21). The other two l eaf lets were cut to pr o

vide s i mi lar circumferential strips in a position comparable 

to stri p 3 of the NC leaflet ( f i gure 23 ). 

Using a human hair as a pen , each strip after having 

been air- dried to a semi- moist state was then dotted with 

very t i ny India ink dots on the smooth ventricular side . The 

dots are spaced along the stri p length at about 1 - 1 . 5 mm . 

intervals . Mu ch care was spent in arriving at the proper de

gree of drying ; that is , the tissue is required to be not 

too moist as to cause the ink to run or smear, and also not 

too dry as to have potentially altered the tissue ' s mechani

cal characteristics . 

The strips were individual l y stored in a 0 . 9% saline 

solution containi ng 600,000 U. of aqueous penicillin . They 

were kept at refrigator temperatures (~ 4°c ) in order to pre

vent bacterial growth . All strips were tested within a l~ 

The strips were not ideally circumferential since the leaf
let, when flattened to be cut, exposed th e circumferential 
collagen fibres ( see figure 4 ) as arcs . Therefore , the fi 
bres did not line up with the strai ght- edge cutting blades . 
Errors due to th i s effect are discussed in Appendix A. 

2 
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week period after dotting. 

A2. Apoaratus and Testing 

The apparatus used for the testing is illustrated in 

figure 9 . During the testing, all strips were kept in a nor

mal saline solution at room temperature. For each radial 

st rip, the ends were mounted into the jaws of a Tensilon 

machine (model Toyo Baldwin UTM-11-20 with a TLU-0.21-F load 

cell) expos ing the strip just below the sinus-annulus ridge 

and just above the coaptation edge. The -circumferential sam

ples were clamped approximately at their end attachments to 

the sinus-annulus. The crosshead speed used to stretch a ll 

the strips was 2.0 mm/min. The latter i s very small when 

compared to the observed in-vivo strain rate of the natural 

valve leaflets; however, the slow speed was necessary to al

low for adequate time to photograph the various phases of 

the stretch . The chart speed on the recorder (model Toyo 

Baldwin TMIBCH SS-505D-UTM) monitorin g the tension-elonga

tion data was adjusted to give 2 cm. of chart = 1 mm. of 

sample elongation for the radial strips and 1 cm. of chart 

1 mm. of sample elongation for the circumferential strips . 

A 35 mm . camera (Praktica LLC) loaded with medium 

speed film (Kodak Plus-X: ASA 125 ) and attached to a stereo

microscope ·(model Wild Leitz M7 ) was used to photograph the 

strip under test a t known elongat ions or tensions. Using the 

allowable aperture of the stereomicroscope , the strips were 



60 FIGURE 9. 
MICROTENSILE EXPERIMENT APPARATUS 
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illuminated to require a shutter speed of one-eigh th of a 


second. The thickn ess of the strip during the stretch was 


measured using a 45° pri sm attached onto the crosshead 


adjacent to the sample strip ( see fi gure 9 ). 


Zero length for the Tensilon was determined by 

adjusting the jaws to just touch so as to just cause the 

tension recorder to become sensitive. Thus, there exists 

a calibrated one-to-one correspondence between the sample 

strip length and the jaw separation . Tension was calibrated 

using a 20.0 g ram wei ght. 

Each strip was stretched into the stiff post- trans i

tion3 region for 3 to 5 times so that cons ecutive stretches 

gave similarly shaped tension- elongation curves with minumum 

load-unload hysteres i s . For the f inal run, each strip was 

stretched from a slack state to we ll into the linear post-

transition re g ion. Photographs of the strip under test were 

taken at its initial length and at pre-determined elongations 

. or tensions so as to cover the whole event of loading. The 

resting or initial length corresponding to zero elongation 

and zero tension i s determined (to ±O.l mm .) from the chart 

r ecording by noting th e point of i ntersection of the curve's 

horizontal section (which represents the zero tension that 

is recorded while the stretching strip is still in the slack 

condition ) and the asymptote of the curve's pre- trans i t i on

3 These terms are defined and described in Appendix A. 

3 
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section (which represents the onset of tension ). This is 

i llustrated in figure 10 . The latter i s the tension- elonga

t i on chart record i ng for radial strip 3 of the NC leaflet . 

Figure 11 is a sequence of photographs associated with the 

curve in figure 10 . The last picture i n the sequence is a 

photograph of a 1 . 0 mm . scale used for calibration . 

Each strip required on the average approxi mately 20 

to 30 minutes of testing . 

A3 . Data Acquisition and Processing 

The developed prints of the photographs , which were 
_,_ 

8 11enlarged at abou t 15x to 20x''' on x 10" Kodak single weight 

Ektamatic SCF paper , were used to measure the elongations , 

widths and thicknesses of the indi vidual sub- sections of each 

strip as defined by the spacings of the ink dots . Figures 12 

and 13 are actual 811 x 10" prints from which measurements 

were made . They correspond to the first and seventh photo

graphs in the sequence shown in figure 11 . 

The measurements combined with data obtained from 

the chart recordings of the tension- elongation curves pro

vided the means to derive individual stress - strain curves 

for each sub- section of the leaflet in both the radial and 

circumferent ial directions . Terminologies and considerations 

-·,,-
This is the magnification of the actual dimensions ; that 
i s , life to print size . The negative to print enlargements 
were approximately 9x to l Jx . 



6 



64 FIGURE 11 . 
MICROTENSILE STRETCHING of STRIP 

no. 1-8 are in reference to the accompanyin 

mm. 
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involved in the conversion of a tension-elongation chart 

recording to a series of stress-strain curves are discussed 

in Appendix A. 

B. Whole Valve Experiments 

Bl. Dissection and Tissue Preparation 

A fresh porcine heart from a four months old pig was 

obtained from a local slaughterhouse. It was dissected the 

same day to give the intact aortic root specimen (figure 1). 

The myocardium surrounding the sinus-annulus region of the 

valve was left intact as much as possible in order to pre

serve the surrounding environment of the valve in-vivo. How

ever, some of the muscle necessitated trimming in order to 

prevent blocking the ventricular view of the leaflets and 

also to prevent weighing down the aortic root when suspended 

in a horizontal position . The aorta of approximately 2~ inch 

length was cannulated at its distal end . The latter was then 

attached to an air supply that closed the valve and distended 

the leaflets to their approximate diastolic configuration. 

The leaflets were air-dri ed to a semi- moist state at which 

point, the ventricular side of the leaflets were dotted with 

very tiny India ink dots . The applicator used was a human 

hair; but initially , a Staedtler #00 pen (diameter= 0 .13 mm.) 

was employed . The latter proved very unsatisfactory because 
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of a tendency to blob. Extreme care was required to keep the 

dots as small (~0.2 mm . diameter) and as sharp as possible 

without any running and s mear ing of the ink; this was only 

achieved after considerable painstaking practice . 

One hundr ed to one hundred and twenty-five dots were 

applied onto each leaflet's surfa ce in an approximate 1 mm. 

by 1 mm. square grid that simulated the leaflet's directional 

an i sotropy ; that i s , the radial and circumferential fibre 

directions. Each dot is identified accordi ng to its leaflet 

and to i ts column-row designation on that leaflet . The rows 

are oriented circumferentially and the columns are oriented 

radially . The dotting procedure was ceased once the leaflets 

and the valve exhibited excessive drying. This occurs afte r 

about ten minutes out of solution . At this point, the whole 

valve was then re-immersed into a normal saline solution for 

ten minutes in order to restore the leaflets ' natural condi

tion. The complete drying-dotting-rehydrating procedure was 

then repeated until all three leaflets wer e dotted to satis

faction . The whole dotting period spanned three days . During 

this period , the valve was stored at refrigator temperatures 

(~4°C ) in a normal o. 9% saline solution containing 600 ,000 U. 

of aqueous penicillin. 

Figure 14 shows the experimental valve after dotting . 

B2 . Apparatus and Testing 

On the fifth day of storage , the dotted and cannulated 
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valve was tes t ed in the system shown in figures 15 to 17 . 

Th e RC artery was liga ted with silk suture and the LC artery 

was attached to a mercury manometer . The manomet er which was 

used to monitor the static intra-aortic pressure is accurate 

to ±0 . 5 mm . Hg . The ao r t ic root was then i mmersed into a sa

line tank , and clamped onto a mechanica l ri g wh ich suspended 

the valve at a fixed height (ie., fixed z coordinate) but 

which also al lowed it to be rotated in the X-Y plane about 

the Z-axis. The abo v e arrangement is schematically illustrated 

in figure 15 . The distal end of the aortic root was joined 

via a rubber- stopper ed cannula and tubing to a large sal i ne 

reservoir ( eight litres capacity). The l atter was pressuriz ed 

by a regulated a ir s u pply that was controlled by a needle 

regulator valve in conjunction with a s imple clamp. The regu

lated pressure in turn controlled the f l ow of saline from 

the reservoir into the aortic root. A small continuous flow 

was made poss ibl e by some very tiny branching coronary ar

teries . All connections in the apparatus used suitably s ized 

Tygon tubing . 

The camera system shown in f i gure 15 consisted of a 

35 mm . camera (Praktica LLC loaded wi th fin e- gra in Kodak 

Panatomic- X film : ASA 32 ) coupled to a JOO mm . telephoto lens 

( Vivitar f / 4 ), a 2x teleconverter and a 6 cm . extension tube . 

The lens axis of the combination was adjusted to align with 

the Y- axis . A long telephoto lens was required to view the 

valve from a far enough distance (-175 cm.) to insure a 
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72 FIGURE 16 . 

WHOLE VALVE EXPERIMENT APPARATUS 


VIEWS of STEREO-PHOTOGRAMMETRIC SET-UP 



FIGURE 17. 
WHOLE VALVE EXPERIMENT APP·ARATUS 

VALVE BATH and PRESSURE SYSTEM VALVE ROTATOR ASSEMBLY 
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minumum of parallax. The latter is a neces sary prerequisite 

in the theory used to determine the leaflet surface local 

geometry. The theory is described in detail in Appendix B. 

The extension tube was required to reduce the telephoto's 

focusable distance and also to optimize the camera magnifi

cation in order to best fill the viewfinder with the image 

of the valve. 

The valve was focused in its unrotated reference 

position (ie., 8 = 0°). With the lens aperture set at its 

smallest opening (f/22) in order to acquire the best depth 

of field possible (-2 mm.), the valve was illuminated with 

sufficient lighting to necessitate a ~ second shutter speed. 

The whole apparatus was arranged on a sturdy 4' x S' metal 

optical table in order to prevent any vibration effects or 

possible changes in the components' relative positioning. 

Any such motion would invalidate the measurements from the 

resulting photographs. 

The valve was gradually pressurized to 140 mm. Hg. 

in about ten seconds and then returned to zero pressure. The 

procedure was r epeated for five similar cycles to condition 

the leaflet tissue. For the final photographing run, the 

valve was loaded to 140 mm. Hg. and then unloaded to the 

lowest possible pressure required to just maintain leaflet 

coaptation ~nd minimal leaflet distension. This was refer

enced to as the zero pressure loading corresponding to the 

ze ro stress state . Actually, the manometer was recording 
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approximately J mm. Hg. This is the intra-aortic pr essure 

measured by the manometer at zero transvalvular pressure, 

which is the true loading pressure for the leaflets. Thus, 

transvalvular pressure equals the intra -aort ic pressure mea

sured by the manometer minus the J mm. Hg. The latter is the 

mean p r essure opposing l eaflet coaptation caused probably by 
,,, 

the valve being s ubmersed about J cm.~ in the saline tank. 

The unstressed valv e was photo gra phed at 0°, ±15 °, 

±J0° and ±45 ° rotat ions . Thi s was repeated at 20 mm. Hg. in

tervals up to 120 mm. Hg. The entire photographing session 

requir ed approximately ten to fifteen minutes. Throughout 

this time period, the saline tank was being s i phoned at a 

rate that maintained the tank surfa c e level constant in or

der to keep consistent the pressure head du e to the valve 

submersion depth (i e ., J mm . Hg .). 

B3 . Data Acquisit ion and Processing 

The developed prints of the pho tographs , wh i ch were 

+enlarged at about 8 .7x on 11" x 14" Kodak single weight 

Ektamatic SCF paper , we r e used to provide the raw data rnea

surements . The latter which are described in Appendix B were 

input into a computer pro gram that output at each pressure 

the following : 1) the ( x , y , z ) coord inate data of a ll the dots 

,,, 
' •' 1 mm . Hg , = 1. 3 cm. H 0 . 2

+ The corresponding negative to prin t enlarg ement is 17. 5x. 
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with respect to a global X-Y-Z coordinate system , 2 ) the 

local radii of curvature at each point in both the circum

ferential and radial directions and 3 ) the local circumfer

ential and radial surface strains4 over the sections of the 

leaflets defined by the spacing of the dots (figure 18). 

The theory used in converting the photograph measure

ments into three-dimensional coordinate data is described in 

Appendix B. In short , it may be described as a stereophoto

grammetric method that uniquely locates a point in three

dimensional space with respect to a fixed global coordinate 

system . This is accomplished by recording from at least two 

different angles of view, a po int's relative position with 

respect to a known coordinate axis that is perpendicular to 

the view directions . 

The previously mentioned computer program is listed 

and described in Appendix C. Appendix D details the theory 

employed for th e radii of curvature calculations. The output 

from the computer program are presented as local pressure-

radius and pressure- strain curves to describe the local geo

metrical and mechanical changes in the leaflets of ·the valve 

as the loading pressure is varied. 

The strains were calculated as changes in the straight-line 
distances between dots, a lthough the more proper interpret
ation i s -0f strain being the change in the surface distance 
between dots . However, the former interpretat ion was u sed 
in order to simplify the adaptation of the three- dimension
al coordinate data to strain calculations. Further details 
are given in Appendix B. 

4 



FIGURE 18 . 
DETERMINATION of COMPONENT STRAINS and RADII 
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III. RESULTS AND DISCUSSIONS 

A. Microtensile Stress-Strain Experiments 

Al. Comments on the Experimental Method 

Tensile stress-strain experiments on biological tis

sues have been reported by several authors in recent years. 

Useful comments on the various methods can be found in the 

literature [Abrahams , 1967; Fung, 1968; Ellis, 1969; Soden 

and Kershaw, 1974]. The technique described in this work is 

fundamentally different from the other reported methods in 

three ways: 1) heterogeneity capability, 2) tissue cross

sectional area measurements and 3) detection of slippage. 

The heterogeneity capability is rendered possible by 

photographing the dots on each specimen strip as the latter 

is being stretched. Detailed description of the technique is 

given in Appendix A. 

Previous cross-sectional area measurements, which 

are required for the conversion of tension to stress , have 

been all similar in that a singular average area for the 

strip has been used [Ellis, 1969]. In Clark's (1973) and 

Missirlis ' ·(1973) stress-strain studies of the human aortic 

valve leaflet tissue, this singular mean area was measured 

with the leaflet strips in their unloaded relaxed state . 

78 




79 

The observed tendency for thin tissue, such as an aortic 

leaflet strip, to 11 neck"5 appreciably upon increased loading 

and stretching would then imply a smaller cross-sectional 

area than originally measured. Results from our experiments 

suggest that overestimation of the cross-sectional area as 

high as 50% to 80% is possible at post-transition5 strains 

and stresses. These figures are based on the assumption of 

a constant volume stretch5 from which it can be shown that 

the percent error in area is equal to the percent strain 

(see Appendix A). The validity of stress-strain curves con

verted from tension-elongation curves using a singular cross-

sectional area is therefore questionable. 

By photographing the tissue strip at different phases 

of the stretch, it is possible to determine the exact width 

and thickness (hence, also the area) of the strip as it necks 

under increasing strain. Furthermore, variations in width 

and thickness along the strip's length are also measurable . 

This is illustrated in figures 11 to 13. Thus, it is possi

ble to obtain more exact stress and elastic modulus calcula

tions. However, the true extent of obtaining even more exact 

calculations would require an analysis of the density of the 

load-bearing collagen fibres in the tissue. 

The effect of slippage, which is a potential problem 

in all tensile testing equipment, is minimized in our method 

5 These terms are defined and described in Appendix A. 
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since the length measurements are not s i ngularly dependent 

on the Tens i l on jaw separ at i on . Instead , the lengths may be 

measur ed from the photographs . 

Effects of Experimental Paramete rs 

As with any othe r results determined from in- vitro 

tests , the results f rom our experiments should be interpreted 

wi th care in l ight of how realistic they are in comparison 

to the in- vivo situation . Undoubtedl y, cutting the leaflet 

tissue into strips should theoretically damage the fibre 

structure integrity and weaken its load- bearing capability . 

It has been suggested that such damage , which can be chara c

terized by the loss of chain branching at the fibre level or 

the breaking of chemical cross - linkages at the intermolecu

lar level, would alter the mechanical r esponse of the intact 

tissue [Harkness , 1961 ; La Ban , 1962 ; Missirlis, 1973 ] . The 

arc i ng circumferential fibres of the va l ve leaflet presented 

another significant problem in this area . Some of these cir

cumferential fibres cut by the strai ght pa r allel blades were 

conce i vably di sabled from supporting any tension during the 

Tensilon stretch (see fi gure AJ in Appendix A). This accord

ingly would lead to an overestimation of the actual cross -

s ectional area and hence, an underestimat i on of the actual 

stress and the ca lculated post- trans iti on elastic modulus . 

Errors as high as 10% are likely . 

In other studies, Lim and Boughner (1975 ) work ing on 



81 

human chordae tendinae observed that increasing the sample 

cross-sectional area shifts the stress-strain curves to 

higher strains (ie., higher extensibility) and reduces the 

final post-transition elastic moduli. La Ban (1962) using 

canine tendons reported similar relationships with variation 

in tissue sample length. 

The effects of strain rate on stress-strain curves 

has also received considerable attention. It has been noted 

that biological tissue becomes less extensible with increas

ing strain rate [Rigby et al, 1959; Abrahams, 1967; Lim and 

Boughner, 1975]. Rigby (1959) described it"··· as a required 

increase in the load to produce a given strain." The degree 

of reduction in extensibility is seemingly dependent on the 

tissue characteristics; for example, the degree of visco

elasticity, the overall stiffness and the collag en-elastin 

proportions. 

Reported effects on the elastic moduli have however 

been less consistent. Missirlis (1973) working on native and 

de-elastinated aortic valve tissue, and Lim and Boughner 

(1975) working with chordae tendinae observed that the final 

post-transition modulus is essentially independent of strain 

rate. On the other hand, Lake (1973) reported a lo% increase 

in the modulus for aortic wall elastin for each decade 

increase iri strain rate. Others working with various animal 

and human tendons, which are predominantly collag en, also 

observed that the final post-transition modulus increases 
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with applied strain rate [Van Brocklin and Ellis, 1965; 

Abrahams, 1967]. 

Our experiments employed a comparatively slow stretch 

rate of 2 mm/min. This corresponds approximately to a strain 

rate of 14%/min to 21%/min for the circumferential strips 
,,, 

(9.4 mm.~ 1 ''' ~ 13.9 mm.) and 20%/min to 45%/min for the 
0 

radial strips (4.4 mm. ~ 10 ,:~ ~ 9.0 mm.). These experimental 

strain rates are much smaller than the estimated in-vivo 

strain rate of 15,000%/min for aortic valve leaflet tissue 

[Missirlis, 1973]. Thus in light of the above, experimentally 

observed strains in-vitro would be considerably greater than 

the actual in-vivo strains. Post-transition moduli would 

probably be invariant. The first supposition agrees in part 

with data recently reported by Brewer et al (1977 ) on canine 

aortic valves: 16% strains in-vitro as compared to 2% strains 

in-vivo. The reported strains are circumferential. 

