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ABSTRACT OF 'rBE THESIS 

Perfoz:.utance Assessment of Prosthetic Heart Valves Using 

Orifice Area Fo:r:mulae and the Energy Inde.x Method 

by 

Flavio Ba1lerini Souza Campos 

Fl.orida International University, 1993 

Miami, Florida 

Professor Richard T. Schoephoerster, Major Professor 

Valve function is commonly .assessed by eff.ective orifice· area 

(EOA) estimates using equations derived from conservation of 

mass and energy. Errors have been found with the method due to 

difficulties in deternai ning the valve • s coefficient of 

discha.rge ( Cd) • The Cd, a factor that corrects the EOA for 

losses in the valvular wake region, has been shown previously 

to vary with the Reynolds number and valve geometry. In this 

study, a Cardio-Vascular Duplicator (CVD) is used to deterutine 

the Cd for three types of mitral valves, operating in modes 

ranging from no:t:ntal to severely stenotic. Since orifice area 

methods do not account for regurgitant flow, the energy index 

(EI) method is derived and used in experiments with an aortic 

valve. Results show that the EI method is more powerful than 

the EOA because a single quantitative parameter is attributed 

to each valve, taking into account regurgitant, leakage and 

pressure losses. 
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J:N•l'RODUCT:ION 

The ajm of this study is the improvement of the present 

techniques used to assess the perfoL•nance of natural. and 

prosthetic heart va1 ves • This improvement wil.l.. be accompl.is hed 
. "'-

in two different sections: 1) A thorough study of currently 

used oz:i.fi.ce area formulas, which includes the detez:•ni nation 

of the values for the coefficient of discharge of val..ves, as 

well as the scope of the foLmu1as' applicability; 2) The 

derivation and proposal of a different method of assessing 

perfor•nance of prosthetic heart valves that is thought to be 

much more powerful than the currently popular method. This new 

method is the Bnergy Zndez method. 

The Effectiv,e Orifice Area (EOA), or opening area, of 

cardiac valves has been used as a measure of valvular 

perfoLnaance. The EOA can be calculated from knowledge of the 

blood flow rate, pressure drop across the valve and its 

discharge coefficient. This foi:mulation • 
.l.S attributed to 

Gorlin and Gorlin [1], but other investigators followed with 

corrections and modifications to the original fo:J:nLula. The 

foz:mulas of Aaslid [23] and Gabay [24], as well as Gorlin's, 

will be used in this study. 

Even though the Gorlin equation has been an accepted 

method of assessing valvular performance since the 1950's, its 

predictive ability is still questionable due to difficulties 

1 



associated with the deteznaination of the coefficient of 

discharge, specially that associated with the mitral valve and 

its pathologies. Thus, in the first part of this study the 

author experimentally deter ani nes coefficients of discharge 

for three types of mitral valve prosthesis while subjected to 

a variety of flow conditions and pathological states. 

Since the four orifice area formulas used were found to 

be inadequate for proper assessment of valvul.ar function, the 

author derives the energy indez method, which gives the 

physician faced with the prospect of electing a va1vular 

prosthesis for implantation a single, quantitative, measure of 

the valve's perfoz:anance that is self-correcting for valve size 

and type. The power index method final1y solves the problem of 

assessing perfo1111ance with a method that takes into account 

not only the forward flow characteristics of the valve, but 

also incorporates the regurgitant and leaking volumes through 

the valve while still using just one numerical parameter. 

2 



Chapter 1: PBISZOLOQZCAL ASPBC'l.'S OP azx.evJ NCB 

'l'be Suman Caz•'; ovascu1ar Sy•tem 

The cardiovascular system • 
l..S comprised of several 

components: the heart, the lungs, and the arterio-venous (or 

vascular) system. A description of the hemodynamic circuit 

that is seen by the bl.ood as it circulates through the body 

could begin at the heart. The heart is a double pump, which 

means that it has two different sides, with similar functions, 

operating in series. The right side is responsible for what is 

called the pulmonazy circulation (blood flow through the 

lungs), while its left side is responsible for the systemic 

circulation (blood flow through the body). 

Venous blood, which is rich in carbon dioxide, collects 

in the right atrium through the superior and inferior vena 

cava. The vena cava are two major veins that collect the blood 

from the head and a:r:uts, in the case of the superior, and from 

the abdomen and legs in the case of the inferior. This blood 

enters the r~ght ventricle because ~t still possesses enough 

head, or pressure - imparted onto it by the previous pumping 

cycle - to flow • 10 that direction • The right • • atrJ.um J...S 

separated from the right ventricle by a uni-directional valve, 

the tricuspid va1ve. 

Once the right ventricle has relaxed from the previous 

3 



contraction, the pressure inside of it drops considerably 

bellow that at the atrium, causing the tricuspid valve to open 

and a new charge of blood to enter the ventricle. When filled 

to capacity, the right ventricle starts to contract; as a 

result, the tricuspid valve closes passive1y and th.e pulmonary 

valve opens, sending that vol11me of blood to the lungs for 

• 
oxygenat~on. 

The pulmonary veins are responsible for collecting the 

blood from the lungs and delivering it to the left atrium. It 

should be noted here that the pulmonary veins represent an 

exception in the body in that, all other veins convey oxygen-

depleted blood, whereas the pulmonary veins convey oxygen-rich 

blood back to the heart. 

The left atrium is separated from the left ventricle by 

the mi tra1 va1ve. When the left ventricle relaxes, its 

internal pressure drops bellow that at the left atrium. As a 

result, the mitral valve opens and the blood fills the left 

ventricle •. Upon contraction of the muscle, the mitral valve 

closes and the aortic valve now opens, forcing high-pressure, 

oxygenated blood to circulate throughout the body, exiting the 

heart through the aorta. Even though the contraction of the 

right and left sides of heart were described separately here, 

in reality, they happen simultaneously. 

At the outlet of the aortic valve the inlet for a very 

important set of arteries is found: The coronaries, of which 

there are two main branches; so important are the coronaries 

4 



(from the latin 'crown') in fact,, that coronaJ y ci rcul a:tj on is 

usually treated as a subject in itself in medical physiology. 