Another important consideration in our experiments 

is the potential adverse effects of the drying-dotting

rehydrating procedure on the mechanical properties of the 

tissue strips. The hair used in dotting the strips is unlike

ly to cause excessive damage to the tissue. And although 

Clark (1973 ) reported significant alteration to the stress-

strain response after drying, our preliminary tests apparently 

showed no obvious differences between stress-strain curves 

,,, ,,, 

1 is the tissue strip rest or initial length .
0 
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obtained from tissues before and after the drying- dotting

rehydrating procedure . The manner of t i ssue preparation used 

i n our experiments is therefore considered acceptable . Fur

thermore, figure 19 , which shows the effect of the length of 

storage of leaflet tissue in 0 . 9% saline , suggests that the 

means of storage used in our experiments i s also satisfactory 

in preserving the tissues ' intrinsic mechanical characteris 

tics. However, the effects of testing under non-physiological 

temperatures and pH were not investigated and therefore can 

only be speculated . 

In retrospect, maybe a few comments could be made in 

regards to some improvements which can be incorporated into 

the experimental method . Foremost in mind is the possible use 

of a video-record system . The latter would help to minimize 

or eliminate the difficulties involved in synchronizing the 

camera exposures with the chart recording , and also in main

taining scale constancy in the developed photographs . Another 

invaluable aid would be a computerized Tensilon that could 

perform tension- elongation to stress-strain conversions. 

A2, Inhomogeneity in Leaflet Material Properties 

The results, shown in figures 20 to 23 as spatially 

distributed stress- strain curves , clearly illustrate the 

marked inhomogeneity and directional orthotropy in the leaf

lets ' material properties. Also, each of the tested strips 

and the ir individual sub- sections demonstrtate the two-phase 



\" \. \" \. \ 

".\. \ 

'.,\. \·. \. \

··.',··.\".\·.'..' .. ..:.:.:.,.... .',--... ·. .......... ·'' 
·~ 

., 

temp. tested after 

FI GU RE 19 . 

EFFECT 0 f STORAGE TIME on TRANSITION STRAIN 
70 

.- 60 
0;;--

.._,. 
..... 

U) 

~ 5 0 
z 
t-4 

<! 
0:: 
I(/) 4 0 

z 
0 
._ 3 0 
I
._ 
(f) 

z 
<! 20 
0:: 
I

10 

0 

~NRN~' ' ' 
', 	 --;; 

; ;;;; R------- ------- ----------------R----fl\ \ 

. .L. \
\. . \' 	 ', ~ \', .... 	 :. 

: 
·.. \ 

i. ..... 
;;; ·.. \

', N~ .~. • ••••••• • • •••••• • • • • • • • •••• • • • ••••••• • •· •• • •rR; ••• •••••••• 	 ." \ 

.. 	 . \ \." \"., ··.L·····"·· ."	. \ \ 

\ \ 

"·.\ \RADIAL Cl RCUM. ". \ \.·. \ 
\ 

----N 	 n---- NON CORONARY ·..\ 
\ 

'.,\ 
n 	 RIGHT CORONARY------R------ ------r------	 ".\ \. 

• • • • • • • • • L• • • • • • • • • • • • • • • • • • I••••••••• LEFT CORONARY.L._ 	
. \ 

. \ 

.....n 	 ...... ...... ...... ...... ...... 	 .. ... 1...... ,.. 
.......... ....:. 	 ······· ·----·-~:.:....
'·· ······ .....,.... ................ . 	 . . ... . ----- ---~:.:... 
...,.... ::_______ • . • • . . . ----- "- --<~:.:<-. ...... . . . . -------- """" n .... ----.--

pi g s slaughtered 

valve leaflets excised, tested 
and stored in 0 .9°/o saline tested after semi - dry i ng 
w ith penicillin a t 4°C for -1 day at room 

excessive drying -........_ en 
~ +-
~ 

0 7 14 21 

STORAGE TIME (days) 




J-1 20. RADIAL STRESS-STRAIN CURVES 
for a PORCINE AORTIC VALVE 
NON-CORONARY LEAFLET~ ./

+ POS I 1RANS111 ON ELAS JI C "'100ULI 1 n Qm/mM 1 
at DIFFERENT POSITIONS , 

12 


I I ! 
12 


ST RI P 1 • I
1O•· 10 

I 


~ 8 •· 8
E 
' E 

I
er> 

Vl 

Vl 

w 
a:: I '/ 

I 


' 1
Vl 

/ j/
/ 

;.-,"/ 

~ 0 --- ~ ~ ~ ' 

NON-CORONARY LEAFLET STRIPS 
IDENTIF!CAT!ON as viewed 
from the VENTRICULAR SIDE 

STRIP 2 
 \";'· I"t I";"i"t I";'· 
u r;II 
 i 


8 7 1 


()! :
/ I I 


A . CURVE for TOTA L STRIP 
U,L C URV ES tor STR IP SECT I ONS/ I 

__ _ / />
,o 50
40 50 60 70 so 60 ' 70 


PERCENT STRAIN , f!. ll I. 

12 .. 12 
 12 


I 


I 
 I 

10 •. I 10 
 I
IO I· STR I P 4/! I

I 
""" ) I 

I 


81- 8·

. 
 I 

, ~ I
l r81 

I 


/ )!'"! I JJ":' I I 
 I 

I 


I
I I 
I 


J I :J; / 
2 · J . /... // / _/ / / .1 / en/" / ' _./ 

Vl. _ ./ . --_:_ ...----_.._ ,__ - - -;-~~ --· 0 -- - , 
Q"° 50 60 70 BC 40 50 60 70 BO 

0
20 30 40 ~o 60 




. FIGURE 
 21. 	 CIRCUMFERENTIAL STRESS-STRAIN CURVES 
for a PORCINE AORTIC VALVE 

I 

NON-CORONARY LEAFLET 

at DIFFERENT POSITIONS •POST TRJINS ITION ELASTIC MODULI i n Qm/mm' 


12 12 

10 

"E 
E 
' E 
CJ> 

- 6 
(/) 
(/) 
w 
0::: 
t
(/) 

o• 
20 

ST R I P 1 I : 
J,,. ': 

I I ·/
/ /' . ,,/.' 

~ _,.- ' A R ' ' 

__ l __ ..----;. -11'" - I f 

30 Zo 

10 STRIP 2 
I 

8• j 

I r ;· J7 0 .
I -
I 

I 

I ' r • 
I I, 

/ 
' ,/ . 

/ / :, / 

2 ·

_,.. ' _/,,.,~· -· 
_. ,_ --;:-_~.1:-:::..---- - - ., .. -- . -

0
20 30 40 

•
I,j 
I 
I 
I 

/.,~ 

I 

I 

, I 

II 

/ ~ 

.. 

PERCENT STRAIN, LHI t. 

12 

10 STRIP ,; ·;I I 
I 
I 
I 
I 
I 

12 

10 

I 

I 
I 
I 
I 
I 
I 
I 

I 

i NON-CORONARY LEAFLET STRIPS 
IDENTIFICATION as viewed 
tram the VENTRICULAR SIDE 

8 ! 
I 360 

I u11: .. 

~ 

300 I 

I 

/ I i 
I I 

/ 

L ,./~A : 

1. I I 

,_,/ ,,... ./~ "/ C1zr;_--~_·.::-:- -.. / / 
30 

. 6 

4 · l r11 
/ in 

/ l .~4/J
.. ___..~ ......._ ,,,... 

~Q-----~-M----iit---~--
30 

' 
40 

-L---M--R

- --------
{) '" ci>~;uo~ 

A . CURVE tor TOTAL STRIP 
L. M.R CURVES for STRIP SECTIONS 

SlltJJ' 

STii i " 

3 
ST!tlP 

4 1 
~-

en 

°' 



87 


FIGURE 22. 
COMPARISON of STRESS-STRAIN CURVES 


of SIMILARLY POSITIONED RADIAL 

STRIPS trom the THREE LEAFLETS 


+ P OSt TRANSiTiON ELASTIC MODULI . in · 9rn/mm 2
of a PORCINE AORTIC VALVE 

12 


10 
 MUSCLE 
STRIP 3 


~ 8 

E ..... 
E 
en 

6 

U') 
U') 

w 
er 4

I
U') 


2 


040 50 60 70 80 90 100 


PERCENT STRAIN , till l , 


:12 
 12

I 	 I 


I
I 

I
I 


10 
 ·'\NON - MUS LE COR ONAR !, 	 10 
 NOHORONf I
__, STRIP 3 


l 
I 

I 
 8 

I 

I 

I 


,, 	I 6 


I 

I 
 I 

-

{i 
I 


1 


~ 4 

I 


l 
 I ":
) 

I / /, J 

. '//~,/ 
~---· 

..::. - .. v 


90 100 


CORONARY 

-' 

'/ 

STRIP 3 

' 8 

6 I 
L 

4 I 
I 

/2 



"E 
' E 
Cl 

(/') 
(/') 

w 
:= 
(/') 

10 

8 
E 

---<'... \ 6 

4 

2 

NO '-MUSCLE 
CO ONARY 
ST IP 3 

88 

., \ . 

FIGURE 23.· 
, C 0 MP AR I S 0 N o f ST RE S-S - S TR A I N CURVE S . ' , 

of SIMILARLY POSITIONED CIRCUMFERENTIAL 
STRIPS from the THREE LEAFLETS 

2
of a PORC (N' E- AORTIC VALVE +pos r TRANSl110NELASTICl'-ODULI i nQrn/mm 

12 


PERCENT STRAIN , .Cll!l. 

12 
 12 

1
 

·MUSCLE I I 1
-10 10
·~11~ t NON -c1RONAjY / i

STRIP 3 I
' CORONA Y / ! I 


- i ./ . STRIP 3 ~ ...,,, L 
i . . 


I I 

L I I
8 
 8 


I 

I 
 I 


I I 


n 

I 

I 

I
6 


I I 

I
"50I I 

I
I 

I
4 


I • "" I 


6 

2 

L 

I 
J 

I 
I 
I 

I 
I 
I 
I 
I 

I 
I 


L !(/ i 

/, '/.' I
2 


l "'\ """' 

/,}// ~ 

-~~ 


02'="0-r------3""0___.___~40 
20 40 




FIGURE 24. 


I _ _ :--- . 

DISTRIBUTION of ' POST·-TRANSITIONAL ELASTIC MODULI in
i ., . . ' 

t h e RAD I A L D I R E C T I 0 N f o r t ah e N 0 N - C 0 R 0 NA R Y L EA F L E T 
_,,'0 f a P 0 R C I N ,E A 0 RT I C VAL V E ( u n i t s i n gm./ mm2 

) 

MODULI DETERMINED 
from ........ • __I~.__
STRIP SECT ION 

I I 

MEAN: 111 100 I . 100 I 100 
 SINUS 

EDGE.I I 

_ . __ / __ • __ _ 1 __ __ l _ _ __I _ _ . _ 


00 

I I / I 


110 I 16 7 1 14 3 I 111 I 96 

I I I I I 


I I I I . I I

l--· --1--· --1- - ·--,--·--1--· --1 

1
1 180 111 157 I 100 I 132
I I 

I I I I I 


1__ . __ 1_·_ . __1__• __1_ _ . __ 1__ ___ 1
/ 
I I I I I I 

1 6 7 . 4 2 I 21 5 1 7 5 7 5 I
I I 

I I I I I . I 

I I I I I I 
--· -- --- ·-- --·-- --·----•-.
1 I I I I I 


COAPTtON( ) RIDGE 

I 

MEAN = 1 0 2 ( s d : 3 5 ) 


MO DUL I DETERMINED 
f rom 

TOTAL STRIP! 
87 87 I 165 l 92 I . a1 I ! 
 co. 

'° 



'.') 

.! ' , 

.·•. 

A 

'.~:' 

·~;: ~ ·: 

,_. 

.. 

'° 
0 



FI GURE 26. 


VAR I AT I 0 N o f E LAST I C M 0 DU L I RAT I 0 ( E c 1Re I ERA~» f o r t h e . ,, 

NON-CORONARY LEAFLET ef a ' PORCINE AORTIC ' \'ALVE 

"'1Ef-N RATIO : 3.3 (sd:1 .9 . se:OS) 

- - - ._ - - ,
----1 - I 

I 2.3 I 4.2 II 
I I I 

- - - --,-- - - - -,- ----·-,-
2.7 : 1.8 : 3.4 : . 


I I I I 
,- - - - --,- - - - --1------,- ----~,:--
I . I I . I
I 1.4 I 2.3 ,1 2.6 . 

1 

I I . I . I 
,- - ----,- - - -- - ,- ---

I I S I 'r- I 
I 3.4 I .6 I lo I 

I I · I· I 

-----~--- - ----

RIDGE. ( ) 

- - ....! -

2.2 
I 

- --~,- -- - -

2.6 : 3.0 . 
I I - ---, 
I I

2.5 I 1.9 I 
I I 

-1- -----,------, 

I · I
7.8 , I 7.8 I 

I · I 
. -r--------------

COAPT I ON 

.· 

f-' '° 



92 

non-linear stress-strain response characteristic of all bio

logical material [Yamada, 1973]. 

The inhomogeneity is obvious from the results for 

the NC leaflet (figures 20 and 21). Wide variations in post-
T 

transition elastic moduli, Epost 

~ 

, and transition strains, 
~ 

EtranT' are evident from strip to strip and from sub-section 

to sub-section for each strip. This is observed for both the 

radial and circumferential directions. Figures 24 to 26 show 

a wide variation for the NC leaflet in thB spatial distribu

tion of post-transition moduli and modulus ratio in both the 

radial and circumferential directions. Similar inhomogeneity 
~ 

may also be expected for the pre-transition modulus, Epre 
~ 

• 

As expected, the post-transition moduli are much larger than 

the pre- transition moduli. Typically, the pre-transition 

moduli for either directions are less than 1.5 gm/mm2 • 

Inhomogeneity between leaflets of the same valve is 

illustrated in figures 22 and 23. Comparison of stress-strain 

curves for similarly positioned strips for both the radial 

and circumferential directions show distinct differences in 

the post-transit ion moduli and transition strains. 

Radial Moduli and Strains 

Radially, it appears that the stiffest region of the 

NC leaflet is the middle strip ( eg ., middle ER= 165 gm/ mm 

~ 
T 

These terms are defined and described in Appendix A. 

2 
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as opposed to a mean of ER = 88 gm/mm2 for the other four 

adjacent radial strips).T 
,,, 

Affeld (1973) reported a similar 

relationship for bovine pulmonic valve leaflets (ie., middle 

ER= 263 gm/mm2 and side ER= 165 gm/mm2). However, Missirlis 

(1973) observed the reverse for human aortic valve leaflets; 

that is, the smaller ER is in the middle of the leaflet. 

A closer examination of the results would reveal 

that the middle strip of the NC leaflet is stiffest near the 

coaptation edge (ER = 215 gm/mm2) and becomes less stiff 

toward the sinus edge (ER 100 gm/mm2). In contrast, Affeld 

(1973) found no appreciable variation. The decrease in ER 

from the coaptation to the sinus region is also observed in 

the LC and RC leaflets of the porcine valve; however, the NC 

leaflet is on the average stiffer in the radial direction 

than the other two leaflets (eg., NC ER= 165 gm/mm2 whereas 

LC and RC ER= 125 gm/mm2 )~ 

Transition strains for the NC leaflet's five radial 

strips are relatively constant; respectively for strips 1 to 

5, they are 60%, 62%, 63%, 60% and 45%. Therefore, the mean 

radial transition strain for the NC leaflet is EtR = 58% 

(s.d. = 	 7%). Sectionally, the transition strains range from 

30% 	 to 70%. 

There is also a distinct trend for the leaflet 

,,, ,,, 

Unless otherwise indicated , ER is the post-transition 
modulus in the radial direction. Similarly, E is the 
post-trans ition modulus in the circumferentiaX direction. 
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section near the coaptation edge to reach transition well 

before the section near the sinus edge. However, different 

regions of the leaflet and different leaflets exhibit this 

behaviour to varying degree. This is readily shov-m. in the 

radial stress-strain curves (figures 20 and 22). Perhaps, 

the above property is important to the natural valve design. 

For example, valve opening and closing delays are minimal if 

the coaptation edge exhibits early (ie., smaller) transition 

strains; and the support of the whole valve structure is 

best accomplished with sinus region tissue possessing late 

(i e ., larger) transition strains. Delayed transition implies 

increased extensibility which helps to reduce radii of cur

vature and hence also systolic bending stresses. Furthermore, 

the high stiffness and small transition strains observed in 

the region adjacent to the Node of Aranti are possibly func

tional in providing firm mutual coaptation at the nodes, as 

well as in reducing the bending stresses in this highly

curvatured region of the leaflets. 

The early transition strains of coaptation edge tis

sue and the late transition strains of sinus edge tissue are 

also consistent with Greep's (1966 ) and Clark and Finke's 

(1974 ) histology of the human aortic valve leaflets . The 

latter noted that the number and diameter of the stiffer 

collagen fibres become more and larger toward the coaptation 

edge. The former observed that the more extensible elastin 

is concentrated at the leaflet's sinus edge and is minimal 
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at the coaptation edge where the collagen proportion is 

greater. Clark and Finke (1974) also reported a progressive 

decrease in the thickness of a stressed human aortic valve 

leaflet from the coaptation to the sinus edge. Thus, Lim and 

Boughner's (1975) statement that increasing cross-sectional 

area (hence, also increasing thickness) delays the transition 

strain and reduces the final post-transition elastic modulus 

is apparently consistent with our findings. 

Functional application might also explain the larger 

overall transition strains in the RC leaflet's middle strip 

(eg., RC EtR = 90%; LC EtR = 70%; NC EtR = 63%). A conjecture 

is that the myocardial support of the RC leaflet enables the 

leaflet tissue to delay its transition into the high stress 

region by absorbing the transferred diastolic load. However, 

a more plausible explanation is that the collagen content at 

the sinus edge is least in the RC leaflet. Collagen exhibits 

smaller transition strains than elastin. 

Circumferential Moduli and Strains 

Circumferentially, the NC leaflet shows fewer trends. 

One is the observation that the stiffest region of each cir

cumferential strip is the middle (figure 25), and another is 

that the left side of the leaflet adjacent to the LC leaflet 

reveals a consistently smaller transition strain (figure 22). 

The first observation reflects the concentration of the stiff 

circumferential collagen fibre bundles in the said region. 
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The latter might reflect the lack of myocardial support on 

the LC side of the NC leaflet; for example, support in this 

region consists mainly of tougher and stiffer cartilage-like 

annulus. 

The circumferential post-transition moduli determined 

for each total strip are relatively constant. However, the 

modulus for the strip adjacent to the free coaptation edge 

(Ee = J60 gm/mm2 ) is slightly greater than the sinus edge 

2counterpart (Ee= 310 gm/mm ). Missirlis' (1973) results for 

human aortic leaflets are similar. Affeld's (1973) data for 

bovine pulmonic valves also agree but are more dramatic 

(eg., coaptation Ee= 1030 gm/mm2 ; sinus Ee= 260 grn/mm2 ). 

Again, these results are consistent with Clark and Finke's 

(1974) histological findings on human aortic leaflets. 

Whereas the NC leaflet is stiffer in the radial 

direction than the other two leaflets, it is the least stiff 

in the circumferential direction (eg., NC EC= JOO gm/rnrn 2 ; 

2 2RC Ee= 450 gm/mm ; LC Ee= 400 gm/rnrn ). However, the impor

tance of the above to the functjonal operation of the valve 

leaflets is not exactly clear. 

Transition strains for the NC leaflet's circumferen

tial strips are also relatively constant; respectively for 

strips 1 to 4 as shown in figure 22, they are 34%, 37% , 32% 

and 29%. The mean is Etc= 33% (s.d. = 3%). The observation 

of increasing circumferential transition strains from the 

coaptation edge (ie., strip 4 ) to the sinus edge is again 
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consistent with Clark and Finke's (1974) histological obser

vations. Sectionally, the circumferential transition strains 

for the NC leaflet range from 22% to 47%. 

Apparently, there are less variations in transition 

strains and post-transition elastic moduli between leaflets 

as well as between different regions of the same leaflet in 

the circumferential direction than in the radial direction. 

Perhaps this is suggestive of a greater inhomogeneity factor 

in the radial orientation. 

A3. Anisotropy in Leaflet Material Properties 

The anisotropy, orthotropy being assumed, of the 

leaflets' mechanical characteristics is evident from figures 

24 to 26. All of the NC leaflet's radial strips and their 

individual sub-sections exhibit smaller post-transition 

moduli than their circumferential counterparts. The Ee/ER 

ratio ranges from 1.4 to 7.8 with a mean of 3.3 (s.d. = 1.9). 

The latter agrees very well with results for human aortic 

leaflets [Armeniades et al, 1973; Clark, 1973; Missirlis, 

1973]. And although the circumferential and radial post

transition moduli are derived from two different NC leaflets, 

the wide range in the modulus ratio does nevertheless illus

trate the inhomogeneity in the leaflet material properties. 

Transition strains in the radial direction are on the 

average greater . Based on the data obtained from the five 

radial strips and the four circumferential strips of the NC 
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leaflet, the mean radial and circumferential strains are: 

EtR = 58% (s.d. = 7%); Etc= 33% (s.d. = 3%). 

The basis of the mechanical orthotropy is a direct 

consequence of the directional differentiation between the 

collagen and elastin fibres of the leaflet tissue. Collagen 

fibres, which are characteristically stiffer and show early 

transition strains, are predominantly circumferential. In 

contrast, the elastin fibres, which are characteristically 

pre-transitionally extensible, are interwoven with the cir

cumferential collagen fibres either in parallel or obliquely. 

A4. Comparison with Other Microtensile Data 

Since porcine valves were used for our experiments, 

comparisons with data obtained from similar microtensile 

tests using human valves should be carefully undertaken. The 

porcine and human aortic valves are similar but there are 

6notable differences. These differences could reflect differ

ences obser.ved in other microtensile data. 

On the basis of the porcine valves tested, it appears 

that porcine leaflet tissue possesses less stiffness and a 

longer pre-transition stage than human leaflet tissue. This 

would suggest that porcine valve tissue in comparison to 

human valve tissue , has a larger elastin content and is dif

ferent in the collagen fibre cro ss-linking. Comparisons with 

The differences have been previously discussed; see p. 11. 6 
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Clark's (1973 ), Missirlis' (1973) and Wright and Ng 's (1974 ) 

microtensile data on human valve tissue are summarized in 

figure 27 and table 3. Since it has already been established 

that the stress-strain response is dependent on various 

experimental parameters (eg ., strain rate, sample size and 

tissue preparation)*, the comparisons should be interpreted 

considering also the differences of the methods employed. 

The larger transition strains for the porcine valve 

tissue as compared to the human tissue is an interesting 

result. Originally thought suspect since the strains of the 

two valve types were expected to be comparabl e , the stress-

strain data were rechecked by testing several other typical 

porcine valves which were prepared and stored similarly as 

for the experimental valves. A sampling of ten radial strips 

and ten circumferential strips gave the foll owing results: 

50% ::; EtR ::; 85% with a mean of EtR = 67% ( s . d. 10%) and 

18% ::; EtC ::; 45% with a mean of Etc 30% ( s. d. 10%). + 

The only information found in the available litera

ture reporting data on tensile studies on porcine aortic 

valve leaflets is given by Litwak et al (1972 ) and Robel 
;J; 

(1972 ). Comparative results are shown in table 3 . There is 

an agreement with Robel's value for Etc which he reported 

-·
~ see Effects of Experimental Parameters, p . 80 . 

+ Sampling of transition strains consisted of the following : 
radial: 50% , 57% , 60%, 65%, 65% , 67% , 70'fo , 71%, 80% , 85% . 
circum: 18%, 21%, 2J% , 26%, 26%, 27% , Jo% , 4J%, 45% , 45% . 

± 
see Addenum for additional comparative data , p . 144 . 



FIGURE 27. 100 

COMPARISON of STRESS-STRAIN CURVES 
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TABLE 3 . - COMPARISON OF MICROTENSILE STRESS-STRAIN DATA 

Strain ECIR -, ERAD EtR/ EtCECIR/ERAD EtR EtClRate 
(%/ min ) (-) (-)(gm/ mm 2) (%) 

Clark 8-13 598 ± 301 174 ± 70 3 .4 ± 3 .1 13 ± 6 24 ± 8 1. 9 ± 1. 5 

Mi ss irlis 

Yamada 

.-::: 
c1) 

E 
::J 

..i::: 

20-100 

-
723 ' 35 

14000 ± 1000 

232 ' 14 

810 ± 50 

3 .1 ' 0.3 

17 ± 3 

11 ± 2 

10 ± 1 

28 ± 2 

18 ± 1 

2. 5 ± o . 6 

1.8 ± 0. 3 

Wri ght and Ng 130-1 60 165 ± 15 - 13 ± 2 -
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Clark ' s (1973 ) data are r eproduce d from his table ; standard errors are based on N = 50 . 
Missirlis ' (1973 ) el astic moduli data are reproduced from his table; standard deviations 

are based on 20 radial samples and 28 circumferent ial samples . Trans ition strains are 
extrapo l ated from reported typical stres s - strain curves for human aortic l eaflets . 

Yamada ' s (1973 ) data are extrapolated from reported typical stress-strain curves f or 
human aortic leaflets ; results for post-transition elastic moduli seem large . 

Wri ght and Ng ' s (1974 ) data are extrapolated from a reported typical curve . There are no 
designation as to fibre ori entat ion s ince a pressure-volume technique was used . The 
latter tests t otal a ortic cusps non-destructively unlike the microtens ile method . 

Litwak et al ' s (1972 ) data is derived from a r eported typical stress-strain curve for a 
por cine aort ic leaflet . The transition region of the curve i s however not shown . 

Robel ' s (1972 ) data are extrapolated from a re ported typical stress-strain curve for a 
porcine aort i c leaflet. The experimental method used i s not described. 

Tan and Holt ' s (1976 ) data are extrapolat ed from 4 r adi al and 4 circumferential stress-
strain curves obtained f rom porcine aortic leaflets . ~ 

Chong ' s (1977 ) data are r esult s determined from our experiments on porcine aortic valve o 
leaflets . Elastic modulus data are based on ave raging 11 different circumferent ial ~ 
areas of a NC leaflet and 23 different radial areas of another NC leaflet. Trans i
ti on strain data are based on 5 circumferential and 4 radial stri ps from NC l eaflets . 



102 

as approximately 30% . However, he also reported unusually 

large uniaxial stresses (eg ., ~ 100 gm/mm2 at Ee= 25% as 

compared to < 1 gm/mm 2 at Ee= 25% from our results). The 

post-transition circumferential modulus as determined from 

Robel's (1 972 ) data is also large at 5000 gm/mm 2 • It is not 

exactly clear as to what experimental method was employed by 

Robel in recording tension and elongation. Data of Litwak et 

al (1972) on fresh porcine tissue do not differentiate the 

fibre orientation of the leaflet sample; and the transition 

region of his curves is not clearly delineated. However, the 

tissue is shown to withstand strains just above 100% with a 

final post-transition modulus of about 240 gm/mm 2 • 

A5. Implications of Results 

Employing one valve and one leaflet is suffic i ent to 

illustrate inhomogeneity and anisotropy since no variances 

due to different valves being used are introduced . However, 

a much wider sampling of valves is an absolute prerequisite 

for obtaining greater confidence in the absolute and relative 

magnitudes of e lastic moduli and trans ition strains. 

The inhomogeneous and anisotropic properties of the 

aortic leaflet tissue are undoubtedly important to the total 

valve functioning in-vivo. These properties, if shown to be 

consistent in more valves, must be considered when designing 

a trileaflet prosthesis - especi ally if the durability and 

efficiency of the natural valve is to be approached. 



103 

Modelling the mechanical characteristics of biologi

cal tissue with composite fibre biomaterials is certainly a 

realizable technology [Skeleton, 1974]. Clark et al (1974) 

has already reported a leaflet designed from a composite 

material that simulates the natural leaflet's non-linearity 

and anisotropy. It only remains for the inhomogeneity of the 

leaflet to be incorporated into the design. It is for the 

latter that data, such as those presented in this study, are 

considered necessary. 

The current xenografts which are experiencing encour

aging success are the stabilized glutaraldehyde-preserved 

porcine aortic valves [see Porcine Xenograft, p. 48]. As of 

yet, there has been no intensive work reported on the effect 

of glutaraldehyde on the stress-strain response of porcine 

aortic leaflet tissue or any other tissue. Strawich et al 

(1974 ) did however show that the glutaraldehyde treatment 

increases the tensile strength of fresh tissue by as much as 

2t times. Litwak et al (1972) reported similar results. In 

addition, he observed that the final post-transition elastic 

modulus is also increased. 

A speculation by this author is that glutaraldehyde 

besides stiffening the valve tissue also promotes earlier 

transition strains, especially in the circumferential direc

tion. This conjecture, which is based on the theory of 

glutaraldehyde acting as a cross-linking a gent for collagen 

[Cater, 1963; Carpentier et al , 1 969 ], would then s u ggest 
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that the glutaraldehyde-treated porcine valves are rendered 

to be more "human-like". The effect of glutaraldehyde on 

stress-strain certainly warrants further investigations . 

B. Whole Valve Experiments 

Bl. Comments on the Experimental Method 

The experimental method used to investigate the por

cine aortic valve leaflets' surface geometry is the culmina

tion of a year of experience with various other methods and 

refinements. Some of these methods are described in Appendix 

E. The resulting method is a refined technique that incorpo

rates features which are adapted from Karara's (1973 ,1975 ) 

and Missirlis ' [1973; Armeniades et al, 1973] experiments . 

Missirlis (1973 ) used a Polaro id camera coupled to a 

stereomicroscope to analyze the surface strains in a human 

aortic valve leaflet as defined by ink microdots which had 

been aspirated onto the leaflets. In essence, it was attempted 

to measure from photographs the changes in the straight-line 

distances between dots as the valve underwent pressure load

ing . The method has however several major limitations. One , 

the dots randomly aspirated onto the leaflets do not lend 

themselves to a systematic and flexible approach in analyzing 

the inhomo geneity a nd anisotropy in the leaflets. Two, the 

use of a Polaroid camera and stereomicroscope is suspect to 
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parallax errors. The latter become significant when the dots 

undergo changes in the object-to-lens distance.* Another 

limitation of Missirlis' (1 973 ) method is the neglect of the 

effects due to curvatures and changes in curvature of the 

leaflet surface. For example, in choosing the dots suitable 

for photographing, the camera was positioned and focused on 

points which lie most closely to the plane perpendicular to 

the lens axis. Because of strains and curvature changes due 

to increased pressure, it is very possible that the valve 

bulges causing the dots under consideration to leave the 

plane of focus. The plane containing the dots is shifted so 

that the camera's angle of view with respect to this plane 

becomes changed. Tests performed on this author's apparatus 

indicated that a difference of 15°+ in the angle of view for 

two points separated approximately by 2 mm . in the plane of 

focus, would result in discrepancies as high as 5% for length 

measurements. Furthermore, errors incurred by changes in 

magnification due to focus shifts are also possible . Strains 

which are calculated using the above method are therefore 

questionable. 

Karara ' s (1975 ) stereophotogrammetric method of de

termining the three-dimensional coordinates of dots applied 

T 
~ 

Parallax errors are discussed in Appendix B. 

+ A 1 5 ° shift in the angle of view is not unlikely. In fact, 
it is quite conservative when large pressure increments , 
such as 0 to 120 mm . Hg ., are used . 
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on silicone aortic molds eliminates the problems associated 

with randomized dots, curvature effects and parallax. How

ever, the use of silicone molds poses some potential adverse 

consequences. Although the same valve may be used to provide 

a series of molds which presumably are representative of the 

progressive changes in the diastolic valve configuration at 

different molding pressures, the molds cannot be produced in 

one continuous loading cycle. Thus, such inconsistent condi

tioning of the valve prior to each molding step may lead to 

inconsistent valve geometry. And since each mold is individ

ually loaded to its own loading pressure, Karara's (1975) 

method is unable to follow the displacement of a fixed point 

on the valve through a complete loading cycle. Furthermore, 

it is conceivable that the long curing process required for 

the silicone may alter the true surface geometry through 

tissue over-relaxation. 

Our experimental method was devised to incorporate 

the best aspects of Missirlis' (1973) and Karara's (1975) 

techniques. A porcine aortic valve was prepared with a sys

tematic circumferential-radial grid of India ink dots on each 

leaflet surface. Whereas Karara found a Rapido graph #OO pen 

(diameter = 0.1 mm.) to be satisfactory for the application 

of dots on t he silicone molds' surfaces, the particularly 

moist condi t ion of the valve lea flets prohibited the use of 

the pen f or our purposes. Inst ea d, an ordinary hair was found 

more sui tabl e, but only after considerable pains taking hours 
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of practice. Initially, air was used to pressurize the valve 

but problems stemming from vibrations caused by bubbling air 

leaks via the coronaries necessitated changes. Besides being 

responsible for immeasurable pressure fluctuations (±3-4 mm. 

Hg.), the vibrations also caused excessive movements of the 

valve which proved to be a nuisance for still photography. 

Hence, the final method employed a continuous flow of saline 

to pressurize the valve. The saline flow is more representa

tive of the in-vivo environment, but it also helps to dampen 

the pressure fluctuations and stabilize the valve vibrations. 

The flow was small (~30 ml/min at 120 mm. Hg.); therefore, 

pressure corrections due to dynamic heads are negligible. 

The stereophotogrammetric method used to record the leaflets' 

surface geometry is described in Appendix B. 

Recently, Thompson and Barratt-Boyes (1977) reported 

an attempt to measure strains in a glutaraldehyde-treated 

porcine aortic valve also by photographing dots applied on 

the valve leaflets. However, they abandoned the idea stating 

that the measurement errors, being in the same order as the 

strains, were too large. 

Raw Data Measurements 

Whereas Karara (1975 ) was able to use specialized 

stereophotogrammetric equipment to make the two-dimensional 

measurements from the negatives, we lacked such equipment 

and therefore decided to convert the ne gat ives into slides. 
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The sl i des were then projected on a wall at - 40x magnifica

tion. Measur ements made in this manner wer e found to be 

extremely sens i t ive to slight movements of the projector and 

to the pos i t ion of the sl i de in the projector . Difficulties 

were also encountered in positioning the projector so that 

all points on the slide are magnified at the same scale on 

the wall (i e ., oblique projection problems). Maintaining 

scale constancy from sl ide to slide was another nuisance. 

The long painstaking hours spent measuring in the dark ( eg ., 

appr oximately 12,000 measur ements ), and the inability to 

permanently record pictures from wh ich measurements may be 

made and rechecked more conveniently, added to the list of 

disadvantages of using slides. 

The decision to develop prints from our negatives on 

11" x 14" paper proved to be a satisfactory alternative . The 

tendency for the single weight photographic paper to buckle 

and curl dur ing exposures was a source of concern. Fortunate

ly, the problem was minor; scale constancy as determined from 

the final prints is accurate to 0 .1 %. Of course, much of the 

aforement i oned difficult i es could have been eliminated by 

using a video-record system . 

The d i ameters of the dots on the prints are approxi 

mately 1 to 1 . 5 mm . Si nce the magnificat ion used is 8 . ?x , 

the hair i s ab l e to apply dots of di ame ters ~0 . 15 mm . The 

dots were then re-identified by finer dots with a Staedtler 

# OO pen . The raw data measurements are made using these 
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dots. The photograph measurement errors are in the order of 

±O.J mm.; this corresponds approximately to ±O.OJ mm . actual 

scale. Errors in the scale calibration and in estimating the 

dots' centres would probably compound the latter to ±0.04 mm. 

actual scale (see Appendix B). 

Data Reduction and Computer Programs 

Karara (1975) used a linear transformation matrix 

method to convert the stereo-measurements into the dots' 

three-dimensional coordinates. The method was assessed as 

being satisfactory. The standard deviations and medians of 

differences are respectively: x: 0.10 mm. and 0.08 mm.; 

y: 0.06 mm. and 0.02 mm.; z: 0.05 mm. and 0.02 mm. In com

parison, the technique used in our experiments is estimated 

to produce errors in x and z of the order of ±0.04 mm., and 

standard deviations and standard errors for y of the order 

of ±0.15 mm. and ±0.09 mm. respectively (se e Appendix B). 

The stereophotogrammetric theory described in the 

Appendix B is translated into a Fortran computer program 

named VALVE. The program calculates the (x,y,z) coordinates 

and employs them to further calculate the local strains and 

radii of curvature at each coordinate position. The program 

listing, its description, the means of processing and pre

paring the raw data for input, and a sample output is given 

in Appendix C. Appendix D outlines the theory from which the 

subprogram RAD was written to calculate radii of curvature. 
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Effects of Experimental Parameters 

In regards to the relationship between the in-vitro 

observations and the in-vivo function of the valve, much of 

what was said for the microtensile experiments is also appli

cable to the whole valve experiments . However, the process 

of drying-dotting-rehydrating was perhaps more detrimental 

in the latter since the procedure lasted much longer. The 

valve often spent several hours out of cold storage. 

Any distortion to the in-vivo state of the valve 

caused by trimming the myocardial support around the valve 

annulus is left much to conjecture. During diastole, the 

ventricular myocardium is relaxed, and therefore offers only 

passive support to the loaded valve . One might then reason 

that the amount of muscular support does not affect the 

valve ' s diastolic configuration but would be determinant to 

the systolic configuration. Unfortunately , no experiments 

were conducted to investigate the changes in strains in the 

leaflets as a result of excision of myocardial support. 

During the experiment, central leakage through the 

valve was observed at about 80 mm . Hg. (see figure BS in 

Appendix B). The insufficiency was also observed in several 

other fresh porcine valves tested as checks. It is suspected 

that the source of the insufficiency is due to the long load

ing period required for photographing (~ 10 minutes ). Such an 

extended period may adversely affect the mechanism of coapt

ation of the leaflets. Indeed, when the same porcine valves 
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were subjected to rapid pulsatile loads, valve leakages were 

eliminated. The explanation lies in the observation that the 

extensibility of biological tissue varies inversely as the 

strain rate [Rigby et al, 1959; Abrahams, 1967; Lim and 

Boughner, 1975]. At large in-vivo strain rates, the leaflets 

are rendered more inextensible and thus are able to sustain 

the sudden diastolic load without ~xperiencing large strains. 

Comparatively, the experimental in-vitro strain rate was 

essentially nil (~10%/min). The leaflet tissue becomes more 

extensible resulting in larger strains. The latter at the 

leaflets' coaptation surfaces causes a "peel back" effect 

that leads to leakage through the valve. 

Employing a video-record system would obviously aid 

in improving the credibility of extrapolating near-static 

in-vi tro results to the dynamic in-vivo situation. Neverthe

less, results obtained from quasi-static experiments such as 

the whole valve experiments are valuable in helping to under

stand other aspects of the mechanics of valve leaflets; eg., 

leaflet fatigue and valve transition. 

B2. Radii of Curvature 

The local P - R (ie., pressure - radii of curvature) 

curves over the three leaflets of the valve are shown in 

figures 28 to JO. The curves show no discernible conclusion, 

and the rather rapid fluctuations in curvature from pressure 

to pressure are unlikely. Errors. iri the method of calculating 
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the radii are estimated to be 5afo or more (see Appendix D). 

The errors and the insufficient mesh size of the grid of dots 

on the leaflets are the major reasons for the fluctuations 

in radii. Insufficient mesh size is explained in Appendix D. 

The local radial and circumferential radii of curva

ture vary from 1 mm. to 4 cm. with the majority within the 

5 to 10 mm. range. Cross-sectional profiles of human aortic 

valve molds illustrated in Karara 's (1975 ) research suggest 

that the wide variation in radii may not be too unrealistic. 

Since the radii are determined from a curve connecting three 

consecutive dots which are spaced approximately at 1 mm., 

the 1 mm. radii are therefore theoretically impossible. 

Originally, the radii calculations were required as 

inputs for a stress analysis that is based on a thin shell 

membrane surface of revolution [Timoshenko, 1959]. The radii 

are also useful in checking the validity of the thin membrane 

assumption (ie., thickness/radius ratio, t/R ~ 0.1), and the 

validity of interpreting the straight-line distance changes 

between dots as being representative of the curved surface 

strains (see Appendix B). However, the weak precision of the 

method prohibits these checks. But it is estimated that the 

straight-line approximation is valid to 1% for R > 2 mm ., a 

criterion that is satisfied by a high majority of the valve 

leaflets. 