The coronary arteries are responsible for keeping the heart 

muscle itsel.f alive; it is the obstruction of the coronaries 

that leads to heart failure, known as infarction. Blood flow 

into the coronary • arterl...es • 
.l.S facilitated by a special 

anatomic feature of the ascending aortic arch: the sinuses of 

Va1aa1va. The coronary arterial walls have to be compliant, 

for they must move with the myocardium at every stroke. At the 

same time, that compliance causes said arteries to collapse 

,during systolic contraction (at least the smaller branches) , 

for the myocardial wall is under circumferential tension and 

radial compression. A collapsed artery could only convey blood 

at a higher pressure than that which caused it to collapse in 

the first place, something that would only be logically 

possible if there were a separate pressure source! Nature's 

solution to this hydraulic problem was to place three small 

bulging pods circumferentially distributed around the 

ascending aortic arch, just downstream of the aortic valve. In 

fact, the cusps of the • aort1c arch partially cover these 

'pods', which are called the sinuses of Valsalva, while the 

valve is open during systole. This intricate geometry promotes 

the foLmation of a rotational flow pattern within the sinuses 

with consequent accumulation of blood which flows into the 

coronary arteries upon ventricular relaxation. Figure one 

depicts schematically the source of coronary circulation. 
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... fllw.hs 

Figure 1 : Schematic representation of blood 
flow within the sinus of Valsalva. Blood enters 
coronary artery upon ventricular relaxation. 

The distribution of blood to all cells of the body start1 

at the aortic arch, and, being divided into arteries anc 

arterioles, ends at the capillaries, where all molecular 

exchanges by the blood take place. The blood again collects, 

from the capillaries, into the venule and veins. Eventually, 

the oxygen-depleted blood reaches the two vena cava and enters 

the right atrium. The aortic pressure must be sufficiently 

h~gh to ensure that the pressure at the vena cava is higher 

than that at the right 
- . 

atr~um, even after being lowered 

through the resistance that the body represents, otherwise the 

flow of blood would be impeded. It is at the arteriole level 

that most of the distributional control of blood happens. 

Sections of the body which can forego optimal irrigation for 

short periods of time, in order to provide extra blood to 

other areas, have the arterioles that feed them constrict, 
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thus decreasing bl.ood flow to that region. 

Once at the right atrium, the blood is ready for a new 

cycle identical to the one described above. This cycle will 

take place, on the average, 86400 times in one day, 2.5 

billion times in a lifetime. Fig·ure two depicts the various 

pathways of the human circulatory system. 

Figure 2: Schematic diaqram sh.owing various routes of 
circu1ation. Figure adapted from Myers [ 10]. 
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The Human Beart 

.. Viewed external.l.y, the heart seems to be a cont1nuous 

ss o£ musc1e tissue, but, in real.ity, there are two auricles 

- or atria - and two ventric1es. The two ventricles are 

separated from each other by a thick wa11 called the aept1m~, 

and from their corresponding auricl.es by a valve. From the 

description of the circu1atory system presented earl.ier, it 

seems apparent that these four chambers cannot contract - and 

thus eject their charge of blood - at the same time. There is 
• 

a very del.icate synchrony and sequence of contraction within 

the heart muscle which accounts for its function. Examination 

of the muscular contractile process wil.1 yield insight into 

the operation of the heart. 

Muscle fibers, such as those out of which the myocardium 

is composed, have the ability to contract when reached by a 

suitable electrical signal termed action potenti.a1 (AP). Since 

each cell is able to contract, independently of its 

neighboring cells, once reached by the proper electrical 

signal, the secret to controlling the heart lies • J.n 

controlling the distribution of the action potential to each 
• 

cell of the muscle. 

External electrical control reaches the heart at a 

location termed sinoatrial. node (SA node) through the vagus 

ne:r:vea. This is also the point at which the action potential 

is initiated if, for some reason, no external stimuli is 
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present. This 'self-suffic~ent' opera.tion .. 
~s possi.b1e for 

humans and other mammals that are provided with myogenic 

hearts. From the SA node, the AP propagates from one atrial 

cell to another, one at • a. t1me, until finally reaching a 

location termed atriovent:ri.cul.ar node (AV node). The AV node 

delivers its charge not to its neighboring cells, but to a 

thick nerve called bundle of Bi..s, which splits into two main 

fibers called the l.eft ma.i.n bundle and the ri.ght mai.n bundle. 

The two • 
ma~n bundles terutj nate into what is known as the 

Pu:r:k:i.nje fibers. The Purkinje fiber.s are much finer and more 

numerous than the main bundles, thus they are able to reach a 

great number of cells at the same tj me. The sequence of f.ibers 

described above bring the AP all the way to the apex of the 

heart before delivering it to the muscle cells, thus making it 

possible for the heart to contract from the apex up, towards 

the pulmonary and aortic valves. 

The tissue that lines the internal section of the heart 

muscle, the myocardium, is called en.docardi,,m. The endocardium 

is a specia,l tissue with some outstanding wear and frictional 

properties. The entire heart, as an organ, is enveloped by a 

tissue called peri.cardi1Jm. The pericardium • 
~s a somewhat 

translucent tissue that is liquid filled and has the function 

of • 
protect~ng the heart, not only from thermo-mechanical 

shocks, but also from biological hazards. 

The heart valves, being uni-directional, are responsible 

for keeping the blood moving in one direction upon ventricular 
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contraction. Blood is admitted into, and ejected out of, the 

left ventricle by the mitral and aortic valves respectively. 

During ejection the mitral. val.ve is cl..osed. Pressure drop 

across an ideal valve is negl.igibl.e whil.e openJ its cl.osure 

should take place with negl.igible flow. 

The atria, at the inlets of the ventricles, accumul.ating 

the blood tha.t would otherwise take a longer time to fil.1 the 

ventricles, couple the nearly steady flow at the vena cava to 

the highly pul.sati.l.e fl.ow into the ventricl.e. 