The method as described in Appendix D does have one 

limitation; that i s, i t fails to consider the sense of the 
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curvatures (ie., negative or positive). However, it may be 

assumed by simple observation of the diastolic valve that 

the curvatures are all convex outward (ie., positive R). 

Previous analyses have assumed approximate homogene

ous and/or orthotropic radii of curvature for estimating the 

leaflet stresses. Assuming a cylindrical geometry Laplace 

law relationship (ie., G = PR/t), Swanson and Clark (1973) 

estimated the maximum membrane stresses at G = 27 gm/mm2 
max 

for a human aortic valve at pressure P = 100 mm. Hg., thick

ness t = 0.5 mm., and radius R = 10 mm. Gould et al (1973) 

employed R = 11.3 mm. to estimate G 21 gm/mm2 for a max 

human valve with P = 115 mm. Hg. and t 0.4 mm. Chong et al 

(1973) differentiated between the radial and circumferential 

radii. Using a range of 7. 5 mm .~ RR,RC ~ 12.5 mm ., he found 

that the maximum radial and circumferential stresses are 

respectively 18 gm/mm2 and 5 gm/mm2 for a human valve at 

P = 80 mm. Hg. and t = 0.5 mm. And Missirlis (1973 ,1976) 

used R 10 mm. to estimate G 16 gm/mm2 for a human max 

valve at P = 120 mm. Hg. and t = 0.5 mm. The consensus seems 

to be that the aortic valve leaflets' geometry cannot be 

truly described by a single homogeneous radius of curvature. 

Robel (1972 ) is the only researcher to have reported 

radii data for porcine valves. He assumed a cylindrical geo 

metry Laplace relationship and calculated G 100 gm/mm
2 

max 

for a porcine aortic valve at P = 140 mm . Hg ., t = 0.3 mm . 

and R = 16 mm . 
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B3. Pressure-Strain 

Circumferential Strains 

The local P - E (ie., pressure - strain) curves over 

the three leaflets are shown in figures 31 to 33. 

The circumferential strains in all three leaflets are 

small, even at the higher pressures corresponding to maximum 

diastole. On the average, the strains lie between 5% and 10%. 

Since the dots' three-dimensional coordinates are accurate 

to ±0.05 mm. implying that straight-line dot-to-dot lengths 

can at best be accurate to ±0.1 mm. (see Appendix B), the 

calculated circumferential strains, being determined over a 

2 mm. to 2.5 mm. span of three consecutive dots; are in the 

same order as the errors. Therefore, the strains should be 

interpreted with caution. Thompson and Barratt-Boyes (1977) 

made this same conclusion from their studies of the leaflet 

strains in glutaraldehyde-treated porcine aortic valves. 

Comparable circumferential strain data have been re

ported by Brewer et al (1976 ) and Missirlis [1973; Armeniades 

et al, 1973 ]. Brewer observed canine aortic valves' maximum 

circumferential strains corresponding to a full cardiac cycle 

to be about 16%. Under in-vivo conditions (ie., much higher 

strain rates), the strains are reduced to approximately 2% 

[Brewer et al, 1977]. Missirlis' P - Ee data on human valves 

reported both positive and negative strains which are no 

larger than ±2% even at 160 mm. Hg. However, s ince Missirlis 
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based the strains on a reference pressure of 38 mm . Hg. 

instead of the standard 0 mm. Hg., the true strains are 

indeterminate. And since it has already been established 

that the largest strain uptake (-10%) occurs during the 

first 15 mm. Hg. of transvalvular pressure [Mundth et al, 

1971; Wright and Ng, 1974], it is likely that Missirlis' 

(1973) reported strains are underestimated. 

The shapes of the P - EC curves show no distinct 

monotonic trends. In particular, the non-linear two-phase 

loading-deformation response of biological tissue is absent. 

Although erratic, the shapes of the curves do resemble those 

of Missirlis' [1973; Armeniades et al, 1973] curves. 

For some points on the leaflets, negative circumfer

ential strains (ie., compression) are observed. They occur 

randomly at different positions and at different pressures . 

Missirlis observed similar distension-compression behaviour 

for a RC leaflet [Armeniades et al, 1973; Missirlis, 1973]. 

Negative strains imply compressive stresses. Clark 

et al (1975 ) and Cataloglu et al (1976 ,1977) reported ran

domized areas of compressive stresses for the human aortic 

valve NC leaflet. The stresses were generally smaller than 

the tensile stresses and were observed for both the radial 

and circumferential directions. Our results show only nega

tive circumferential strains. Cataloglu et al (1976 ,1977 ) 

reasoned that some compressive stresses near the coaptation 

region are plausible because of coaptation forces . However , 
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isolated compressive states in the middle of the leaflets 

are unlikely. Anomalies introduced by the silicone molding 

process and unsmoothed geometrical data were identified as 

possible explanations for the isolated compressive states . 

This is to be expected since the silicone molds are repre

sentative of the bumpy and undulating aortic surface of the 

leaflets. In comparison, our strains are calculated using 

geometrical data obtained from the smooth ventricular sur

face of the porcine valve leaflets. Similar circumferential 

compressive states are however still observed near the 

coaptation edge and at various isolated positions . Negative 

strains are also present in the LC leaflet's sinus -annulus 

region . With the exception of three points on the LC leaflet, 

all of the negative strains are circumferential. 

Using three different hypothetical geometries for 

the aortic leaflet, Gould et al (1973) repor ted circumferen

tial compression at the coaptation edge . Radial compression 

was observed in only one of the geometries (paraboloid of 

revolution). For the elliptical paraboloid geometry, Gould 

reported circumferential compression at the center of the 

leaflet nearer the coaptation edge. Our results for the NC 

and RC leaflets produced the same observation. 

Radial Stra ins 

In contrast to the circumferential strains, the 

radial strains are considerably much l arger. If the valve 
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leaflet material properties were homogeneous, isotropic and 

linear according to Hooke's law (i e ., G= EE), then the 

observed strains would be sufficient to conclude that the 

radial stresses are larger than the circumferential stresses . 

However, since the microtensile experiments proved otherwise, 

the determination of the stress distribution in the leaflets 

requires a closer analysis.7 

Furthermo r e, the shapes of the P - ER curves are more 

definitive than the P - EC curves. For much of each l eaflet 

·and noticeably in the middle , the P - ER curves are charac

teristically non-linear and two - phased , wi th trans i tion into 

the stiff post-trans ition phase having occurred or beg inning 

to do so by 20 mm . Hg . By 60 mm . Hg ., these reg ions are into 

the post- transition phase for the radial direction . There 

exists a wide variation in the transition and post- transition 

strains from leaflet to leaflet as well as from region to 

region on the same leaflet . The nature of the transitions 

vary from being sharp (eg ., nearer the sinus- annulus edg es ) 

to being gradual ( eg ., nearer the coaptation edg es ). These 

variations are probably due partly to the inhomogeneity of 

the leaflet material properti e s, and partly als o to the dis

similar and asymmetrical support structures of the leaflets . 

In contrast, Wri ght and Ng (1974 ) and Ng and Wri ght (1 975 ), 

7 	 The analysis of the leaflet stresses i s covered in Pa rt II 
of t his study [Chong , 1 977] . The analysis incorporates data 
obtaine d from the microtens ile and whole val ve experiments . 
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using the pressure-volume technique, observed less variation 

in the transitions for human aortic leaflets. Transitions 

were found to occur at 25 to 30 mm. Hg., and 25% strain. 

Inhomogeneity and anisotropy were however not considered. 

Also, their results are inde pendent of myocardial support 

effects. 

The post-transition phase of the P - ER curves, being 

non-monotonic, do not resemble the linear post-transition 

phase of the stress-strain curves observed in the micro

tensile experiments. Many of the curves exhibit strains 

which first increase, then decrease and increase again with 

increasing pressure. Missirlis observed this same behaviour 

for the radial strains in the LC leaflet [Armeniades et al, 

1973; Missirl i s , 1973]. The non-monotonic behaviour is spec

8ulated to be either a result of a tissue relaxation proce ss 

caused by the irregular and prolonged period of loading used 

in the experiment, or an effect of the leaflet support struc

ture being non-rigid and viscoelastic. 

Deviations from the non-linear two-phase response do 

exist in certain re gions of the leaflets. At the coaptation 

edges , particularly toward the Node of Aranti , the P - ER 

curves exhibit more gradual transitions with a tendency to 

8 	In the relaxation process, a sample of tissue, that is 
simply supported by non-rigid supports and ma intained 
at a constant load, will attempt to recover some of i t s 
deformation . This is a corollary of the stress- relaxation 
phenomena described by Abrahams (1967). 
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become linear and elastic. Near the sinus-annulus regions, 

the curves tend to show smaller strains without the appear

ance of any transitions , similar to Miss irli s ' (1973) curves 

for radial strains in a NC leaflet [Armeniades et al , 1973]. 

The behaviour may be interpreted as a reflection of the role 

of the annulus in offering support and in reducing stresses 

at the leaflet base attachment region. The annulus maintains 

the leaflet tissue in this region in its pre- transition low

strain and low- stress condition. The surrounding myocardium 

might also offer a similar effect ; however, just how much of 

an effect would be d ifficult to assess . 

At all pressures, the radial strains are smallest 

in the sinus - annulus reg ions. The strains also show a trend 

to increase toward the coaptation edges . Near the coaptation 

edges and especially in the area of the Nodes of Aranti, the 

radial strains are unexpectedly large some are in excess 

of 100%. These large strains were not observed in the micro

tensile experiments. Strains greate r than 100% would have 

ruptured the radial tissue strips. This discrepancy is either 

due to the natural variance in mechanical properties between 

valves or more log ically, due to the following explanation. 

There is a possibility that at zero transvalvular pressure , 

the valve leafl ets at the coaptation edges were sl i ghtly 

compressed, folded or buckled. If so, then these regions were 

not in a true " zero stress - zero strain" state, but instead 

a "z ero stress - slacked" state . Consequently, initial length 
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measurements corresponding to zero transvalvular pressure 

are underestimated. Hence, with increasing pressure, these 

regions begin to unfold prior to distending and straining 

in the radial direction. Calculated strains as a result are 

larger than the actual strains. Photographs of the valve at 

zero transvalvular pressure (fi gures B4 and B5 in Appendix B) 

seem to confirm the above conjecture. The highly elastic

shaped P - ER curves in the regions of the Nodes of Aranti 

would also comply with the reasoning. 

Another interest ing observation concerning the radial 

strains is the following: whereas the microtensile experi

ments revealed increasing leaflet stiffness and decreasing 

transition strains from the sinus-annulus edge to the coapt

ation edge , the whole valve experiments revealed the reverse. 

This contrasting behaviour of the leaflet tissue is possibly 

the result of the differing tissue support used in the two 

types of experiments . In the microtens ile experiments, the 

radial tissue stri ps are supported by the ri gid Tensilon 

jaws ; hence, data so obtained reflect the leaflet tissue's 

intrins ic mechanical properties. In the whole valve experi

ments, the leaflet tissue in the radial direction is support

ed by the coaptation surfaces and the aortic ring. Apparently, 

these valvular structures can be influential in determin ing 

the operational mechanical properties of the leaflet tissue. 

For example , the stiff aortic ring maintains a pre- transition 

low- strain and low-stress diastolic state in the adjacent 
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leaflet tissue that is intrinsically capable of larger 

diastolic strains. 

B~. Iso-Strain Contour Maps 

Another means of presenting pressure-strain data is 

the·iso-strain contour map. Figures 34 to 39 show iso-strain 

maps illustrating the changes in the distribution of radial 

strains in the three leaflets as the valve is progressively 

loaded from 20 to 120 mm. Hg. The maps suggest two general 

observations: 1) the NC leaflet exhibits the least overall 

strains at all pressures, and 2) there is a graded increase 

in the strains from the sinus-annulus ring to the coaptation 

edges. The latter explains in part why the valve leaflets do 

not bulge but instead, fold inward toward the center. This 

aids in maintaining a competent coaptation and facilitates 

sinus flushing during late diastole. By preventing bulging, 

bending stresses and cusp prolapse are also minimized. 

The iso-strain contours are not to be extrapolated 

as being representative of the iso-stress contours without 

considering the inhomo geneity of the leaflet material prop

erties. 9 For a linear homogeneous material, areas of largest 

strains correspond directly to areas of largest stresses 

(ie., u =EE). A non-linear inhomogeneous material, such as 

9 	The calculation of stresses from strains incorporated with 
leaflet material inhomo geneit ies is described in Part II 
o f this study [Chong, 1977]. 
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FIGURE 37. 


IS 0 - ST RA I N. MAP of PORCINE .I AO.RT IC VALVE at 80 mm. Hg. 
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FI GURE '39 . 
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an aortic valve leaflet, does not however imply this one-to

one correspondence. For example, the smaller radial strains 

in the NC leaflet do not infer absolutely that the NC leaflet 

has the smal lest radial stresses; interestingly, Clark et al 

(1975 ) reported that the maximum membrane stresses are the 

largest in the NC leaflet. 

Corresponding contour maps for the circumferential 

strains are not presented since the results were thought to 

be inconclusive. 

Again, it is reiterated that because of the almost 

static method of testing, the observed experimental strains 

are probably larger than the actual strains in-vivo. 

B5. Determination of Pre- or Post-Transition Status 

Our data lead us to believe that the diastolic valve 

exhibits differentiated mechanical behaviour for its leaflets' 

circumferential and radial directions. Circumferent ially, the 

leaflet tissue seems to be in the low-stress pre-transition 

state. Radially, the leaflet tissue, with the possible excep

tion of the sinus-annulus regions, seems to be in the high

stress post-transition state. 

Status of Circumferential Strains - Effect of Aortic Ring 

The maximum circumferential strain at diasto lic 

pressures (~ 80 mm . Hg.) that was observed in the whole valve 

experiments is 10%. None of the circumferential microtensile 
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strips or sections thereof showed any post-transition behav


iour at this strain. Missirlis' (1973) pressure-strain data 


reported diastolic circumferential strains to be about 1%. 


However, since the strain calculations were referenced to 


JS mm. Hg., pre- or post-transition status is indeterminant. 


Using silicone molds of human aortic roots formed at 

various physiological pressures, Swanson and Clark (1974 ) 

showed that the inlet flow diameter of the valve varies very 

little with pressure. The increase in diameter at 120 mm. Hg. 

referenced to the 0 mm. Hg. diameter is approximately lo% 

(figure 40). The inlet diameter varies directly as the aortic 

ring circumference. The latter is concentric with the leaf

lets' circumferential fibres whose ends are anchored in the 

ring. Hence , Swanson and Clark's (1974 ) results lend support 

to the contention that the diastolic leaflets are in pre

transi tion in the circumferential direction. 

Missirlis (1973 ) showed that the photographed peri

meter of the human aortic ring remains essentially constant 

with pressure up to 120 mm. Hg . He reported less than 0.5% 

aortic ring strain; again, the reported low strain is the 

result of u s ing JS mm . Hg . as the 11 z ero-load 11 pressure . In 

our work with the porcine aortic valves, the aortic ring 

diameter at various pressures was measured from photographs. 

The results as shown in figure 40 imply that the circumfer

ential strains are no larger than 10% (ie., pre- transition ). 

Thus , if the contention concerning circumferential 
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pre- transition strains is true, then the aortic ring may be 

attributed to as being responsible for maintaining the valve 

leaflets in a circumferentially low-strain state . This would 

be part icularly i mportant in minimizing the leaflet stresses 

during diastole . Redu ction of strains in-vivo a l so i mplies a 

r eduction of the s train rate in-vivo. Both of the above are 

i mportant factors in determining the fati gue rate and hence 

also, the durability of the valve . 

The decrease in aortic ring size after 40 mm . Hg . is 

puzzl ing . Missirli s (1973 ) observed the same behaviour for 

human aortic valves, but only after 90 mm. Hg. (figure 40). 

The source of the associated compressive forc es remains t o be 

identi fied. However , we can speculate that the same causes, 

which were descr i bed as being responsible for the P - ER 

curves' non- monotonic shape , are somehow related . 

Status of Radial Stra ins 

The status of the porcine valve's radial strai ns at 

diastolic pressures is more complicated than the case for the 

circumferential strains . Interpolating from the shapes of the 

P - ER curves , the leaflets at diastolic pressures , with the 

possible exception of the sinus - annulus r egions , seem to be 

in the stiff post-transition phase . However , with reference 

to the NC leaflet at 80 mm . Hg . ( see figure 37 ), it appears 

that the majority of the leaflet exhibits strains which cor

respond to microtens ile pre- transition or transition strai ns 
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( see figure 20 ). For example , the green , yellow , orange and 

r ed regions of the 80 mm. Hg . i so- strain contour map comprise 

a large majori ty of the leaflets and correspond to the areas 

with ER ~ 40% . Microtensile radial transition strains for the 

NC leaflet lie in the range of 30% < EtR < 70% with a mean of 

EtR = 58% ( s .d. = 7%). The same discrepancy is observed for 

the other two leaflets' middle stri p region for which mic ro

tensile data were available . Missirlis ' (1973 ) microtens ile 

and whole valve experiments on human aortic valves also gav e 

similar results [Armeniades et al , 1973; Missirlis , 1 973 ]. 

The above contradiction is most bothersome and awai ts 

to be resolved. It i s unlikely that the whole valve i s in its 

pre- transition state at 80 mm . Hg . Whereas it may be possible 

to support the contention of pre- transition status for the 

circumferential strains at diastole ( ie ., the effect of the 

aortic ring ), the same cannot be sai d for the radial strains . 

A feasible explanation is to attribute the discrepancy to 

possible variances in the mechanical properties between the 

valves used for the experiments. It is conceivable that the 

valves used for the microtensile experiments had character

is tically above- average strains and that the valve used for 

the whole valve experiment had below- average strains . Further 

explanations may be rooted in the differing experimental 

methods . 

As a means of checking , several other typical porcine 

valves stored similarly to the experimental valves were tested 
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for microtensile transition strains. Ten random radial and 

ten circumferential strips produced the following results: 

50% ~ 85% with a mean 67% (s.d. 10%) and~ EtR of EtR 

18% ~ 45% with a mean 30% (s.d. 10%) • Three~ Etc of Etc 

other valves subjected to the whole valve experiment, but 

10using a less accurate technique similar to that used by 

Missirlis (1973), produced results similar to the experi

mental valve's results. Local circumferential strains were 

consistently less than 10%, thus reconfirming the contention 

of pre-transition circumferential strains at diastole. Local 

radial strains at diastolic pressures ranged from 20% to 30%. 

And although the shapes of the P - ER curves again suggested 

post-transition, the question as to whether the diastolic 

radial · strains are in pre-transition, transition or post-

transition is still very much left open to speculation. 

In summary , we believe that the valve leaflets are 

circumferentially in the low-stress pre-transition state at 

diastole. Radially, the majority of the leaflets seem to be 

in the high-stress post-transi tion state, but regions of 

pre-transition and transition are possible. These final 

observations are fundamental to the stress calculations 

which follow in Part II of this study [Chong, 1977]. 

10 	The less accurate technique involved using single Polaroid 
photo graphs to measure the changes in distance between the 
dots applied onto the valve leaflets. The mesh size of the 
dots ( 3 to 4 mm .) was however larger than that used in the 
main whole valve experiment . 
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B6. Implications of Results 

As noted earlier, stress analyses of the diastolic 

aortic valve leaflets have been limited by the use of one or 

more of the following assumptions: 

1) hypothetical symmetrical geometry for the leaflets; 

2) homogeneity in the leaflet material properties; 

J) isotropy in the leaflet material properties; and 

4) post-transition status for the leaflets in diastole. 

This study so far has shown that the first three 

assumptions are clearly invalid and unacceptable. Assumption 

four is certainly open to question. Its resolution warrants 

further investigations . 

And although the conducted whole valve experiment may 

not have been very representative of the in-vivo conditions 

and of the human aortic valve, the results nevertheless do 

illustrate a means of modelling the leaflets' operational 

mechanical properties. Whereas the microtensile experiments 

serve to explain the leaflets' intrinsic mechanical proper

ties, the whole valve experiment elucidates as to how these 

properties are utilized under the influence of the other 

valvular structures. An excellent example is the effect of 

the aortic ring on the diastolic circumferential strains. 