• 
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Figure 3: s; nrplified intexrtal diagram of the heart showing 
its four chambers and circulation routes. Prout Myers [ 10] 
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A11 four of the va~ves found in the heart, two between 

the ventricl.es and the atria and two at the outl.ets of the 

ventricles, are of a simil.ar nature. The mitral. va1ve, being 

the object of this study, wil.l be briefly described • 

The mitral val.ve • .l..S a comp1ex unit that has to be 

analyzed and understood in conjunction with • • 
Sl..X maJor 

components: 1 )the l.eft atri11m, 2 )the mitral annul.us, 3 )the 

mj tral. leaflets, 4) the chordae tendineae, 5 ) the papil.l.ary 

muscles, 6)the left ventricular myocardium. The mitral valve 

has two thin l.eaf1ets, or cusps, that flap up and down, their 

ends coming together when the valve is cl.osed. Each of the two 
• 

leaflets are connected to inner walls of the myocardium 

through a set of tendons called chord.a.e tend; neae and the 

pap·i..11ary muscl.ea. These muscl.es and tendons prevent the 

leaflets of the mjtral valve from folding back into the atrium 

once the valve is fully closed, under systolic pressure. Under 

these conditions, the leaflet is supported at the root by the 

ventricular wall, and at the tip by the tendons. The leaflets 

themselves, being very thin, require some stiffening; a set of 

ridges, made in the same material as the leaflets themselves 

does just that. These ridges, much like beams on a plate, are 

called ssures. The commj ssures play another j.mportant 

rol.e in the function of the valve: since the leaflets are not 

hinged at their roots, the leaflet has to band in order for 
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the valve to open and close properly; the st~ffness of the 

commi ssures must be s.ufficient to withstand systo1ic pressure, 

but low enough for effective opening during diastole. 

c on Na1functiona 

Malfunctions, or pathol.ogi.ea, of any of the four valves 

found in the heart can be divided into two groups: stenosis 

and i.nsufficiency. 

A stenotic valve is one that does not open fu11y, usually 

because of stiffening or fusion of the valve leaflets ~n the 

commissural area. Stenos~s of the valve causes smaller than 

opt.imum • 
open~ng areas, which • l..n turn will cause high 

transvalvular pressure gradients. One consequence of stenosis 

of the heart valve is a lower cardiac output, which may cause 

damage to the body due to the lower oxygenation of tissues. 

Stimulated by oxygen sensors located throughout the body, the 

myocardium will contract ever more strongly, in an attempt to 

compensate for the stenotic valve. 

If the stenotic valve • 
~s in the mitral position the 

higher than norntal pressure gradient across it will preclude 

the ventricle from being filled to • capac1ty, even with 

increased atrial activity. As explained by the Frank-Starling 

law, a partially filled ventricle will contract wit.h a lower 

force because its muscle fibers are less stretched. The 

ventricle will eject a lower volume of blood per stroke at 
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lower pressure, i.e. a lower cardiac output. No:r:uaal right 

ventricular output, coupled with a stenotic mitral valve may 

resul.t in accumulation of bl.ood in the porous tissue of the 

lungs, to the point of rupture. Patients that fit this 

clinical scenario have coughed large amounts ·Of blood. 

:If the stenotic valve is mounted at the aortic position, 

the ventricle can still be filled to capacity, but i.t probably 

will not because of the lower cardiac output of the previous 

cycle (scavenger effect). A ventricle that is ejecting blood 

through a stenotic valve will not deliver the same vol.ume per 

stroke, at the same pressure, as a nornta11y valved ventricl.e. 

A lower output pressure, dissipated by the same systemic 

resistance will yield a lower atrial input, describing an 

unstable system because lower atrial flow will cause lower 

ventricular filling. Lastly, stenosis of the heart valves 

could be caused by rheumatic fever or congenital defects. 

The other common malfunction of heart valves is 

insufficiency. An insufficient valve is one that cannot close 

completely during systole (if it is the tricuspid or mitral 

valve ) , or during dia.stole, ( if it is the pulmonary or aortic 

valve) allowing blood to be regurgitated back into the atria 

or ventricle respect~vely. Insuffic~ency • 
l.S most often 

associated with the mitral valve~ because high ventricular 

pressures occur during systole, a period that finds the aortic 

valve open, but the mitral valve closed in resistance to that 

pressure. 
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It ~s the funct~on of the chordae tend~neae and that of 

the papillary muscles to prevent the leaflets of the valves 

from folding back in to the atria, whi.ch would allow 

regurgitation of blood, as explained earlier. Rupture of the 

chordae or 1oss of muscular contraction (Papillary) could 

account for the sort of insufficiency in which the leaflets 

fold back into the atria. The other possible mechanical cause 

of insufficiency is, again, the stiffening of the leaflets. 

Finally, insufficiency may be the result of a congenital 

defect, a diseased state, or even the result of a surgical 

c9mplication. 

Heart valves can be substituted by prosthetic devices. 

Ar Lificial heart valves have been used to replace diseased 

ones ever since the mi d-1960 • s, soon after the open heart 

surgery was a reality. The replacement of heart valves usually 

enhances the life of the patient; reportedly, 70% of patients 

have survived for five years or longer after the surgery. [ 12] 

The biggest problem associated with prosthetic devices 

continues to be thromhoemho1ism, damage to the blood due to 

contact with foreign materials. Thromboembolism is caused by 

bioincompatibility and adverse dynamic characteristics of 

prosthetic devices [25]. More recently, blood cavitation at 

the valve occluder has been suggested to cause hemolyses. High 

occluder to housing impact velocities at closing and the 

retrograde jet of blood through the valve, while it is closed, 

were suggested as possible causes of cavitation. Improvement 
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of heart va1 ves, then, as in all other prosthetic devices , 

must come in the area of materials, bioc:ompa t:.i.bi.1i. ty, and 

h$modynamj c design. A prosthesis should not cause undue 

pressure gradients or high shear rates in the flow field. As 

seen, then, while the actual d.esign of a prosthetic heart 

valve wou1d include the areas of materials, durability and 

perfoL•nance, the present study is ajmed solely at the dyn•m;c 

perfo1mance assessment. 

Prosthetic valves can be totally mechanical or made from 

biological tissue, such as a bovine pericardium or a porcine 

aortic valve. While tissue valves present a higher degree of 

biocompatibility, generally they do not last, mechanically, as 

long as the purely mechanical valves do. 

The three most common types of mechanical heart valves in 

use today are the bal.l. and cage, til.ting d; sc, and the 

b~1eaf1et. Of those, the oldest is the ball and cage and the 

most recent design is the bi1eaf1et. The ball valve shows very 

little regurgitation, but it is also damaging to the blood 

because of the turbulence it creates • Many models and brands 

of each design, as well as other designs, are available on the 

market. [10] 

15 



Previous Work 

Having established what the most important problems 

associated with mitral valve are, an explanation of the 

techniques used for their detection is i.n order. 

The presence of va1vu1ar regurgitation can be detected. by 

phonographic means because the retrograde jet of f1uid created 

causes a distinct acoustic wave to be generated. Optionally, 

Doppler-echocardiography can produce excellent representations 

of the flow pattern, both in the positive and in the 

retrograde direction of the valve. These techniques are, at 

best, qualitative, however. Most recently, three-dimensional 

reconstruction of the planar echoc~ardiographic re·cord has been 

shown to report regurgitance with more precision. 

Stenoticity can be detected and quant~f~ed w~th or~f~ce 

area formulas. In this study, the four most important orifice 

area fo:ranulas are described and used. 

Assessing the condition of the valve with an orifice 

foz:mula • requ.1..res the use of the correct value for the 

coefficient of discharge, the dete:x:naination of which is one of 

the main topics of this work. 

Having confined the scope of what can be learned about 

the function of heart valves by the use of orifice area 

methods, a d *' • escrJ..ptJ..on of what has been accomplished by 

previous investigators is in order. 

The first to introduce an orifice area equation for the 
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purpose of' valvul.ar function assessment, was Gor1in [ 1] • l...n 

1951. The Gor1in equation, derived from 1aws of conservation 

of mass and energy through a discharge orifice, requires the 

know~edge of the mean pressure drop across, and the mean fl.ow 
• 

rate through, the valve, as wel.l as its coefficient of 

discharge. The first two quantities can be measured in vivo 

and in vi-tro, whereas the coefficient of discharge must be 

detez•ni ned empiricall.y. 

In 1975, Aasl.id and associates [23], proposed an equation 

sjmi1ar to that of Gorlin for valvular function assessment. 

Aaslid's method, though, uses the peak flow rate through the 

val.ve and the pressure drop at the time of peak flow. It i.s in 

order to al.l.eviate the effects of acceleration of the flow 

through the valve that Aas1id uses the peak f1ow rate, instead 

of the mean. In 1978 Gabay [24] introduced another equation 

for valvular function assessment; the Gabay method uses the 

RMS flow rate and the mean pressure drop. As is the case with 

the other two * equatl..ons, the Gabay method also demands 

knowledge of the coefficient of discharge. 

Because it uses the mean flow, which can be obtained 

clinically, the Gorlin formula remains the most popular tool 

for function assessment of heart valves. Studies have shown, 

however [ 24] , that large errors can be incurred when the 

Gorlin foLmu.la is used. Swanson [ 18] demonstrated that the 

pressure drop across prosthetic heart valves is proportional 

to the flow rate exponentiated to the 1 • 5 to 2 • 0 power; 
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dimensional requirements, however, demand that the formulas 

described above use the pressure drop bei.n.g proportional. to 

the flow rate exponentiated to the 0. 5 power. Finally, 

Schoephoerster [15], showed that it is appropriate to use a 

coefficient of discharge, with the orifice foz:ntu1as described, 

which i. tsel..£, is a function of the flow rate through the 

v~lve. This deteL•"ination was made theoretical.ly and val.idated 

with in vitro studies. 

Since all of the • • J..nvest.J..gators mentioned, including 

Gorlin who onl.y studied natural valves, showed that different 

geometries of valve demand the use of different values for the 

coefficient of discharge, and since this value has also been 

shown to vary with flow rate, before valvul.ar function 

assessment can be carried out, one is justified in asking 

whether the value for the coefficient of discharge may also 

vary with valvul.ar condition, which it • 
~s supposedly 

deteLn•i ning. Clearly, should this be the case, the orifice 

area method cannot be said to work; for, in trying to learn 

about a heart valve's condition, it is impossible to know what 

that condit.ion is • • a pr~or~, as would be the case with a 

coefficient of discharge that changes with different degrees 

of stenoticity. 
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Chapter 2 : TBB BWBEC'l'XVZ ORZJf'1CB A.RBA 

The equation derived from conservation of mass and energy 

laws of fluid mechanics by Gorl.in & Gor1in [1], known simply 

as the Gorl.in equation, has been used for many years as a 

means of predicting the effective orifice area, (EOA) or the 

effective opening area of a natural or prosthetic heart val.ve. 

The BOA is a useful. cl.inical. tool of assessment of val.vul.ar 

perfozutance because its value can be compared to a known valve 

area, discrepancy with which indicates suboptimal operation. 

Q,.,. 
= --------------

44.5xC,x ll.PIIt«<ll 

. Q = Metua rate of while valve is open: em 3/~. 
( 1) 

C4 = Disc e c · 
ll.P = Mem1 pressure drop a.aoss • mmHg. 

44.5 is a constant that inclu:tk,s gravity. 

Application of the above equation to the analysis of 

heart valves followed observation that the valvular annuli of 

diseased heart valves remain essentially fixed (their geometry 

does not deviate from that of a central-flow orifice and they 

do not translate or rotate relat~ve to the surface they are 

mounted on) during a cardiac cycle. In their 1951 paper, 

Gorlin and Gorlin [1], state that: 
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Because of the essential..ly fixed nature of the rings 
of the cardiac valves when diseased, an attempt has 
been made to app1y the hydraulic principl..es and 
foxmu1as of fixed orifices to these stenotic valves. 

Because the mass of a flowing fluid within a conduit must 

be conserved, the flow rate (or discharge) of the fluid will 

be numerically equal. to the cross sectional area of the 

conduit multiplied by the velocity of fl..ow. If that fl.ow is 

made to cross an orifice, it wi11 be seen that the resulting 

cross sectional area of the fluid in motion, just downstream 

of the orifice, will be somewhat smaller than that of the 

orifice itself. The equality suggested above can be preserved 

if • 
~ts right side is multiplied by a constant texmed 

coefficient of contraction, a function of the geometry of the 

orifice. 

Q = cc X A X v 

where: Q is the Ieite: em 3 per second. 
C c is the c of contraction. 

(2) 

A is the a1ea: cm2. 
Y is the · velocity: Clll per second 

The auricle and ventricle being the conduit, interrupted 

by the valve, or orifice (when open), is a feasible model to 

which the equation of conservation of mass can be applied. 

Similarly, us~ng the same model, it is poss~ble to apply the 
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princip:Le of conservation of energy across the valve. The 

fluid that is above the valve (orifice), but not moving, has 

potential energy, while the fluid that already went through 

the valve, now filling the ventri.cl.e has less potential, but 

some kinetic, energy. The difference in potential energy of 

the fluids before and after the orifice is numerically equated 

to the kinetic energy acquired though . ~ 

.l..tS 
• mot.1on by the 

coefficient of vel..ocity, a function of the fluid's viscosity. 