IV. SUMMARY OF CONCLUSIONS AND SUGGESTIONS 

1. 	A new photographic technique has been used to obtain the 

inhomogeneous and anisotropic microtensile stress-strain 

data for aortic valve leaflets by observing the sectional 

strains between dots applied onto the circumferential and 

radial strips. 

2. 	The porcine aortic valve leaflets exhibit marked inhomo

geneity and anisotropy in the post-transition elastic 

moduli and transition strains. Microtensile measurements 

revealed a distinct variation in the two parameters from 

position to position on the same leaflet, from leaflet to 

leaflet of the same valve, and from valve to valve. 

3. 	The porcine valve leaflets are noticeably less stiff than 

the human valve leaflets. This is observed for both of the 

circumferential and radial directions. It is speculated 

that the g lutaraldehyde used to preserve and stabilize the 

porcine aortic xenografts has the effect of "humanizing" 

the bioprostheses for adaptation to human physiological 

flow and stress conditions . It would be most informative 

and advantageous to prosthetic trileaflet valve de s i gn to 

investigate and understand this effect. 

141 
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4. 	A new stereophotogrammetric method has been devised to 

obtain three-dimensional Cartesian coordinate data for 

points on an irregular surfa ce. The method has been used 

to determine the local strains and radii of curvature on 

the leaflets of a pressurized porcine aortic valve in

vi tro. Improved accuracy in the method requires further 

refinements to the stereophotogrammetric apparatus. 

5. 	 In the whole valve experiment, the stiff aortic ring and 

the magnitude of the observed circumferential strains at 

diastolic pressures ($10%) suggest that the valve leaflets 

during diastole are in the low-stress pre-transition state 

in the circumferential direction. The shapes of the local 

pressure-strain curves suggest that for the majority of 

the valve leaflets during diastole, the tissue is in the 

high-stress post-transition state in the radial direction. 

However, the magnitudes of the whole valve radial strains, 

when spatially matched to the microtensile strains, infer 

pre-transition. The discrepancy awaits to be resolved. It 

certainly warrants further investigation since its under

standing is important to the determination of more real

istic input parameters for stress analyses. 

6. 	 Both of the microtensile and the whole valve experiments 

should be conducted on the same valve in order to improve 

the procedure for determining pre- or post-transition 
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status by comparing spatially-matched strains from the two 

experiments. Specifically, a more precise and systematic 

approach to spatially match the strains f rom the experi

ments is required. Furthermore, since it is not possible 

with the present method to test for both circumferential 

and radial behaviour on the same leaflet, a better tech

nique to obtain inhomo geneous and anisotropic stress

strain data without altering the leaflet ultrastructure 

by 	cutting is also required. 

7. 	 In order to arrive at typical or average leaflet material 

properties which then can be used for trileaflet valve 

desi gns , inhomogeneous and anisotropic data should be 

accumulated from a much wider spectrum of leaflet samples. 



ADDENDUM 

A paper by Tan and Ho lt {1976 ) recently reported 

microtensile stress-strain data for porcine aortic leaflet 

tissue. It was observed that the stress-strain curves vary 

from leaflet to l eaflet in a single valve as well as from 

valve to valve - an observation of inhomogeneity which is 

also present in our experiments. Post-trans ition elastic 

moduli and transition strains extrapolated from Tan and 

Holt's stress-strain curves are summarized and compared to 

our results below in table 4 . 

TABLE 4 . COMPARISON OF MICROTENSILE STRESS-STRAIN DATA 

Tan & Holt Chong 

ECIR 
gm/ mm 2 

ERAD 

Ee/ER -

944 ' 147(4) 

233 ' 110 (4 ) 

4.0 ' 1. 5 

342 ' 113 {11) ':< 

111 ' 42 { 21) ':< 

J . J ' 0.4 

specimen 

standard 
deviationl 

numbec °l 
Etc 

% 
EtR 

EtR/E tC -

39 5 { 4 ) ' 
51 ' 14 (4 ) 

1. 3 ' 0 . 3 

33 3 (4)':< ' 
58 ' 7(5)':< 

1.8 ' 0.4 

JO ' I, f 

' 10(10)+ 

67 ' 10(10 )+ 

2 . 2 ' 1.1 

,,, results averaged for different sections of a NC l eaflet,,, 

+ results averaged for randomly chosen leaflets and valves 

Sample strip size ( 6 mm . x 19 mm .) used by Tan and 

Holt is larger than ours (...... 2 mm . x 10 mm . ) • The strain rates 

("' 13%/min ) are in the same order as ours (1 5%/ min - 45%/ min). 
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These variances along with possible differences in tissue 

storage and preparation might account for any discrepancies 

in the two sets of results. 

Transition strain data are comparable; however, Lim 

and Boughner's (19 7 5 ) observation of increased transition 

strains and extensibility with sample cross-sectional area 

does not seem to apply to the results. 

Tan and Holt's post-transition elastic modulus data 

are much larger than ours. A possible explanation is that 

Tan and Holt stretched their samples further into the post

transition region; that is, the modulus increases with 

increasing stress. 
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APPENDIX A 


Microtensile Stress-Strain Theory and Terminology 

1. Stress-Strain Relationships 

A tissue strip in its relaxed state and in its loaded 

state is shown in fi gure Al. However, the illustration of the 

"necking" shown as a variable area along the strip length is 

exaggerated. Inhomogeneity is investigated by dividing the 

total strip length into individual sect~ons as defined by the 

dots. The instantaneous tension force (F), cross-sectional 

area (A) and length (1) are the primary variables. Subscript 

'o' denotes the initial unloaded state. Subscript 'T' denotes 

total strip whereas subscript 'i' denotes the ith section. 

The instantaneous strains (E) are defined by: 

lT - 1oT lT - 1 ( 1) 
1oT 1oT 

E. 
l 

1. - 1 . 
l Ol 

1 .
Ol 

1. 
...1-... 
1 .

Ol 

- l ( 2) 

and the instantaneous stresses (CT) are defined by: 

FT 
(3) 

AT 

u. 
l 

F. 
_1. 

A. 
l 

FT 

A. 
l 

since Fi = Fj = Fk 

because of tension 

= ••• =FT 

continuity 
( 4 ) 

Al 



F 
I 

FIGURE Al.
MICROTENSILE STRIP and NECKING 

UNSTRESSED F:O F STRESSED 
STATE ,_,,,,,-- Aro STATE• .,. 	 t 

F 

.. \,, -----r1 	
A, 

I I .-----·---	 A 
l.. . . .. 

l, 

11 
I lio I I I l:~-.-_)1 	 I,--l'° 

F 

lT -li -	 I t&
F 
1 rA3L__-,~--

-	

I 

I 
/ 


/ 


+: :-11 	 I II FF:O 	 I 
3 

FF=F1=F1=F, 

l-r = l1 + l2 + L 

A, and Ai. are length-averaged 

F 

. = [ i - [ io , j :. 1 2 3E 
I l · 	 ' ' 

•0 

Er= lr 	- lTo = ~ b. E· 

l TO i l TO I 


31 l· 16; = £ , i : 1,2,3 	 -= ~_.l.,,_
A. o, " lr d; 	 ::r=

1\) 



AJ 


Because of necking, A. and A~ are determined by averaging
l _J_ 

over their respective lengths. If necking i s severe , then 

(5 ) 


A constant volume (V) tissue strip is assumed ; hence 

v A·l = A •l = constant ( 6 ) 
0 0 

and 

A 
0A A ( 7)

0 1 1 + E 

Different iat ing equation (6 ) gives 

dV = dA•l + A·dl = 0 ( 8 ) 

where dA i s a decrease in the cross-sectional area and 

dl is an increase in the length due to straining . 

From equation (8 ), t he followin g relationships are derived 

dA dl 
-E ( 9 ) 

A 1 
0 


dl dA 

(10 ) 

1 A 
0 

Herein , the s ubscri pts ' T ' and 'i' are omitted for clarity. 

The instantaneous stresses may be rearranged as 

F F 
u= • (1 + E) (11)

A A 
0 

If the instantaneous area (A) i s not used for the F-1 to cJ-E 

conversions ( eg ., as in the case where there are difficulties 

in monitoring a continuously changing A), then the usual pro

cedure is to use a single A for the calculations . One method 

has been to use A which is the average cross-sectional area 
0 
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at zero load [Clark, 1973 ; Missirl i s , t973J. The stress so 

calculated underestimates the true stress. It is referred to 

as the nominal stress, 

F 
(12) 

A 
0 

Thus, the tru e stress using equations (11) and (12 ) becomes 

(13) 

Stress calculations are therefore dependent on the 

strain level and on the amount of n ecking . For small strains 

and mini mal necking, the error between the true stress a nd 

the nomi nal stress i s negligible . But for large strains for 

which there is considerable assoc i ated necking, the error 

can be large being in the same order as the strain ; that i s , 

E 
(14 ) 

1 + E 

2 . Stress- Strain Curve Terminology 

A typical non-linear two - phase stress-strain curve 

for a biological tissue is illustrated in figure A2 . The key 

parameters consist of the low pre-trans ition elast ic modulus 

(E ), the high post- transition elastic modulus (E t )' the pre pos 

transition stress (crt ), the transition strain (E t ) and the 

zero - stress extrapolated strai n (E ). The particular shape of 
0 

th e u-E curve is biological in origin being based on the con

tent and structure of the collagen a n d elastin network . For 

example, a large content in elast in or a highly wavy collagen 
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structure increases Et' and a higher density of the collagen 

cross-linking increases Epost" A sharp "knee" at transition 

is indicative of a hi gh similarity in the cross-linkages. 

The corresponding force-length curve is also shown. 

For the ith section of a microtensile strip in a state that 

is described by (F., 1., A.), strains and stresses are given 
l l l 

by equations (2) and (4). 

3. Determination of Elastic Moduli 

In engineering , the elastic modulus is defined as the 

slope of a stress-strain curve (ie., E = du/dE). Since there 

are incurrent errors in the F-1 to CT-E conversions, errors 

in calculating the instantaneous E from the slope of the CT-E 

curve are compounded. The following is a derivation that can 

be used to determine the instantaneous E directly from the 

force-length curve: 

<JCT d(F/A) (dF•A - 2JA·F)/A2 

E (15)
cE ()( (1 - 10)/10) cl/lo 

oF ciA F·l0E - . -lo - - . (16)
A2dl A <n 

Using equation (9 ) from the constant volume assumption , 

cF A F•l 
__..QE - . 2:£ + - • (17)

a1 A 1 A2 
0 

.1 
E • [ ~.1 + F] (18 ) 

0A dl 

Thus , the calculation of the instantaneous elastic modulus 
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for the l 
.th section (E. ) in the state (F. ' 1. ) requires the

l l l 

slope (2lFT/2lli) and the instantaneous area A.• If the initial
l 

area A . is used, then the elastic modulus can be shoii'm. to be 
Ol 

a function of the strain (Ei), the tension force (Fi= FT) 

and the force-length slope (oFT/dli); that is, 

E 1 + E • [2lF • l + FJ (19)
0A ol . 

0 

Inhomogeneity is observed if E. ~ E. ~ E.+l (20)
l-1 l l 

Note that the elastic modulus determined from nominal 

stress calculations (E*) und e res t imates the actual elastic 

modulus as determined from using equation (19 ), 
_,_ 

au-· Ci(F/A ) oF 1E,,,-·- = 0 0 

cE <J( (1 - 10)/10) a1 A 
(21) 

0 

4 . Effect of Tissue Curvature on Errors 

Tissues with curved arcing fibres do not lend them

selves to be cut as microtensile tissue strips by straight-

edged blades. This is observed for the aortic valve leaflet 

and its circumferential collagen fibres . Figure AJ shows 

how some of the circumferential fibres can be cut. The cut 

fibres do not support any tension and do not contribute to 

the true cross-sectional area that supports the tension. 

However , they do contribute to the measured area . This area 

overestimati on therefore resul ts in an underestimat ion of 

the calculated stresses and elastic moduli. The extent of 

the discrepancy varies inversely as the radii of curvature 
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of the fibres, and directly as the length of the microtensile 

strip (see figure AJ). 

The cut fibres also encourage the tissue strips to 

neck. If the instantaneous area of a strip is continuously 

monitored for the complete loading cycle such as in the case 

with our experiments, then the effect of necking serves to 

give truer cross-sectional area measurements. This therefore 

would compensate for the area overestimation. 

In view of the above, it is estimated that errors of 

this nature in our experiments are no more than 5% . Other 

errors inherent in the experimental method consist of: 1) 

errors in the determination of 1 and 2) measurement errors 
0 

of the dot-to-dot distance on the photographs of the micro

tensile strips. Errors associated wi th 1 are minimized by
0 

slack loading the t issue strip; that is, 1 is determined 
0 

(to ±0.2 mm.) by noting the length on the F-1 curve at which 

tension begins to increase (se e figure lO, p. 63 in the main 

text). Errors of the second type are governed by the size 

and sharpness of the dots, and also by the mesh size of the 

dots. An increase in the mesh size of the dots reduces the 

related errors but it compromises the ability of the experi

mental method to investigate the inhomogeneity in the tissue 

strip. 



APPENDIX B 


Stereophotograrnmetry and Experimental Application 

The technique of stereophotograrnmetry to identify a 

point in a fixed global Cartesian coordinate system is well 

established. Karara and Marzan (1973 ) and Karara (1975 ) have 

used the technique to define the irregular surface geometry 

of the human aortic valve leaflets. This appendix describes 

an alternative stereophotogrammetric method that is used in 

our experiments . 

1. Theory 

By producing two-dimensional photographs of a three

dimensional object ( eg ., the valve ) for at least two angles 

of view (8), the three-dimensional Cartesian coordinates of 

a point on the object 's surface can be determined with the 

use of simple geometrical relationships . Consider figure Bl 

which illustrates a point P. with the coordinates (x . ,y. ,z.)
l l l l 

being viewed from a direction that is defined by the angle e. 
The latter is scanned along the horizontal X-Y plane at a 

constant z; hence , the coordinate z. is independent of 8. 
l 

From a scaled two - dimensional photograph of point Pi 

at any angle 8, the coordinate zi is measured with re spe ct 

to an arbitrarily fixed reference x~Y plane . The other two 

Bl 
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coordinates (x. ,y.) can be determined by correlating various 
l l 

linear measurements from photographs of the point P. for at 
l 

least two angles of view. One of the angles for reference 

reasons is labelled as 0°, and it corresponds to the view 

direction parallel to the Y-axis as shown in figure Bl. The 

other angle is chosen so that its corresponding photograph 

is also able to record the point P .• However, more than two 
l 

angles of view may be used to improve the accuracy of the 

correlation. 

All measurements are relative to an arbitrarily fixed 

global X-Y-Z axis system to which the object surface and its 

points are maintained at a constant orientation. As noted 

previously, z. is independent of 8 and therefore can be mea
l 

sured from any 8 photograph; eg., the 8 = 0° photograph. In 

order to determine the coordinates (x. ,y. ), refer to figure
l l 

B2 which shows the top perpendicular view (ie., parallel to 

the Z-axis) of a X-Y plane slice of the object through the 

point P~. Thus, a 8 = 0° photograph of figure B2 will appear
_l_ 

as shown in figure B2a, with the measurement d. directly
l 

giving the coordinate x.; that is, d. (8 = 0°) = x .• The mea
l l l 

surement d. is defined as the perpendicular distance between 

l 

l 

the Z-axis and the point P .• 
l 

Coordinate y. is indeterminant from the single 8 = 0° 

photo graph. Its determination requires the use of a 8 photo

graph such as the one illustrated in figure B2b. When xi is 

known, the measurement d. (8) may be used to obtain y .• The 
l l 
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derivation for y. = y. (8,x. , d. ) is as follows:
l l l l 

With reference to figure BJ, the following geometrical rela

tionships exist : 

b. y. • tan 8 	 ( 1)
l l 

a. x. - b. = x. - y .• tan e 	 ( 2)
l l l l l 

d. a.•COS 8 = (x. - y.•tan 8)•COS 8 	 (J)
l l l l 

Solving for y. ,
l 

x . d. 
y. 	= l l ( 4)

l tan 8 sin 8 

Positive 8 is measured counter-clockwise ( see figure B2 ). 

The validity of the above derivation depends on the 

requirement that the light from the points on the surface of 

the object (ie., the valve) arrives at the camera lens as 

parallel rays. This would then require the valve to be a far 

distance from the camera, thus necessitating the use of a 

telephoto lens . In effect, the telephoto lens helps to reduce 

any parallax. 

Theoretically , it is also conceivable to determine 

(x. , y . ,z.) by using the close-range stereophotogrammetric
l l l 

technique with a shorter lens [Karara, 1975]. The close-

range method carries with it the a dvantages of better depth 

of field, better resolution and less complicated equipment . 

A main disadvantage is the required correction for parallax 

which results in a more complicated geometrical analysis. 

Also important to consider is the higher quality required 

of the lens and of the camera in s uch a system . 
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2. Auplication to Experiment 

The above theory is based on the fact that the varia

tion in the angle 8 is produced by rotating the camera about 

the Z-axis that is situated near the object (ie., the valve). 

The large lens-to-valve distance (~175 cm.) of the telephoto 

system made the task of constructing the apparatus to perform 

the rotation particularly difficult. It is more convenient 

instead to rotate the valve about the Z-axis while keeping 

the camera fixed with its lens axis aligned in parallel with 

the Y-axis. However, the global X-Y-Z axis system does not 

rotate with the valve. This alteration to the theory intro

duces only one change to the derivation for y .• Equation (4)
l 

for y. remains unchanged, but positive 8 is now measured in 
l 

the clockwise direction; that is, a CW rotation of the valve 

is equivalent to an equal CCW rotation of the camera. 

In the actual experiment, a 35 mm. camera is coupled 

to a 300 mm. telephoto (f/4), a 2X teleconverter and a 6 cm. 

extension tube. The camera is height adjusted so that the 

lens axis is approximately aligned in parallel with the axis 

of the suspended aortic· root as well as with the Y-axis (see 

figure 15 on p. 71). The valve is suspended at a constant 

hei ght in a saline tank but it is free to rotate at this 

hei ght. The orientation of the valve at the reference 0° is 

such that the number of points on the valve leaflets appear

ing in t h e viewfinder of the camera is maximized. The valve 

sus pending jig is fixed onto a valve rotator to which is 
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attached a pointer. The latter measures 8 from a protractor 

that is centered at the axis of rotation (see figure 17 on 

p. 73). The whole apparatus is arranged on a 4 ft. x 8 ft. 

heavy metal table (see figure 16 on p. 72). The table has a 

2 inch grid of threaded holes in which component parts are 

secured in order to minimize any vibration effects and also 

to prevent any changes in the relative positioning of the 

parts. The 6 cm. extension tube is required to reduce the 

telephoto lens' focusable range to within the confines of 

the table. It also optimizes the camera magnification so as 

to best fill the viewfinder with the image of the valve. 

A thin thread is plumb-lined in front of the saline 

tank so that it hangs in the Y-Z plane (see figure 17). When 

photographed with the valve, the thread appears as a thin 

line that is coincident with the Z-axis. The latter is the 

reference line from which the dimensions d. are measured. 
l 

Kodak Panatomic-X film (ASA 32) is used because the 

large negative enlargements require its fine grain and high 

resolving power. Its slow speed coupled with the reduction 

of light due to the telephoto and the extension tube neces

sitate very bright illumination of the valve. Two 300 watt 

photoflood light sources are used. And in order to acquire 

the maximum depth of field possible (~2 mm.), the lens is 

stopped down to its smallest aperture (f/22). Despite this, 

some points on the valve leaflets are still rotated out of 

. lt 1focus. T is f ound that t h e optimum s h_t utter spee d is ~ o 2 
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second . A millimetre rule placed near the valve serves as a 

calibration scale. 

Figure B4 is the series of photogra phs of the dotted 

experimental valve at P = 0 mm . Hg . fore= 0° , ±1 5° , ±J0 °. 