V =C11x..j2 xgxh 

where: Y is the velocity. em 2 per secontL 
Cv is the c · of contraction. 

( 3) 

g is the ~ · · 1llll accelt1 tltion: em per secontP. 
h is the · · head: em. 

The last two equations presented can be combined to yield 

the Gorlin equation. The constant 44.5 in the Gorlin formula 

reflects. the square root of the quantity 2 x g, in centimeters 

per second per second. The transvalvular pressure drop should 

be used in centimeters of fluid and the flow rate in cubic 

centimeters per second. 

In order to use the Gorlin equation as a mean of 

assessing the perfoLmance of a heart valve, pressure at each 

of its sides is acquired during several heart cycles. Such 

measurement • 18 easily accomplished by means of catheter-

mounted pressure sensors and fluoroscopy. 
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A sma1~ incision in the groin or shou~der area is needed 

for the insertion of a singl.e catheter that l.ooks much l.ike a 

flexible pl.astic wire, about 1/16" in diameter. The catheter 

can have two pressure sensors attached to i·ts end, about 1 

inch apart axia11y. The position of the incision depends on 

the specific val. ve that is under investigation: if the mj tra1, 

the incision w.i.l.1 be in the groin; if the aortic, the shoulder 

area. 

The patient is placed on a fluoroscopic table, such that 

the position of the tip of the catheter is visible on a screen 

at all times. With much skill, the tip of the catheter wil.l. 

eventua11y reach the heart via the incision described. Because 

the soft tissue of the va1ves, as we11 as the catheter, can be 

seen on the screen, the experjmenter can wait until the valve 

opens and then insert the catheter another inch or so, such 

that its tip, wi.th one of the pressure sensors, is now inside 

of the ventricle. Pressures on both sides of the valve can now 

be recorded. 

Blood flow rate across the valve can be estimated by the 

Fick method of oxygen consumption or die-dilution. [17] These 

techniques, traditionally used, can only produce mean flow 
• 

rates; thus the mean flow and the mean pressure drop were used 

originally to compute EOA. Both of the pressures as well as 

the flow rate will be cyclic, rather than constant quantities, 

which suggests that the quantities have to be averaged over 

many cardiac strokes (typically more than 15) in order to 
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obtain values that are representative of the operation of a 

valve. With increased in vitro testing of mechanical heart 

valves, and the advent of sophisticated measuring equipment, 

attention was redirected to the Gor1in fozmu1a in search of 

poss.ib1e improvements. The most noteworthy contributions were 

those of Aaslid [23] and Gabbay [24], who suggest the use of 

the peak instantaneous flow rate and the pressure drop at the 

time of peak flow, and the use of the Root Mean Square of the 

flow rate and the mean pressure drop, respectively. The 

constant 0.32 in the Aas1id • • equatJ...on ar1ses because of 

conversion of units; while the Gorlin and the Gabay equations 

use 'ml/sec' for fl.ow and centimeters of fluid for pressure 

drop, the Aas1id equation uses 'liter/min' and 'mm Hg' for 

fl.ow and pressure drop respectivel.y. 

The Asslid equation: EOA=0.32x Qp 
(4) 

APfJI 

QIIMS 
~=--------------

44.5 xC 4x .· AP,., 
(5) 

All three equations use the same simplifying assumptions, 

namely: flat velocity profile upstream of valve; central-flow, 

circular orifice for valve configuration; static fluid 
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upstream of val.ve; inviscid f1uid and ideal. orifice geometry. 

In order to account for these ass1Jmptions, a~l three equations 

use an al.l.-encompassing constant to correct the cal.cul.ated 

orifice area. Gorlin' s coefficient of discharge is deter1ni ned 

empirically by solving the Gorl.in equation. and dividing it by 

the meaauz:.d. open val.vul.ar area. Aaslid' s effective area index 

is the quotient of his £oxmul.a by the mountj.ng aZ"ea of the 

val.ve. Gabay divides his foz:mul.a by the primary fl.ow area of 

the valve, deriving the coefficient of perfozu,ance, or the 

mounting area, deriving the perfox••aance index. 

Although the Aas1id and Gabbay foxmulas have been shown 

to be superior in area prediction to the Gorl.in fozmul.a [24], 

the l.atter . 
• rema.1ns the most popuJ.ar c1inica~l.y because the 

estimation of mean flow rates does not require the use of 

sophisticated equipment. 

Since the values of the correction constants described 

above directly affect the calculated effective area of the 

valve, and since this area is used to diagnose the condition 

of the valve, precise detez:1nination of the values of the 

constants and the conditions for which these values are valid 

are of utmost importance, and represent, in. fact, one major 

objective of this study. 

The dependence of the discharge coefficient on the flow 

rate for a porcine valve mounted in the aortic position has 
• 

already been established by Schoephoerster et al [14]. 

In order to actually measure what the discharge 
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coefficient is for the mitral valve operating under any set of 

conditions, a cardiovascul.ar duplicator, that puts the valve 

in a flow and pressure field similar to phys.iological., " l.S 

built and used to measure flow through and pressure drop 
• 

across three different types of prosthetic heart valves, 

operating at three degrees of stenoticity each. Two sizes of 

each val.ve and thirteen flow rates are used in each case, 

y.ie1ding 234 measurements designed to confiLm the Cd's 

variance with Reynol.d 's n11mher, and study its possible 

variance with va1ve type, size and condition of stenoticity • 

Actual • open1ng areas are measured by photography and 

planimetry. Details of the experiment are described later. 

Eaperi men ta.1 Apparatus 

The equipment designed and bui1 t at F1orida International 

University is teLmed a Caz•J; oVascu1ar Dup1i.ca:t:.or. The function 

of a cardiovascular duplicator (CVD) is to provide the heart 

valve, the object of the study, - whether natural or 

prosthetic - with an operating environment as similar to the 

physiological one as possible. The CVD is composed of five 

independent systems: The pul.se dup1i to:r: (PD), the cardiac 

emul.ator (CB), the systemic simul.a.tor (SS), the ventri.cu1ar 

The pu1se dup1ica.tor • 1S the module responsible for 

producing flow and pressure waves in fo:t:u1s that approximate 
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those produced by the human heart, as published by Archer [ 19] 

and Wei.ss1er [ 20] • It consists of a piston an.d cyl.inde.r 

arrangement such that hydraulic fluid is p11mped in and out of 

the pericardia1 box of the cardiac emulator. Figure four 

depicts selected details of the pulse duplicator. 