Figures B5 to BlO are similar seri es for P = 20, 40, 60 , SO , 

100 and 120 mm . Hg . respectively. Figure Bll shows the valve 

(at the 0° orientation) during the course of a loading cycle 

from 0 mm . Hg . to 100 mm . Hg . 

3 . Parallax Errors 

The parallax errors in the experimental method may 

be described as magnification errors . The latter arise from 

the fact that distances between points which are closer to 

the camera are recorded at a greater magn i fication than the 

distances between po ints which are more distant. For a photo 

system with a fixed lens-to-film distance ( I ), the percent 

change in the magnificat ion (6 M/ M) i s equal to the percent 

change in the lens-to-object distance (60/ 0 ). This is i llus

trated in figure Bl2 and is shown as follow. By definition , 

the magnification (M) is 

i I 
M = ( 5 ) 

0 0 

where o and i are respectively the object and the film image 

dimensions , and 

0 and I are respectively the lens- to - object and the 

lens- to - film distances . 
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If I = constant, then 

6M 60 
( 6) 

M 0 

I 
6M 6.0·

o2 
( 7) 

Variations in the magnification (hence, also the measurement) 

of the surface distances on the valve leaflets are therefore 

minimized by increasing the lens-to-valve distance (0). 

In the experiment, 60 arises from three sources: 

1) because of the three-dimensional nature of the valve, 

different points on the valve have different O; 

2) because of deformation due to pressure changes, the same 

point changes in its O; and 

J) because of valve rotation, the same point changes its O. 

For a 600 mm. lens + a 6 cm. extension tube, it was 

estimated that 0 = 175 cm., I= 29 cm. and (60) = 1 cm. max 

Thus, (L'IM/M ) = (60/0) o.6% which is negligible.max max 

For comparison, a trial system using a 100 mm. lens, 

that gave similar magnifications at a reduced 0 = 35 cm. and 

I = 11 cm., has a maximum magnification error of J%. 

4. Curved Surface Distance Approximation 

Figure BlJ shows a schematic sectioned curve of the 

valve leaflet containing P., and Pk. Calculated strainsP 1l '-' 

of the surface distance PiPk are approximated by the straight 

line distances PiPj + PjPk . Both sections are in the order of 
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1 mm. The approximation is good if the radius of curvature 

of the curve P.P.Pk is sufficiently large so that the angle
l J 

subtended by each pair of points is small enough for the 

¢ = 2•sin (¢/2) approximation as shown in figure BlJ. It is 

good to less than .1% for¢< 28°; that is, l/R < 0.5. Since 

1 is in the order of 1 mm., the condition of "sufficiently 

large radius of curvature" is defined as: R ~ 2 mm. This 

stipulation is satisfied by a high majority of the valve. 

The accuracy of the approximation is governed by the 

mesh size of the dots on the valve leaflets. Minimization of 

the curvature effects on strain calculations is achieved by 

using the smallest possible mesh size. However, the "small

ness" is limited by the errors incurred in measuring small 

distances. 

s. Other Error Considerations 

As determined by the sharpness of the valve dots on 

the photographs (diameter= 1 to 1.5 mm.), the measurement 

errors are in the order of ±O. J mm. Hidden errors which can 

not be accounted for quantitatively (eg., film and photo

graphic paper warpage during exposure and printing ) are 

considered negligible. 

The scale calibration error is negligible (~0. 5% ); 

hence, the errors in x. and z. may be determined directly
l l 

from the error in d .• Based on a scale enlargement of 8 .7X,
l 

t,x = 6z = L1d = ±O. J mm./8.7 = ±0.035 mm. actual scale . The 
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err or in cal culating y. u s i ng equati on (4) is determi ned by
l 

c y c Y c Y 
( 8 ) -•flx -·f':. 8+ -·fl d + ae dX c d 

1 1 
• b.x + •li d 

tan e sin 8 

[ 
x 
 d 
+ + }L\8 (9 ] . 2e s i n s in 8· tan e 

where b. 8 is the e r ro r in the angle ( ±O • 5° 0 r ±o . 01 r adian). 

Calcul at i ons for liy give large erro r s , especially for small 

a n gles because of the denominators tan 8 and sin 8 . Errors 

as high as 20% are observed for 8 = ±15° . The errors could 

be reduced if a mo re ac curate micrometri c means is used f o r 

measuring 8 . The protractor used in the experiment is com

parat i vely crude . 

A fairer assessment of the err o r in y. is found in 
l 

the standard devi ation of the calculations for y . us i ng t h e 
l 

four di fferent view angles ( ie ., ±15 ° and ±30° ). The mean 

s . d . = ±0 . 15 mm ., r anging from ±0 . 1 mm . to ±0 . 5 mm . Hence , 

the average standard error''' 
,,, 

for y . i s liy = ±O. 09 mm . The 
l 

standard deviations also serve as a means of spotting in

correct data ; that i s , an unusually large standard deviation 

indicates a possible incorrect measurement . 

Estimated errors in the strain calculations are high 

because of the accumulative effects of the above . The error 

1 

standard error (N - 1 )-2 • standard deviation 
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in the straight- line distance (1 .. )lJ between two points P.l 
and P. i s 

J 
derived as follows: 

From geometry , 

21..
lJ 

= 2(ox .. )
lJ 

)2+ (o y. .
lJ 

2+ (oz . . ) 
lJ (10 ) 

where ox ..lJ x. 
l 

- x.
J . 

The error in 1 ..l J i s therefore 

~l .. 
lJ 

= 
ox .. 
--1.J.. fl( .Sx .. )

1. . lJ 
lJ 

oy . . 
+ ....::..u. 6 ( oy . . ) 

1. . l J 
lJ 

+ 
oz . . 
--1..1.6( oz .. ) 

1. . lJ 
lJ 

(11) 

where 6 (o x .. )
lJ 

6(oz . . ) 
l J 

= 2·llx 0 • 0 7 mm • , and 

6 ( oy . . ) 2•f5.y = 0.18 mm .lJ 
Since the error mult i pliers in equation (11) are all less 

than one, L'd . . is at most 0 . 32 mm . A more realistic figurelJ 
is L.H . . ± Q .1 mm . which is approximately 5% to 10% of 1. .•lJ lJ 

The experimental circumferent i al strains for the 

porcine aortic valve leaflets are less than 10%. This means 

that the elongations of the distances between points on the 

leaflets are about 0 .1 mm . Accordingly , it may be seen why 

the circumferential strains do not result in smooth pressure

strain curves whereas the radial strains do ( see figures 31 

to 33 on p . 118-120 in the main text ). 

The accuracy of calculating strains therefore varies 

inversely as the mesh size of the valve dot s . However, the 

ability to observe inhomogeneity and the reduction of curva

ture effects on strains vary directly as the mesh size. One 

therefore must compromise between accuracy and inhomogeneity 

considerations . 



B2J 

The theory and experimental method were first tested 

by using them t o determine the (x . ,y. ,z .) coordinates of t he 
l l l 

visible corners of a 10 mm . (±0 .01 mm .) machined cube, from 

which the cube ' s edge lengths may be calculated and compared . 

The visible edges were calculated to be 10.0 mm . 1 10 . 3 mm ., 

10 . 8 mm., 10 .2 mm . and 10.J mm . (mean= 10.32 mm . with a 

s . d . = 0 . 2 mm .). Hence, the 10 mm . lengths are approximately 

accurate to Jfa . Coordinate determinations are thus accurate 

to about 1% . 

Addendum 

The plumb-lined thread is intended to hang so that 

when photographed with the valve, it appears as the proje c

tion of the axis of rotation as wel l as the Z- axis ; that is, 

xROT = 0 as illustrated in figure BJ . However, in the actual 

experiment, the thread did not hang as planned . The thread 

representing the axis of rotation was shifted relative to the 

Z- axis such that xROT ~ O, as shown in figure Bl4 . It may be 

shown that with this altered geometry, the result o f the 

derivation for yi = yi (8 ,xi,di , xROT) becomes : 

(di - xROT ) 
(12 )Yl · sin S 



FIGURE Bl4.
GEOMETRY f o r DERIVATION of Yi 

Z-AXIS is not AXIS Of ROTATION 

view of point Pi 
on surface of 
constant Z; 

axis of rotation 
intersects X-axis 

at xR 

photograph of 
p o i n t P, at e : 0° 

Yi 

y 

z 

x,---; 
z, 

zi=constant 
p.

I 

Xi - XR 
Yi= tan e 

di - XR 
sin e 

photograph of 
point P; at e 

top perpendicular -~xii _....____x 

axis of rotation arbitrary J t:d 
X-Y plane I\) 

+-



APPENDIX C 


ComDuter Programs for the Data Analysis 

Program VALVE, is written to perform the data reduc

tion and analysis. At the end of this appendix is a list of 

the program variables and the complete program listing. Also 

included are the flow charts (figure 1), a description of an 

input data deck preparation and a sample output from the RC 

leaflet analysis. 

Inputs for the program are of two types. The first 

consist of the stereophotogrammetric system and experimental 

constants; these are internal to the program and are there

fore self-explanatory from the listing. The second type is 

the data deck that consists of the photographic measurements 

for the points on the leaflet at each different pressure (1) 

and at each different view angle (8). Identification of each 

point is by its row (R) and by its column (C). 

The key output variables are the calculated Cartesian 

coordinates (ie., X(R,C,L), Y(R,C,L), Z(R,C,L)) for all the 

points on the leaflet at each different pressure. Error cal

culations for (X,Y,Z) are also provided but are not included 

in the sample output. However, they may be printed if needed. 

The standard deviations for Y, as discussed in Appendix B, 

are included in the sample output. 

Cl 
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The main program uses these coordinate calculations 

in several ways to investigate the geometry of the leaflet 

being analysed . The net displacements of each point from its 

0 mm . Hg. position (i e ., TDISX , TDISY, TDISZ), and the in

cremental displacements of each point from its position at 

the previous pressure (ie., DISX, DISY, DISZ) are calculated 

but are not shown in the sample output, 

Two major portions of the main program are the func

tion subprogram RAD and th e subroutine EXTENS. Subprogram 

RAD uses the coordinate output and calculates the radius of 

curvature. The theory and application of RAD to the experi 

ment to determine the local radial and circumferential radii 

of curvature (ie., RPHI and RLAT) is discussed in Appendix D. 

Subroutine EXTENS also uses the coordinate output; it calcu

lates for each interior point on the leaflet, the straight-

line lengths between the point and the four adjacent points 

(ie., EXUP, EXDO, EXLE, EXRI) as illustrated in figure 18 on 

p . 77. The main program in turn uses the length calculations 

to determine the local radial and circumferential surface 

strains (ie., STRAPH and STRALA) for each point and at each 

pressure. Zero strain is r eferenced at 0 mm. Hg. 

There are two other subprograms worth mentioning at 
_,, 

this point ; EPHI and ELAT. Using stored equations''' for the 

elastic modulus as a function of strain, the two subprograms 

_,, 

-,- 1st degree differentiation of a polynomial of a 0'-E curve . 
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return a value for the elastic modulus (ie., radial for EPHI 

and circumferential for ELAT) if given the respective strain. 

The usefulness of EPHI and ELAT comes into effect when calcu

lating the local radial and circumferential stresses for each 

point on the leaflet (ie., SIGPHI and SIGLAT). This will be 

discussed in more detail in Part II of this study. 

Variable Identifiers for Program VALVE 

R is the row counter; INITR(C,L) < R ~ NR(C,L) 
C is the column counter; 1 ~ C ~NC 
L is the pressure load counter; 1 < L ~ NL 
J is the view angle counter; 1 ~ J ~NA 
INITR(C,L) is the initial row index for the Cth column at 

the Lth pressure 
NR(C,L) is the maximum row index for the Cth column at the 

Lth pressure ; therefore, the number of points in the Cth 
column at the Lth pressure is NR (C,L) - INITR(C,L) + 1 

NC is the number of columns 
NL is the number of pressure loads including the 0 mm . Hg . 
NA is the number of view angles including the 0° reference 
MA is the reference angle index; ie., J =MA if THETA(J) = 0° 
NPA is the number of poss i ble view angles for a particular 

point excluding the 0° reference angle 
X(R,C,L), Y(R,C,L), Z(R,C,L) are the three scaled Cartesian 

coordinates for the point identified by the Rth row, the 
Cth column and the Lth pressure; ie., point (R,C,L) 

ZT(R,C,L) is the unscaled z coordinate of the point (R,C,L) 
as determined from the photographic measurement at 8 = 0° 

CROT is the unscaled x coordinate for the axis of ro tation 
as determined from the 8 = 0° photograph 

CROTS is the scaled value for CROT 
D(R,C,J) is the unscaled photograph ic measurement of point 

(R,C,L) at the Jth view angle 
DS is the scaled value for D(R,C,J) 
YT(R ,C,J) is the calculated scaled value for Y(R,C,L) using 

the D(R,C,J) data 
ERRX(R,C,L) is the error calculated for X(R,C,L) 
ERRZ(R,C,L) is the error calculated for Z(R,C,L) 
ERRYT(R,C,J) is the error calculated for YT(R,C,J) 
DEVY(R,C,L) is the standard deviation in calculating Y(R,C,L) 
SUM, SUMSQ, V.A.R are variables used for calculating Y(R,C,L) 

and DEVY(R,C,L) 
THETA (J ) is the Jth view angle in degrees 
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THETAR is the angle THETA(J) in radians 

TANTHE and SINTHE are the tangent and sine of THETA(J) 

DTHETA is the view angle step size in degrees 
PRESS(L) is the Lth pressure load in mm . Hg.; L = 1 is the 

0 mm . Hg . reference 
MAXPRE is the maximum pressure for PRESS(L) in mm . Hg . 
DPRESS is the pressure load step size in mm. Hg . 
SCALE is the scale conversion from photographic dimensions 

to actual life size dimensions 
ERRSCA is the error in SCALE 
ERRTHE is the error in THETA(J) in degrees 
ERRPRE is the error in PRESS(L) in mm. Hg. 
ERRMEA is the error in the photographic measurements; ie., 

ZT(R,C,L), D(R,C,J) and CROT 
x1 ,x2,x3 ,x4,x5,Y1,Y2 ,YJ ,Y4 ,Y 5,Zl , Z2 ,ZJ,Z4, Z5 are the coordi

nate arguments used for the subprograms RAD and EXTENS 
DISX:DISY,DISZ are the incremental x,y,z displacements of 

point (R,C,L-1) to (R,C ,L) . 
TDISX,TDISY,TDISZ are the total net x,y,z displacements of 

point (R,C,l) to (R,C,L) 
RAD is the function subprogram used to calculate radii of 

curvature 
RPHI and RLAT are the local radial and circumferential radii 

of curvature calculated using RAD 
EXTENS is the subroutine used to calculate point-to- point 

distances 
EXUP, EXDO, EXLE, EXRI are the point- to - point lengths calcu

lated for a point and its adjacent point using EXTENS 
EXPHI and EXLAT are the local radial and circumferential 

point- to - point lengths calculated using EXTENS 
EXPHIO(R,C ) and EXLATO(R,C) are the initial EXPHI and EXLAT 

for point (R,C ) at L = l; ie., at 0 mm. Hg . 
DELEXP and DELEXL are the local radial and circumferential 

elongations for EXPHIO(R,C) and EXLATO(R,C) 
STRAPH and STRALA are the local radial and circumferential 

surface strains 
EPHI and ELAT are function subprograms used to return the 

radial and circumferential elastic moduli given the local 
radial and circumferential strains , STRAPH and STRALA 

EP and EL are the returned elastic moduli 
SIGPHI, SIGLAT, SIGNET are the local radial, circumferential 

and net in-plane stresses 

Following t his page is th e complete pro gram VALVE listing . 
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73/73 TS FTN ~.E:+ L Z E 	 011-:01 ::-::- 1~.0?. 

1 PROGRAM VALV~<INPUT,OUTPUT,TAP~5=INPUT,TAP~6=0UTPUT)
(RI GHT )c CALCULATICNS FOR MUSCLE CORONARY VALVE LEAFL~T NO. 3 


5 
 DIMENSION YT C 1 C1! 8 ! 3> , O<10, 1 !31. .~ > , ERR YT C1.Q, B t 3 ~ . ....
onH:NSIOfl x <1 o·, 1 1'5 , 1 l , .~ c1o 1 113 , , > , z <1 o , 1 e. , , > , z, c l. o, ! 3, : >
DI ~1ENS !ON :: RC> x ( 1fJ ' 1 9 ' I ) ' 0t: v y ( 1 0 ' 18 ' 7 ) ' ER~ z ( 10 ' 1 lj ' ' )DIMEtlS!ON EXPH!0{10 16) EXLAT0(10,113> 	

1

DIMENSION THETA C 3 > , ~F: ES SC7> , NR C18, 7> , I I\ I 7 P ( 1 '5, 7>
10 


INTEGER R,C 


NA=3 

15 NL=7 


~IC=18 

MAXP~E=120 

SCALE::=o. 0114}
CROT=5000 

20 	 ERRSCA=IJ. 0 0003 

E:RPT!-IE=O.S 

ERh'.~'EA=3 
ERi;PRE=2. 0 

THETA (1) =O. 0 


25 	 THETAC2>=+15.0 

THETA C3) =+30. U 

MA=1 
CROIS=CF.oT•scALE 
OTHETA=1S 

30 	 OPRESS=20 

35 
/ 

00 50 L=1,l'L 

40 	 REAO CS,100) <IrliTRCC,L>,C=t, r~C )
PEAD C5,100) o n cc,u,c=1,NCJ 

10D 	 FORMAT <18! ~ ) 

PRESSCL>=<L-1)•0P~ESS 


45 DO ? 1 C= 1, NC 

NRC=NRCC,Ll · 
INITRC=INITRCC,L> 

0 
50 DC 52 R=IN!T~c,N;c 	 +

PJ 

R~AO CS,101) !TCR,~ 7 L>, COC~,C,J>,J=1, ~ AJ 
101 FCKt!tl.T (4(FLi . 0 7 6 X)) 

xc~,C,L>=OCR, C t UA )~scALE
55 zu~,C,U=ZTCR,c,u .. scl\L:: 

SUl"=O.O 
c:11..,,<::n~n.ri 
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~JPA=NA-1 

60 !JO 53 J=1, NA 

IF <THETA(J) .~a. a.a> GOTO 501 
!F <DCR 1 C,J} .::o. 999) G0TO S:OO 
OS=DCR,c J)+SCALE

65 THET~R=T~ETA(J)/S7.3
TAMTHE=TA11 CTHETA R. > 
SINTHE=S!NCTH~TQF) 
YT CP z. C , J l = C C X ( ri , C , U -C 2 0 TS > I TMH HE> - < COS - C F0 i S ) IS H iT HE)
SUM=:5UM+YT CR C, J)

70 SU~SQ=SU~SC+~T<R,C,J>••2 
GOTO S :~ 


~00 NFA=tiP .t\-1 

SU1 YT <R, C, .J > =g gg 


75 53 CONTINUE 

Y C f< , C z. U =SU ~1 I ~ i o ti 
VAP=C~UMSQ/NPA>-YCP,C,L)••2 
QEVYCR,C,L>=S~RTCVAR> 

80 
52 COriTIIWE 

51 CONTitWi: 

85 
5 0 CONTINUE 

90 

HRIT~ CE:, 19) .\ 
HRiiE CE., 20) HAXPRE,DPFESS 
HR Ii E <6, 21) 


95 HRITE <6, 22) SCALE 

~-p~~A, L. l .... , ~PPSCA~ ;4 , '-· =~oP~Fr, .W R I T E C 6 , 2 ,q r.. r< · . , ERRTHC. , __ . _ 


WRITE C6 24) C~Oi,CROiS 

HRiiE <&! 25)

IFUTE <E, 26) 

10 0 WRITE <E,27) 
WF-!'7E C6, 28)

09 FOR~11T (t t 1 !)

19 FORHAT C1H1,tR~SULTS FO~ MUSCL~ GOPO ~ ~~y VALVE LEAFLET ~ G. 3t,///)

2 0 F 0 F 1'1 .~ T ( t t , t- P RES SUR E C: ANG E 0 FR 0 t·' Z E;; C i 0 t , I 3 , t- •1 ~ : • H 1; : ~ i ST:: ~ S t 


105 ,,. t. t OF t , F 5 • 1 , t ~ ' H.. HG t f I I> . 0
21 FORMAT (f. t,tCCOKD:i: l~A ES x,v,z .ANO R~OI: RPHI t.NO :::.L~i tir.: E I\ ~1.t +

C)•,1,t t.ftAtJGLES AR. E Iii o:::GF<:EES ANO PR. cssu;:::s AFE I M L". HG:t,!,t t,
•t.ELAST c HOOUL! E0 HI aNo ELAT ARE IN G~.;sry. M~.t l,t t, 
4 t Si RA I NS S T ~ AP H ,'\l>i iJ Si KA l A AVi: I t, FE ~CtrH E L 0 t.; C: Ad 0 /, ± , I , t t , 

110 •tS7RESSES SIGPh!z.SIG!..AT AHO SIGi< i:T. A ~ E rr; G1-1,/:;r). 1-:1-1.t,ll,t t,
•tHON-AFFLICAJLC: DATA RE~RESE~!fQ BY ggg.not,//)

22 FORMAT (f. t 1 tTHE SC~LE USED ISt,F6. ,t ~M./~~A~. U·JITt )
2 3 FOP t~ AT Ct t .! :t E ;:: 0 r. q p, µ E .a. SU~.;: M:: ! ; 7 S '.3 t , F>: • :3 , t " E: ~. S • IJ : ; T :, t • I , t t , 

... ' t : · ;: c r; ~ :· r. ": ' ~, ~. I r- 1' r t " r 7 .. '::' ' t \ , I '·! • / ' ·' ::-· '\ t I l J i - + \ ·' ' -f ~ .. ,,.. r· ... ..- T , • 

http:i+.6+t.2e


, 7PROGFA f" VALVE 73/73 TS FTN :+ • i;H, 21? 0 1 I -~ 0 I 7 1 .~ • U ?. 

115 •,t ISt,F4.1,t DEGREESt,l,t t,t~ R ROR IN P ~ESSURE ISt,F4 .1,t M~. YG;t
•,11> . . 

2 4 F 0 R M AT ( t t , t T H £ Ut; S C .~ L E 0 CX , Y ) C 0 0 ~ 0 I t·;A TE S 0 F T H E C ;: h T :: '- OF t: CT :t 
•,ttHION IS {tfFS.2,_t,_O.OO>t,/ft t,tTHE SCALED (X,Yl COOF O I !,AT~ ~ ;t 
"'Lt OF THE GEN ER Or k07A7!CN S Ct,F5.2 1t,0.00)t,////)

120 2~ FOPMAT (t t,tTHE. O R GA~ ·l IZATIO:~ OF TH:: ~E ~iUlTS IS AS FCLLIWSt,11)
2E FOPMAT . {;t t,tPCINT r.o.t,14XttXt,9X,tY;t~ox,tzt,1~X,;t5TFArHt, ~ x, 

•tSTRALAt,14X,tSIGPH!t 1 ~ X,tSIGLlTt~1 ~ X,t J IG~ETt 1 5X,tA NGL~:t,/J 
2 7 F 0 p MAT ( t t ' t c0 urn t·I p u.wt ' 11 x ' t :: P. c x t ' f. x ' ;t 0 Evy t ' t x ' t:: FS z t ,1 6 x ' t::: r H Tt 

..,. 6X,tELATt,16X t ? PHit,6X,tPLATt,////)
125 28 ~OP.HAT (f- t,t-oiAG9.AH OF_ FOHH ro:::r1ilFICATIONt> 

130 
oo· 70 L=1,NL 

WRITE (6,30) PRESSCL> 
135 30 FORl"AT (1H1, t ):: fSULTS FOR 1-.USGLE CCF, Ol i ~R.Y VALVE LEAFLE,.. t:c. 3 Ht, 

..,. ,t PRESSURE LOAD=t,FE.1,t M~. HGt,I///)
WF.ITE (6, 09)
DO 71 C=1,NC 

140 NRC=!·IR CC, U 
INITRC=IN!TRCC,L) 

00 72 R=INITRC,NRC 

11.+: IF CL .EQ. 1) GOTO 502 
OISX=X<R,C,L>-X<R,C,L-1) 
OISY=Y<R,C,L>-YC~,C,l-1>
OISZ=ZCR,C,L>-Z<R,C,L-1)

TO!SX=XCR,C,L>-X<R,C,1)
150 TDISY=YCR.,C,L>-Y<R,C,1) 

iOISZ=Z<R,C,L>-zc~,c,1J
GOTO 503 

i:: 0 2 C!SX=O.O 
OISY=o.o 

15S CIS?=O.O 
TQISX=O.O
TOISY=O.O 
TOISZ=O.O 

503 COt•TI nu:: 
160 

IF (( C • Fl. • 1) • 0 R • ( C • E fl. t; C> ) G 0 i 0 S 011 

I F C ( R • E'1 • P l I1' RC ) • 0 R • <R • EQ • Ii P C> l G 0 7 0 5 0 4
Xi=XCR-1,c,u 0 

+Yi=Y<R-1,c,u ()165 Z1-=Z(R-1,C,L> 
x2=xc 1~,c,u
Y2=YCR,c,u 
7.2=~CR,C,L)
X3=X ( P+1,C' L) 

t 70 Y3-= Y <P +1, C, L) 
7'! = 7{ ~ 4-1_. r'. ~1.. ) 

http:f-t,t-oiAG9.AH


- -----

PROGRAM VALVE 73/73 TS ' FT:~ ;., • t+4 U 0 1 I rn I 7 :• 1 ~ , G ? , : 

175 

18 0 

X4=XCR,c-1,u
Y4=Y<R,C-1, L) 
z4·=z ( p ' c - 1 ' L)
XS=XCR,C+1,U
YS=Y CR, C+1, U 
Z?=ZCRtC+1,U
RPHI=RADCX1,Y1,Z1,X?,Y2,Z2,X3,Y3,?3)
RLAT=~AQCX4,Y~,z~~xz 1 vz~z2JXS,Y5,Z5)U=SORTcorsx~•2+DI _ Y+ 2+ J IS _~ ·2> 

185 

190 

195 

506 

... CALL EXTENSCXt~Y11Z11X~,Y~,~2zX31Y3,Z31X~7Y~,z4,xs ,v5,z5, 
EXUPt~XCU1cXLc, ~ x~r,tXPHI,tXL~T>

IF <L .tlE. U GO 0 50b .
EXPHIOCR,CJ=EXPHI
EXLATOCR,C>=EXLAT 
DELEXP=~~PYI-EXPHIO (R,C>
DELEXL=EXLAT-fXLllTOCR C> 
STRAPH=O~LEXP/EXPH!OC~,C>•100
STFALA=DELEXL/EXLATOCR,CJ•100
EP='::PHICSTRllPH)
E L =E L A T ( S T R t; L~ > 
SIGPHI=<EPI0.75>•<STRAPH+o.s•sTRALA)
SIGLA~=CEL/0.75J•CST RALA+C.5~S7 RAFH) 
SIG~lET=SQRT CSIGPH!"'"' .... 2~S:GLAT•"'"Z)
GOTO 50:' 

:; 04 CCt;TINUE 

200 

X2=XCP,C,U
Y2=Y<P.,C,L>
Z2=7CR 1 G,L> 
RPHI='3':ig 
F:LA"!'=9S9 

2 OS 

U=SnRT<orsx••2+orsvi+2+orsz~~2>
EXUP=999 
EXC0=99'3 
EXLE=999 
EXRI=999 
EXPHI=9J9 

210 
EXU\'.=9':39
OELEXP:ggg
OELEXL=999 
SH~:l\PH=999 

215 

STRAL~=999 
f P=999 
f.l=939
SI GPfH:ggg
sI G L AT =;3 g '3 
SI Gr iE; ='399 

2 20 =07 
ANGLE=999 
CCt.:ItlUE 0 

2 25 31 
32 

\..mri· E
HOITE
wcr;·E 
F C ~ ~1 Ai
FOFMAT 

(6,31) CiR, x~, y 2, Z2z.SiRAPH, STC .4LAtSIGFHI 'SIGLf•T' ~rs ··1 E".'
CS,32) DtVVCR,C,L) ,~P,EL,RPH!,~LA
(1),09) 

( t t , ?J5 , 3 X l. :3 F 1. 0 • 2 , 1 0 X , 2 F 1 0 • 2 , 1 0 X , 2 F 1 0 • 2 , 1 0 X , 2 F 1 O • 2 )
(t t,2 ~ x,F1u.2,2ox,2F10.2,1ox,~F10.2) 

+
0.. 

":"? f"r~tli ! 1111".:' 



PROGFA" VALVE "'3/7 .3 TS FTN "+of:+L;2 e, n11301; ~ 13.nz. 

230 1S 

71 

HRITE <E,15) 
FOPMAT (t t,13SU-t>,n 

CONTINUE 

2 ~5 70 CCtlTINUE 
STOP 
EMO 

--ENTRY PCINTS-

~8 
112 P. 

INPUT:;
VALVE 

4J'3 . OUTPUT'.: , 3 8 iFPE: 3:: .. -~ 

--EXTE RNALS-

EL AT 
SIN. 

EPHI 
S Qfl. T • 

EXT::NS
sroi::. 

FTt4°PV,
TAN. 

I 11PCI. I~.PCJ:, ')IJiCI, c ,-, r 

--STATE~~NT LABELS-
.g 
• ?.1 
.z~ 
• 3 0 
• c::: 1 
• 71 
,500 
• 5 04 

F 
F 
F 
F 
0 
0 

11618 
121)48 
1.3328 
13778 

4328 
11310 

,'J648 
10170 

• 1; 
.22 
• 26 
• 31
.s2 
• 7 ?. 
• 501 
• ~; Q6 

F 
F 
F 
F 
0 
0 

1 .., 2"'..B 
12518 
13!..18 
1-.128 

4 2E;(l 
112:>8 

36 68 
7~58 

• 1 g
.23 
.27 
.32 
• ~~ 3 
• 1(}0 
• 5 0 2 
. s 0 7 

F 
F 
F 
I=" 

0 
F 

1U. 3~ 
12e:, 09 
133 t::l 
1 +20 '~ 

~7:=..., 

1t '..g 
-:; t: 3 

11 03 

• 2 0 
• 2 ,, 

,., ' • ! . . · 
:·;. n 
, '-' 

• 7 n 
• 1 01 
• i: r ~ 

--VARIAELE HAP-

ANGLE R 
CROT ~ 
0 ~ 
DEL EXP R orsx R
DISZ p 
OS p 
EL p
EP R
ERRt1EA · R 
EO~SCA p 
ERRX p
EPRZ R 
EXLA T R 
EXLE R 
EX 0 HIO p 

EXTENS R 
FT~I"-: FV • -PH T Pr, T 

u 

u 
u 

27£..?.78 
s 26 08 
15i+ .1B 

27 4 2 08 
27018 
5251'8 

1L6158 
27 · ~240 

267Fl 
5 55 68 
11'.>418 
: So 1R 

2L5208 
271.+178 

5 5-+ c r:l 
2'707413 

?7' ~i r)r:l 

SUBROUTINE 
EXTE~NAL. 

5•+ () 

1~60 
1 '..!60 

rn a 

· 

,... 
v
c Fors 
OELEXL 
DEVY 
OISY 
DPFC:S5 
OTH::TA
ELAT 
EPHI 
E.RRPi\::: 
Er::·RT HE 
E~FYT 
C:XDC1 
EXLATO 
EXP >iI 
En I 
£XUP 
r r.r TR 
~ ·· !) s '!. 

· 

I 
;:> 

R 
R 
~ 
~ 
R 
R 
R 
p 
i:: 
R 
q 

•P 
p 

R 
I:' 
T 

-

u 

1J 

u 

1E: 4 2S 
ic JT:: 

274 2 1'3 
27 0 2 13 

273158 
2 {' 3 ·~~- r:3 

5S :•!:.O 

273cc...Q 
27 3i.;. 3f3 
101368 
1l1 7 f;8 
~2 G 1~ 

112018 
2741t8 
2 lid~· = 
E.JOE::l 

FlH' er I G~; 
c U I, C - I :J r.. 

~:· v .. r · :-· ' ·. 1 

1 ::>f a 

:; '· 0 

1' 0 

1? ~-

0 
+
(]) 



73/73 iS 	 FTt~ 4. €;+Li 2f. 01130/7 "' 13.n2, 

1 FUNCTION ~Aocx1,v1,z1,x2,v2,z2,x3,v3,z3) 

G THIS FUMCTION SIJ8 ° ROGRAM R::TUP.t·lS A VALU::: RAD .~s TH:-: t.r-r-=oxn!~~E c '<.AIJIUS OF CUPV~Tl1 ,~E AT PCitH P2 GIV..:.1~ FE COIJRCI:IATE5 or:- TH:::
5 c COllSECUTIVE POINTS P1,P2,P3 

c XJ,YJ ZJ ARE THE C0090IttATC::S OF POHH P .J, J=1, 2, 3 c SKL I~ THE lfNGTH OF LINE SETWt::Et: FOiliT FK A:IO PQ!)!T PL, K,L=!,2,3c CJP!JK IS THE DOT PPODUCT OF VcGTOP. I J ~!10 IJE•'.;TOR JK 
10 	 c TOP ANO BOTTO~ A~E PAPAMETERS U3~0 TO CALCULATE RAJ c RAD . IS THE CALCULATED RAOIUS OF CURVATURE OF CU9VE P1-P2-F3 4T c2 

S12=SQRT ( cx2-xu~+2•CY2-Y1)"'""2+CZ2-Z1>:..""2) ' 

S2T=SQ 0 T ( (X3-X2>"'•2+CY~-'Y2)""'"-2+CZ.~-Z2> "-~~2) 


1~ S13=SQPi CCX3-X1l°""2+C Y~-YU ""-+ZH 7..3-Zi) .,. ... 2) 

DP 123= ( X2- X1) ... C X 3- X 2 > + CY 2- Y1) + CY 3- Y 2 > + ( 7- 2- Z1> ., <Z 3- ~ 2 > 

CHECK::(S12•S23)''""2-CA8S <DP123) )•"'2
IF <CHECK .LE. 0.0) G'JTO '3'39 
T QP=S 12"' S 2 ,3-'"S 13 

20 	 80TTOM=2•SQRTCCHECK> 
RAO=TOP/30TTO~ 
IF CPAD ,GT, 	 10000) PA0=10000 
GOTO 9913 

999 R.41J=99<?

25 998 C011 TI NlJE 


RETUPN · 
ENO 

--EXTERNl\LS-

SQPT. 

--STATEM~NT LABELS-

• 998 121) 8 	 • gg9 11SG 

--VARIABLE HAP-

A8S R Il'-;TR!NSIC 	 BOTTOM R 1~2 13 
CHECK R 1J69 OP123 R 1348
RA!) -p 

1~38 ENTRY sn;:: r. R E'.E,F.

S12 1358 	 S13 R 1 •+ OP.
S21 R 1~78 	 TOP C'. LLF:
VALUE. 0 1318 	 Xi p "I) 0 ., '."')
X2 P AU OB 	 X3 R AU 002.
Y1 R AU OB 	 Y2 R AIJ 08 +

HJY3 P AU 0 f) Z1 P AU !} t3

Z2 P AU 08 z~ R A1J 00 




73/7.3 TS 	 FTN 4.E:+L26 01/30/7 7 1.'!.0?. • 

.1 SUBROUTINE EXTENS(X1,Y1?Z11X?,Y2,Z21X~1Y~,ZJ,X41Yi,z4,y5,y5 ,z~, 
• 	 f XU P , '- X 0 u , EX LE , E X ,._I , t: XP 11! , EX LA":'" ) 

c THIS SU8ROUT!NE R.ETUR. ~1S VALUES EXUP,EXCO,EXL:: AtlD ':::X~I l\S :HEs c EXT ENS I 0 NS 0 F FO! NT P 2 UP\./ d RDS , 0 C l·UJWCl R 0 S , T 0 T H E LE FT :, ~ J TO i HE. c RIGHT PESFECTIVELY GIV~ti iHE C-'JORQHJATt.S OF THE POil , TS o.J,c J-;:: 1 ' 2, 3, 4' 5 

10 	
c XJ , YJ f ZJ ARE '!"HE CC 0 R 0 Itl ATES 0 F 7 H::: P 0 I'H S PJ , J =1 , 2 , 3 , '+ , :: c EXUP s TH:: EXTE:nsro~ OF PO!t;T P2 UPWAFJS TO ?CHJT P3 c EXDO IS TH:: EXT€ i-lSTOM or- POPH P2 QOWt i w~ rws TO POI~n P1 c tXLE rs THE EXTENSION CF POINT P2 TO TH:: u:i=-1 TO PCI 1JT DL: c EXRI IS TH::: EXTEMSIO l·i OF Ponn P? TO TH::: ~IGHT ro FO P <. F5 c EXPHI rs TH~ r:xr:::r~sror4 Cl=' FOiflT PZ Iti THE PHI CI R. EC'.170~,15 	 c EXLAT IS THE t:XTENS!Ot1 OF FOHi"'" P2 p ,: T 1~E LA; OI~: u:rro~: 

EXUP=SQRTCCX3-X2)••2+CY3-Y2>••z+CZ3-Z2>·~2) 
~XDO=SOCf((Xi-X2) 4 •2+(Y1-Y2J••2+cz1-~2i·~2) 
EXLE=S~~T(CX4-X2)•42+(Y~-Y2J~~2•CZ4-Z2J••2J

20 	 ~XRI=SORTCCX7-X2}~~2+CY5-Y2>•~2+<Z~-72)•~2>

EXPH!=EXUP+EXOO 

EXLAT-:::EXLE+EXRI 
i~E TUf:: t~ 

ENO 


--EX TE ~NALS--

SOPT. 