The piston is driven by a stepping motor, through a rack 

and • • pl..Dl..OD, such that • l..tS • • pos1t1on and velocity can be 
• 

accurately controlled. A personal computer transfo1•ns the 

desired flow and pressure wave foLnas into a V(t) signal for 

the motor by means of a program written by the author. The 

signal from the PC • .l..S then fed to an MC68BC11-based pulse 

generator, then to a motor controller, which also receives 

input from an external power supply, and is finally fed to the 

motor. The mechanism includes three 1imit-switches; one to 

deter•ni ne a 'home' position, from which the stroke length is 

measured, and two others, one at each end of the available 

travel of the rack to turn the motor off • J...n case an error 

causes the latter to run beyond the length of the former. The 

PD, as a unit, contains an internal power supply to run the 

logic boards and a fan to cool the motor and motor control 

board. The whole unit i.s enclosed by a sound-proof box which 

contains an air cleaner, the various connectors, a home-stop 

button, and a fuse holder. The home-stop button, if pressed, 

causes the motor to stop at the 'home' , with the ventr.tcular 

sac in its full-diastole position. This feature i.s important 

to detexn•i ne the end-diastolic ventricular volume and shape. 
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The aaz•.Jiac .. u1ator p.1aces the heart va1ves 
.. 1n .a 

suitabl.e flow and pressure field because of its unique d.esign, 
. 

which incorporates a contractile ventricular sac and a 

ve.ntricu1ar 1oad wi.th • unJ.que • J.nertance, • capacJ..tance and 

resistance characteristics. 

A fl.exibl.e model. ventricle was cast out of fl.exible 

silicone rubber. This ventricle is pl.aced inside of a rigid 

box, in and out of which the pulse duplicator pumps hydraul.ic 

fluid. Since the model ventricle • 
l..S flexibl.e, and the 

pericardia! box • 
.l..S rigid and completel.y filled with an 

incompressible fluid (50% Glycerin, 50 distilled water), there 

will be a positive correspondence between the • • PosJ..t.l..on .. . , 

velocity and acceleration of the piston and the contraction of 

the ventricle. 

At the top of the cardiac emulator the aortic and mitral 

valves are mounted. The geometry of the rel.evant parts mimics 

the physiological ones as closely as fe.asible, following 

recommendations reported by DuPlessis, et al. [ 21] Close 

consideration of the need to frequently change heart valves 

and open the CE, as well as the possibility to visualize and 

photograph the various flow fields, resulted in a versatile 

design that can be completely disassembled in mj nutes and 

photographed from any angle. 

The systemic simul.a.tor duplicates the complex load 
' 

against which the heart pumps, for, wh.ile the transval vular 

flows are solely deter1ui ned by the pulse duplicator, (a 
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function of the vel.ocity of its piston) the pressures 

deve1oped in the system are a function of the load the 

vent.ric1e pumps against. As explained .in the background 

.section of this paper, the heart needs to j.mpart a pressure 

increase, and thus flow, to the blood. That pressure increase 

(Potential) i.s transfoLnted into flow, but not tota11y, for 

some of the pressure i.s lost due to frictional and foLm (or 

hydraulic) resistance. It is vital then for a CVD to duplicate 

the systemic resistance the heart must pump against. The 

physiological range of magnitudes usually found in the 

systemic circulation vary from 0.58 to 1.13 mm Hg • s/cc • 

(Millimeter of Mercury • t1mes second divided by cubic 

centimeter; pressure drop over f1ow ra.te).[6] Systemic 

re.sistance must not only be simul.ated in the CVD, but its 

adjustment also provided for, such that flow rates can be 

varied without the need for the development of non-

physiological pressures. This process in the h11man body • 1S 

called vaso-constriction. In the CVD resistance is created by 

running the fluid through a tube bank. The characteristic 

resistance of the CV system is duplicated by 950 tubes, 1.5 

inches in length, glued in parallel and located just distal 

(downstream) of the characteristic compliance chamber. The 

p~ripheral resistance was duplicated by 250 tubes in parallel 1 

4. 75 inches in length, but this tjme mounted in such a way 

that a rotary gate allows occlusion of none to all of the 

tubes; thus going from a mini mum resistance value to total 
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occ1usion of the f1ow. These two resistors were designed to be 

.1i.near; in other words, a linear pressure drop with increased 

flow rate through the tube bank is desired. Design of the 

resistive elements foll.owed recommendations by Wes·terhof et 

al. [ 32] 

The bl.ood that will. be distributed through the body is 

conveyed out of the heart by the largest artery found in the 

body: the aorta. The initial segment of the aorta is called 

the • 
aort~c arch, whose compliance Ill 

.l..S critical. That 

elasticity, or compliance, has to be reproduced by the CV 

Duplicator, its value should also be adjustable to accommodate 

any irregularities of the system, but the nominal 

physiological value typically found is 1.33 cc I mmsg (Cubic 

centimeters per millimeter of mercury). [6] The compliance of 

the aorta attenuates the pulsatile flow and affects the peak 

pressures in the system, as can be inferred from Laplace's 

law, which states that the pressure developed within a vessel 

is proportional to the circumferential tension, T, • on J..ts 

walls, and inversely proportional to the radius of the vessel, 

R. Thus: 

P=kx T 
R 

Where k is a constant of proportionality 

( 6) 

A lower tension will be developed on the wall of a more 
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compl.iant aorta, and thus a lower peak pressure achieved. :In 

the CVD, compl.iance is dupl.icated by a chamber that can be 

pressurized and initi.al.ly filled to a variable extent. A 

separate pressure monitor is employed at this section of the 

dupl.icator to ensure repeatabl.e adjustment of the comp1iance • 

. As in the case of the resistance, however, it is not necessary 

to display the exact va1ue of the compl.iance. 