--VA RIABLE ~AF--

EXIJO D A 08 	 E XL .1.T R A 08EXl_E ~ A 08 EXP HI ~ A 0 ~3 
EX~I P A 0 ~~ f.XT'.:~~S - 102 S ~ · ; r-t:y
EXIJP D A 0 i) S l)f.~ T • D n , E .=-.Xi 0 AU 08 	 X2 P AIJ OS X3 o AU 013 x:.. P A!J OS XS D AU 09 Yi R AU 0 r:Y2 F AU 09 Y3 ~ AU OS Y4 P AU 08 	 YS P AU o~Z1 P AU 08 Z2 R AU ogZ3 R AU OB zi. P AU Q'.1
ZS P. AU 08 

0 
11iA PROGPA~-UNIT LENGTH 23 SVMGOLS ()ti 

+

~40009 C~ STOP.OGE USEO .166 SECCNOS 



73/73 TS FTN 4.E+'-'2~ 011~01?7 U.G?, 

1 FUNCTION EPHICSTPAPH) 

5 

c 
c 
c 
c c 

THIS FUMCTIQt.l SU8PPOGR~M Rt:TUR!lS EPHI AS THE t:!..ASTIC HOJL'lI Hl 71-f': 
PHI Oit;ECTIOtJ GIVEt~ THf. STRAI/~ Ii i TH::: FHI DH:ECTIO~~ IE. STRD.PH 

THE CALCUL,HEO ELASTIC MODULI IS fET~~tJit~EfJ AS THE 'SLOF!: 1="~0 1' A 
ST 0 ESS-STRAIN CURVE OF A F~ESH HUMAN AORTIC VOLVE LEOFL~~ IN TH~
PHI CR THE RADIAL DIRECTION · 

10 IF CSTPAPH .LE. D. 0)" GOTO 10 

EPS=STRAPH/100.0 

15 

20 

11 

12 

IF CEPS-fl.10> 

CONTINUE 
IF CEPS-0.24) 

SONTINUE 
IF CEFS-0.1 7 ) 

10,14,1.1 

12,13,1] 

14,15,1) 

10 EPHI=0.8 
GCTO 20 

25 13 EPHI=11.0 
GOTO 20 

30 

1~ 

15 

EPHI=-3.3+43.0~EPS
GOTC 20 · 

SPH!=-12.5+97.0•EPS 

20 R.ETUPt\ 
ENO 

--STATE~ENT LABELS-

• 10 
• 1 L+ 

24 E3 
3 L+ P. . 

• 11 
.15 

1 so. 
.!+2e 

.12 

.20 
201 
l, c~3 

• i3 

--VARIAELE MAP-

EPHI 
STqAPH P AU 

5 0 B oe r:~" T2 Y ~PS 
Vt.LUE. 

p 

R 
f. 5 9 
f, l ~3 

0 
+-
~668 PROGRA~-UNIT LENGTH 11 SY~SOLS 

~40009 CH STO~AGE USED .109 SECONDSI 


I 




73/73 TS 	 FTN 4. 5+~• 2e 01/JO/:" :~ 1~.02, 

1 FUNCTION ELATCSTPALA> 

c THIS FUNCTION SUt3PC'.OGPAM t:1::TURt~S ELAT AS THE ELASTIC MODULI IN Tf-'C-: c LAT D!PECTIOM GIVE~ ! THO: S'i"RAH~ IN THE LAT OIPECTIOi\ IE. SFl.LA 
I 	 5 

c THE CALCUL~TEO ELQSTIC "ODULI IS OET:~~INEO AS.THE SLOPE FQov A c STRESS-STR~IN CURVE OF A FPESH HUMAN AORTIC VALVE LEDFLET I~ TH~ c LAT OR THE CIRCUMFERENTIAL DIR:CTI C:-l 

10 	 IF CSTPALA .LE. 1.0) GOTO 10 

EPS=STP.ALA/100.0 

IF CEPS-0.03) 10_, 10, 11 
15 


11 CO!ITihUE 

IF CEFS-0.15) 12,1 .),13 


12 CONT !NU:'. 
20 	 G0= .35.0 


c1:G25.0 

C2=18750. 0 

C.3=390625.o 

Cl+=-3385417.0

25 	 G5=45'37291S.O 
XO=EPS-0. 03 

x1=xo-o. 02 

X2=XO-O.D4 

X3=X0-0.06 

30 	 Xl.-=X0-0. 06 

X5=X0-0.10 

~LAT=1.5+C!J ... Xfl 


..,. +C1'X0'X1.. +C2'XO"'"Xt"X2

.35 ... +c:~·xo•x1•x2•x3 


-¥ +c4•xo+x1+x2~x1ax4 ... +c3•xo•x1+x2•x3'x~·x5 
GOTO 20 

40 10 	 ELAT=1.5 
GOTO 21) 

13 ELAT=49.0 


45 
 20 RETU"N 
~NO 

--STATEf'!EtlT LABELS-- 0 
+

• 10 1028 	 • 11 lt°}8 .12 	 201 
I-'· 

• 1 ~.20 	 1108 

http:X5=X0-0.10
http:X3=X0-0.06
http:X2=XO-O.D4
http:CEFS-0.15
http:CEPS-0.03


tie~o h .•t..'''rh i• "'..,.,. .....t, 

i'T (l.,C,L) D<l ,C. , J'} ' J • I , MA 

S1 All T 

btc.lL ra.tiot\1 

Set ~ -hrw•r~•f•J '"•~••t''J s,,t. .... 
.,,,.) [ .. ,., r1~ •,,.t.I Co.-fcds 

FIGURE Cl. 
FLOW CHARTS 

for 

PROGRAM VALVE 


,.,,. 
Ca..lc"h.h. 

x" .C.Ll t((,c,q 

C1l u, l-.l1. 

fll'I (l,t,L) U(t Ct,, ,\.} 

ca.1,"'-1 ... t.. 
not included in the 

l't <c ,c , J) f.UU(t,c ,l) • program listing 

COtiT }rllUf 

,, .f, 
Ca. l 1w..l a.h 


'( l\ ,C, L) l~VY{•,c,\.) 


.. 


f~I~T 

tlu,_) i ~,, e............ 1 ......,t , .. , .. 


Dl~X • DI SY, blU 


UU}(,TOI:.'f , 1.Dl5Z 


.....,. 

$at c..,.i10111: ",,,_,,.,.ta ,., s...,r1,,,.. ,, .. ~ ti' 

Xl,Yl,ll 1Jl.t,1'.l: ,I.I, . .... 1 1.5,'t,,IS 

CALL f\t\O 

C•'""·\ ...tc. lhH t lLJ.T 

11• ,••t 

CJ.l.L E"xTEtU~ 

C~t,,1 a.h fAut, iA~, l.(~t,till , i.IPlfl ,IAAT 

Sat .-.tl 


~·v·i,-.l.. • ttt 


w. •••-•rr1;.u1. "d' 


..•..,, £1,MtO ((,t) • itr"Z 

flL,.lllTG l-.,c.) 1 Oi.AT 

•1L.tU, tlUJl., SrtUtt ,ettM.A 

CA.L.L. CPttt t HAT 


Calu. t ...le. Er t -=~ 


•tl ·I'" 
C•l•• l4-lC. 

St\fol , $.,,l.J\T,ST\~fl ,.,..... 
,,.,,t 1lU•lti... 
,.1.,t (c. ,c.~) 

... 

'" 

V1
"' 

0 

http:���-�rr1;.u1


C6 


Preparation of the Input Data Deck 

The data deck consists of the photographic measure

ments for a particular leaflet being analysed. It comprises 

of NL sub-decks, each one containing the measurements at the 

NL different pressure loads. Also, each sub-deck is preceded 

by two cards which input the initial row (ie., INITR(C,L)) 

and the last row (ie., NR(C,L)) in each column (C) for the 

pressure load (L) corresponding to the sub-deck. For example, 

the format for the data card entries for the 5th pressure 

load (ie., L = 5 and P = 80 mm. Hg.) is as follows: 

1st card: NC integers representing the initial row index for 
each column(C) and for L = 5; ie., 

INITR(l,5) INITR(2,5) •.• INITR(C,5) •.• INITR(NC,5) 

2nd card: NC integers representing the last row index for 
each column (CJ and for L = 5 ; ie., 

NR(l,5) NR ( 2 , 5 ) • • • NR (C , 5 ) • • • NR(NC,5) 

1=5 sub-deck : consists of the measurement data for each point 
(R,C) at NA different view angles and L = 5; 

ZT(R,C,5) D(R,C,l) D(R,C,2) ••• D(R,C, J ) ••• D(R,C,NA) 

For example, the entries for the 4th row point in the 6th 
column are: 

D(4,6,l) D(4,6,2) . . . D(4,6,J) . . . D(4,6,NA) 

and the entries for the i nit i al po int in the 9th column are: 
ZT(INITR(9,5),9,5) D(INITR(9,5),9,1) ••• D(INITR(9,5),9,NA) 

and the entries for the last row point in the 17th column are: 

ZT(NR(17,5),17,5) D(NR(17, 5 ),17,l) ••• D(NR(17,5),17,NA) 

Following th is page are typical output . The results that are 
shown are for the first two columns of points from the right 
coronary (RC ) leaf let. Data are obtained for every 20 mm . Hg . 



RESULTS FOR MUSCLE CORONARY VALVE L~AFLET NC. 3 
(RI GHT ) 

PPfSSIJRE RANGEO FFO~ ZERO TO 120 HM. HG Il• sri::cs OF 20.0 MM. HG 
~ 

COOPDI~ATES X1 YiZ A~O RADII RFHI AND RLAT ACE . TN MM. 

IWGLES ARE !ti OtGPEES M 0 PRESSUP.ES AK E T "1H. HG 

EL AsTI c ~ 0 0 uLI Ep fi I n 0 EL AT ARE rn G·~ • I s • HH• . 

srq.A!NS STRAPH ANO STR.ALA ARE rn PE~C::NT i..ONGATIOI 

STRESSES SIGPHI,SIGLAT AND S!G~ET ARE IN ~.ISO. CM. 

NON-APPLICA8LE OAT.A REP~~SENTEO ~V 999.00 
. \ 

THE S C AL E US': 0 I S • 0 114 H'! • I i'1 EA S • Ul 1IT 

ERROR rn MEASURE'~ENTS ·rs .~.ooo ~EAS. u~~!TS 
ERROR IN SCALE IS .00003 ~H./MEAS. UHIT 
fRROR IN ANGLE IS .S OEG~EES 
ERQOR IN PRESSURE IS 2.0 11M. HG 

THE UtlSCALEO CX,'O COOROI :,ATES OF THE CEtni::i:- OF ROT.\:IOl·J IS c• ... ••·,O.IJO)
THE SCALED CX,Y) COO~CI~ATES OF THi:: CEN7E~ OF ROTATIO~ IS (37.oo,o.oo> 

THE OQGA~IZATICN OF THf RESULTS IS AS FOLLOHS 

POINT I.Q. x y z ST? APH SHALA SIGP'-!I S!GLIJT ~:G·1~7 Ii r.. 1; !.. C: 

COLUHN ROW EPRX QEVY E R~Z EPHI ELA T -:.PH! ~L llT 

DIA GRAH OF POitH IDENTIFICAT!Ct; 
10 

9 I 
I 

.. . • • . • 
8 

7 

$: G 
0 
a:: 5 

• • 
t - . · ·

. 
• 

. .. . .. . • . • . . • . . . • •· 
• • .. • • 

4 • . . . .. . . . . • • • • . • • . . 
3 • . . . . . . . .. 
2 

1 . 
2 3 4 5 G 7 8 9 10 11 12 13 14 15 16 17 18 

COLUMN 

0 
()'\ 

'--------"---------..oJlJ 

http:37.oo,o.oo
http:PRESSUP.ES


RESULTS FOR MUSCLE COPO~ARY VALVE LEAFLET ND. 3 Af P~ c s s u~E LOAD= O.O HH. HG 

( !UGll 't ) 

1 3 4!0. e1 11. 2e 23.26 .:iq -; , 00 3g g. 0 0 g g:i. 0 0 ggg . na ': c; i . () 0 
• 07 , gg .:; . 0 0 ggo.oo -,g 9 . 0 0 ~Jj,O~ 

4 12.E7 8.86 1?.r)r n :i .oo ggg. 00 99 9 .00 s:n .c1 -;; •:, 1 . OG 
3. 0 2 B':1. 00 399.GO ggc;,. u0 S 'Vi ,OJ 

1 5 12.E7 ll. 86 1?.. (, 7 '399 .. 0 0 '399,00 ?-19. 0 0 ~~ g .oa r.c; 1 . 0 0 
}<:; ,,, • ()3. 0 2 99:l. 0 0 g99,oo 9:lS, 0 0 

6 "7. 31 9.14 2:.. 7 0 B 3, 00 9gq,oo 99':l, II 0 g g ·3. nJ S ~ '"?. n0 
• 07 39 1) . 0 0 99<'.J.OO 9':l9.;) 0 c;g g . un 

--------------------------------------~----------------------------------------~--------------·----------------------------------------
2 2 t. E.. 3 ll 12. 41 2?.. eo '39 9 . 0 I) g 9i;.oo 9':1 9 , I] 0 l) i) ., • 0 [} ·~ c; ~. ufJ


• oa 3'3 '1 . OU 3 g 9. 0 0 ·~.1)0 :J•:H . ~ ,J
· gg ·

2 3 t.6. 69 11.')3 2~.43 0. 0 0 o. 0 0 0 oil 0 J. no ll. 0 (J 
• 0 3 • eu 1. c; 0 3. " 1 -~. ··1S. 

2 .. 47.38 11.30 23.PJ Q. 00 0. 0 0 0. i] 0 Q. 0 0 1J • 0 0 
• 0 ll •c0 1.::; 0 2. ~ b 2 :7, ,n 0 

2 5 47.97 10. 49 2 .~. 88 il. 0 0 0. 0 0 0. 0 0 a. oo l) • Q1 
• Q9 • F.· 0 1. r, 0 . 1. ".)~ 3 J. ~o 

2 6 4e,21 g,~o 2:.. 4 0 ' I). 0 0 0. 0 0 0. I) Q 0. 11 0 !] • •l 0 
• 0g • t Q 1. :.; 0 2. ~ !. 10, -~ O 

2 7 i.e. 4 5 . 9, oi:; 2:.+. 5 7 '3 l'::i, OU Jso.. ao n 9g . n0 -j O CJ . OJ J~ l . 0 ;)
• ~8 39 <j, (J 0 ~'39. 0 0 9 '3 S , u0 SS ~. 011 

] 1 4E,,74 n.52 2?. 17 ~ g g, uU •'.)g'], 0 0 '?C,0. !) fl J9; . oa .;c :i . oa 
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APPENDIX D 


Method of Calculating the Local Radius of Curvature 

In Clark et al's (1975) and Cataloglu et al's (1976) 

stress analyses of the human aortic valve leaflets, three-

dimensional data as determined from close-range sterophoto

grammetry of silicone aortic molds were fitted to a cubic 

polynomial equation to represent the leaflet surfaces. First 

and second de gre e differentiation of the polynomial with 

respect to each coordinate then give the radius of curvature 

at any desired point. Others have crudely approximated the 

leaflet surfaces with typical average homogeneous and/or 

isotropic curvature radii. 

This appendix will describe a method to calculate the 

local radius of curvature of the valve leaflets in preferred 

directions; that is, as outlined by the circumferential rows 

and the radial columns of dots (see fi gure 18 on p. 77). 

1. 	 Theory 

Given three randomly spaced points, say P (x
1 

,y1 ,z ),1 1 

P (x2 ,y2 ,z ) and P (x ,y ,z ), which lie on a monotically2 2 3 3 3 3 
sm6oth curve as illustrated in f i gure Dla, it is desired to 

find the local radius of curvature (R) of the curve at the 

midpoint P • The basis of the following derivation i s the
2 

Dl 



FIGURE Dl. 
ILLUSTRATION of LOCAL RADII of CURVATURE,R 
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realization that the radius of curvature for a curve at a 

given point may be defined as the radius of the circle which 

best fits the curve at that point. Three points such as P
1 

, 

P and P3 uniquely define a circle; thus, the radius of this 

circle is the radius of curvature of the curve through the 

points. However, in fitting the "best" circle to a curve 

that has a changing curvature, the "best" criterion requires 

the points to be spaced as closely as possible. This is 

illustrated in figure Dlb. 

For the case where the three points are sufficiently 
,,, 

closely spacedT, the derivation for R at the midpoint P2 

goes as follow. Figure D2 shows the three points lying con

currently on the curve (~) and the circle (()') with centre C. 

Points P P P c construct triangles as shown. Perpendicular1 2 3
bisector CB defines the bisecting 8 = LBCP = L BCP • Angles1 3 

~l and ~ are respectively the equal angles in the isosceles2 
triangles 8P P C and 8P P c. The angle ~ is the containing1 2 2 3

__..... 
angle between the vectors 1 and 1 • The vectors between the1 2 

po ints are defined as follows: 

-11 = -p2pl -1 = -P P -13 -p3pl (1)
2 3 2 

The lengths of the respective vectors are 

( 2)11 = 1~1 1 2 = 1r;1 13 = 1171 
where for example, 

li = [( x2 - xl)2 
(3) -

-·"' " sufficiently closely spaced" will be discussed later. 



FIGURE D2. D4
GEOMETRY for DERIVATION of R 

c 

R = 

l ·l = (x,-x , )-( x, - x, ) + (Y,-Y,)·(y, - y, ) + (z, -z,) · (z, .. z,)1 2 
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From the two isosceles triangles 8P CP and AP CP ,1 2 2 3 

~PlCP2 180° - 2~1 and ~P2CP3 = 180° - 2~2 (4) 

The sum of these angles equals the angle subtended by the 

vector -1 ; that is,
3 

28 = ~P1CP3 = 360° - 2·(¢1 + ~2 ) ( 5 ) 

e 180° - (~1 + ¢2 ) 
( 6) 

From the geometry, 

~ = i80° - (¢1 + ¢2 ) = e (7) 

From triangle ~BCP1 or BCP ,
3
 

e = 1 3/2
sin ( 8) 
R 

R = (9) 


Vector geometry yields 

I~ X 1 2 1 =11 ·12 ·sin ~ (10) 

Combin i ng equ ations (9 ) and (10 ), 

- 11·l2•l3 
(11)

R- ,- -,2· 11 x 12 

By using the vector identity 

(12)I~ x r;12 = 112·122 - l~·r;l2 
Equation (11) becomes 

(1 3 ) R 

~·T; = (x2 - xl )( x3 - x2) + (y2 - yl)(y3 - y2 ) 

+ ( z 2 - z1 ) ( z 
3 

- z 2 ) (14) 
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2. Apnlication to Experiment 

For each interior point (P 0 ) on the valve leaflets, 

there are four other adjacent points (PU,PD, PL ,PR) as shown 

in figure 18 on p. 77. Application of the above theory to the 

points Pu,P 0 ,PD on the radial curve yields the radial radius 

of curvature, ~R at P0 • Similarly, application of the theory 

to points P1 ,P0 ,PR on the circumferential curve yields the 

circumferential radius of curvature, Re at P0 • In the data 

analysis and computer program which are described in Appendix 

C, these calculations are performed by a function subprogram 

named RAD. 

A limitation of the method is its inability to deter

mine the sense of the curvature (ie., positive or negative). 

But this is acceptable since the radius of curvature for any 

large section of the leaflets is clearly convex outwards 

(ie., positive R). However, if local variations on a smaller 

scale are desired, then the sense of the curvature is impor

tant to the understanding of the state of the valve leaflets 

(e g ., development of compressive stresses). 

A "suff icient" mesh size is defined as one that is 

fine enough to produce satisfactory inhomo geneous data, but 

yet large enough to be insensitive to measurement errors . 

Unfortunately , the 1 mm . mesh size used in the experiment i s 

particularly very sensitive to measurement errors. It has 

already been demonstrated in Appendix B that straight-line 

distance calculations have errors in the order of 5% to 10%. 
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Therefore, the error in the numerator of equation (13) is 

is approximately 15% to 30%. If the error in the denominator 

is included, the error in Ras calculated from equation (13) 

may be 50% or more. Hence, the mesh size used in the experi

ment is considered "insufficient". An improvement in the 

accuracy of the measurements is necessary in order to retain 

the discreteness of the mesh size in investigating the valve 

leaflet inhomogeneity. 
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Use of Lasers to Determine Surface Strains 

The technique of double-exposure holographic inter

ferometry was first considered for determining the differ

ential surface displacements and strains of the aortic valve 

leaflets. The theory and applications in engineering are 

well established [Haines and Hildebrand, 1966; Aleksandrov 

and Bonch-Bruevich, 1967; Ennos, 1968; Boone, 1969,1970,1972; 

Gates et al, 1969,1972; Sollid, 1969,1970,1971; Frungel and 

Schultz, 1970; Cook, 1971; Matsuoka et al, 1971; Bjelkhagen, 

1973; Bijl and Jones, 1974; Stetson, 1976]. However, the 

technique has not yet been sufficiently exploited in the 

biomedical sciences. 

Preliminary holograms were made for inflated porcine 

aortic valves with a 2 mW. He-Ne laser, AGFA 10E75 AH holo

graphic plates and a Gaertner-Jong holographic table and 

optics. Insufficient laser output necessitated long exposure 

times (~Jo seconds). The holograms produced were poor since 

1) the aortic leaflet tissue was not particularly conducive 

for reflecting the red laser light and 2) the vibrations of 

the air-inflated valve destroyed the interferometric process. 

Pulsed multiple holography using a higher power laser (C02 ), 

which would minimize the vibration problems, was considered 

El 
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next. However; this work was abandoned because of insuffi

cient equipment. Even if the analysis was conceivable, the 

data measurements would have been quite formidable. It is 

estimated that for typical displacements and strains of the 

aortic leaflets, the number of interferometri c fringes to be 

counted would be in the order of thousands. However, this 

difficulty should be manageable technically. Perhaps then, 

the pulsed multiple hologram technique should be pursued; 

the technique does offer a potentially very accurate means 

of measuring the leaflets ' surface strains with minimal 

preparation of the valve (i e ., no dott ing and no molds). 

Other feasible techniques, yet to be considered, are 

Mo ire fringe techniques [Schiamnarella and Durelli, 1 962; 

Theocaris, 1964; Carg ill, 1970; Stetson, 1 970 ] and speckle 

photography [Archbo ld et al, 1970 ; Forno, 1975 ]. 
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