In addition to the aortic compl.iance, the cardiovascul.ar 

bed, being composed of elastic arteries and veins, al.so has 

i.ts own elasticity, which • gJ...ves • rJ..se to what • .l..S tertued 

peripheral compl.i.ance. The veins, in particul.ar, can hold up 

to 65% of the total bl.ood vol.ume under certain conditions, 

which means that the • ve1ns, collective1y, function as a 

resez voir. The funct.ion of a reservoir in a closed loop under 

pulsatile flow is of extreme importance: because a volume of 

fluid • 
.1S accelerated and decelerated during each cardiac 

cycle, the pressures in the system are also a function of the 

volume of fluid under circulation, upstream of the reservoir. 

The dependence of pressure developed on circulating volume is 

a simple consequence of Newton • s second law of motion: • l..D 

order to impart the same acceleration on a larger mass of 

fluid, a larger force, or in this case pressure, is necessary .• 

It hereby seen that., at the higher flow rates, under 

pulsatile conditions, a smaller volume of circulating fluid is 

needed if the same pressures are to be produced within the 

machine. The FIU CVD does incorporate a peripheral compliance 

• 
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and • a reservo1.r, a1l. in the interest of producing 

physiol.ogical pressure and flow wave for:•ns. 

It is thus seen that the Systemic Simulator addresses all 

of the physiol.ogical features nor•nal.ly associated with the 

h11man body that are relevant to the f:Luid-mechanical 

environment in which the heart valves are expected to work in. 

[18] Figure five diagrammatically shows the cardiac emulator 
. 

and the systemic simulator. 

The v•ntr.icu1ar aystem is not used in its entirety during 

• exper1 mente, nonethel.ess • 1ts • • constructJ..on consumed a 

considerabl.e amount of effort. This system is composed of 

three ellipsoidal cavities and an insert that, together, form 

the molds used to cast the rubber ventricles. Three cavities 

are used ~n order to produce ventr~cles of three d~fferent 

wall thicknesses, in case that variable becomes relevant to 

the flow distribution across the valves. In addition to the 

expected alignment pins used with any mold, this system also 

employs a removable mold for a flange to be cast at the base 

o·f the ventricular sac, relief and ejection pins, and its own 

mechanical apparatus used to brake the mold once the material 

cures fully. The molds were manufactured in aluminum using 

primarily a numerically-control.led lathe. The internal volume 

of the finished part is 200 ml, a figure deteJ:n•ined by the 

need to have 7 0 mm of diameter at the base (in order to 

accommodate both heart valves) and an aspect ratio of 1.12 

(length/base) proportional that of a typical human heart. [27] 
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The data a• '*Jui..si.tion system • 1S comprised of five 
• 

transducers, four control. units, a data acquisition board with 

an anal.ogue-to-digita:L converter and a personal computer for 

data anal.ysis and storage. Three disposable catheter pressure 

transducers (MPC-500) were emp1oyed in conjunction with their 

own, battery operated, control units (TCB-500) [17]. Battery 

operation of the control units was favored in an attempt to 

eliminate possible electro-magnetic interference with other 

electronic • equ.1..pment • operat.1..ng simultaneously with the 

transducers. An electromagnetic flow probe, 50 • mm ~n 

circumference, along with its control unit (SOlD) was used for 

f1ow measurements. [ 26] The fifth transducer employed consists 

of a switch, through which a 5 Volts signal is wired. Actuated 

by the rack of the PD every time it reaches 'home' (end-

diastole), this switch causes a flag to appear in the data 

stream, indicating the separation between two consecutive 

strokes. The data acquisition board (WB 800) is capable of 

digitizing up to eight channels at a maximum rate of 20 Khz; 

it is mounted directly onto the computer's mother board [31]. 

The personal computer is an IBM compatible, sporting a 286-

class processor and a 287-class math co-processor, and a VGA-

class color monitor • 

• 
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The deter1uj nation of the fl.ow wave fornes that were used 

for function dupl.ication was based on physiological. 

infoxnaation, which is summarized here. [20] [27] [28] 

Before reading this explanation, the reader, especial..l.y 
~~ 

those coming fr.om an engineering background, is reminded that 

"noxaual." ph.ysi.ol.ogical. measurements of any quantity vary from 

indiv.idual to individual.. This ana.l.ysis w.ill then use values 

that are generally accepted to represent humans in general. 

The resting adult heart contracts 65 times in a minute. 

Whi.l.e doing so, its left ventricle ejects 85 milliliters of 

blood. Under extreme exertion the same heart would contract 

190 times in one minute, while its left ventricle would eject 

a volume 20% larger, 102 ml. [28] 

• 

• Us1.ng the above • po1nts to describe a line, we can 

detern•i ne left-ventricular stroke volume (LVSV or SV since we 

are only dealing with the mitral valve and the left ventricle) 

for any cardiac frequency. With the SV and the heart rate (HR) 

we are able t.o compute the cardiac output (CO) by direct 

multiplication of the foLnler by the latter. 

The last value missing to assemble the flow wave-· form 

table is the duration of the systolic interval • The percentage 

of the cardiac cycle, systole plus diastol·e, (contraction and 

relaxation) that is occupied by systole has been noted to 

increase with increased heart rate. [20] 

" 
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Before expl.aining the pattern of systolic interval 

. . ·. . .. . . . . .. t .1.ncrease, 1 is necessary to describe the several phases of 

the systolic and diastolic period. When the action potential 

reaches the end of the many Purkinje fibers, the ventricular 

muscle cells depo1a.rize and contraction of the myocardium 

follows. Before blood can be ejected, however, the ventri.cul.ar 

pressure h.as to exceed that of the aorta, nominally 80 mm of 

Hg, (up from the nominal filling pressure of 5 mm of Hg) hence 

a period te:t:med i.•ovo111•etri.c contraati.on is observed, the 

first phase of the cardiac cycle. The second phase is called 

rapid ejection; here, up to two thirds of the stroke volume 

will pass through the aorta. The third per i.od • .l..S called 

reduced ejection, during which the blood flow experiences 

deceleration and the 
ii aort.1..c pressure may actually exceed 

slightly the ventricular pressure, in which case forward blood 

flow is maintained by the inertia of the fluid in motion. The 

ventricle then enters the fourth phase of the cardiac cycle in 

whi.ch i.sovol.1Jmetric re1aza.tion takes place. At this point, the 

ventricular pressure .is decreasing rapidly, and when it is 

lower than that at the atrium, diastole begins with a period 

called rapid i.nf1ow, followed by reduced inflow, or Diastasis. 

The reason for diastasis is sjmple: as the ventricle fills, 

the atrio-ventricular pressure gradient decreases, 

consequently decelerating the flow through the mjtral valve. 

Just before complete halt of the diastol.ic flow is reached, 

the Atrium actually contracts, producing what is known as 
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atri..a1 systo1e, a period in which increased diastol.ic fl.ow .is 

again observed due t.o an increased atrio-ventricu.1ar pressure 

gradient. Fina1ly, as the atri11m rel.axes, the ventric1e 

experiences a .second phase of reduced :i.nf1ow, after which the 

cardiac cycle is finished and ready to be repeated. Figure 6 

depicts the described phases of the cardiac cycl.e 

d~agramatic form. 
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What We.issl.er and • Barr.1.s [20] call 'l'ota1 

B1ec i..aa1 Systo1e (TES) is what has been described as 

the first three phases of the cardiac cycle: isovol.umetric 

contraction, rapid ejecti.on and reduced ejection. TES can be 

easily obtained in vivo by simultaneous recording of 

phonocardiographic (heart sounds ) and electrocardiographic 

activity (ECG). At the onset of ventricular depolarization, 

the ECG will show a voltage trace known as the QRS comp1ea. 

Measuring the temporal interval between the QRS complex and 

the second h·eart sound, which represents the closure of the 

aortic valve, gives us the systolic interval. Observing 121 

males and 90 females, who were supine and fasting, between 

8:00 and 10:00 AM, and using linear regression to correlate 

the data obtained, Weissler et; al. found the following 

equations between heart rate and systolic intervals: 

QS2 = -0.0021 xHR+0.546 
QS2 = -0.0020xHR+0.549 

for nzales 
for fenJales 

where: QS2 is the TES (seconds) 

(7) 

By stipulating the cardiac frequencies of 50, 72, 100 and 

144 BPM, and using them with the average of the two above 

equations, we obtain systolic periods that, when divided by 

the cardiac period ( 1/HR) yields the percentual systolic 

interval. In summary, cardiac frequencies that are thought to 
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be represent,ative of the noz:naal h11man range of operation were 

chosen and used to generate stroke vol1Jmes and systo,li.c 

interval.s. The cardiac output was obtained by the 

multiplication of heart rate and stroke vo1ume. J:n order to 

simul.ate some degree of abnoz:aual.ity, once obtained, each 

cardiac output was increa,sed and decreased by 25% of itself, 

thus producing twelve flow curves. The thirteenth flow curve 

was used to simulate what is thought to be representative of 

typical post-surgical conditions of cardiac operation. Shortly 

after open-heart surgery, as needed for valvular 

transplantation, the heart operates at low stroke volumes and 

consequent high frequencies. In order to investigate how each 

prosthetic heart valve would perfoJ:m under such circumstances, 

a flow curve with a frequency of 150 BPM and cardiac output of 

only 3 Liters per minute was included in the experiments. With 

the above infoL •nation, thirteen sets of parameters were 

obtained: 
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BR. CO (L:i..t/M:in) • Sys SV(ml) 

Beart Rate Ca:J:c1i ae OUtput Sy•to1i.c Jrracti.on Stroke Vo11:ame 

50 

so 

50 

72 

72 

72 

100 

100 

100 

144 

144 

144 

150 

Table 1: 

functions. 

L ... t . J..S 

3.11 37 62.22 

4.15 37 83.00 

5.19 37 103.80 

4.64 47 64.44 

6.19 47 BS. 97' 

7.74 47 107.50 

6.75 56 67.50 

9.00 56 90.00 

11.25 56 112.50 

10.37 59 72.01 

13 ... 82 59 95.97 

15.00 50 104.17 

3.00 50 20.00 

of parameters used to generate input flow 
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Physiol.ogica1 systolic and d.iastol.ic f1ow curves were 

obtained from Guyton [ 27] and nozn1al.ized on the abscissa to 

the peak flow rate, for systole and diastol.e, and on the 

ordinate to the period. A total of twenty-three points were 

graphically extracted from the noz:ntalized curve (after 

photocopical • expansJ..on to • • • m1nJm1ze errors) and used • l..D 

conjunction wi.th a polynomial iteration routine, and the 

parameters above, to obtain the thirteen flow curves used in 

the experj ments. The computer program used for the above 

purpose is capable of plotting ventricular volume, flow rate 

and acceleration. In addition, the shape of the flow curve can 

be easily changed in order to simu1ate pathological 
• 

conditions, for instance, by simply changing the norntalized 

locations of any of the twenty-three points used by the 

routine to establish the flow curve. A typical flow curve 

obtained in the manner described is shown in figure 7 • The 

first part of the curve represents systolic flow, while the 

latter part represents diastolic flow. 

• 
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Figure 7 : Typical input flow 
function. 
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Mei:.bod of Tnrp181DeDtat:.i.on and. .._ani.ng of Va1,. Cond:i t:.i..on 

The introduction to this paper me.ntioned that this study 

would attempt to detez:nei ne any possible variations in the 

coefficient of discharge of a particular heart V'alve due to 
• 

its condition of operation. The relevance ·Of studying noz'mal, 
·~ 

m:lld1y or severely stenotic valves, as well as how each of 

these conditions were simulated in vitro, is now explained. 

Patients that had prosthetic heart valves implanted 

become commjtted to a lifetime of periodic clinical 

examinations. In addition to wear of the mechanical or tissue 

device, other problems may arise that require explantation of 

the valve. A number of problematic conditions associated with 

the implantation. of heart valves are described by Burch e1: 

al., and hence need not be duplicated here. [29] While some 
' 

problems are of an exclusivel.y biological nature, such as 

infectious processes and immunological rejections of the 

j mplant, others are purely mechanical, such as chipping ·Of 

occluders that later c.aused embolitic processes (obstruction 

of small blood vessels, the brain is particularly succeptable 

to embolism due to the larg·e number of mj cro vessels found 

there), or fracture at welds, with consequent instant death of 

the patient due to discontinued blood flow. 

A third class of problem associated with prosthetic heart 

valves, an.d perhaps the most common, is one with a biological 

cause and mechanical consequence. Scar tissue has been noted 
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to grow around the valve annulus and, if persisting, the 

ti.ssue eventually prevents the valve from functioning 

optimally. [33] Severe transvalvular pressure drops have been 

observed in patients with scar tissue growth. Autopsies of 

such hearts reveal that the prosthetic valve became stenotic 

due to obstruction of movement of the occluder by scar tissue. 

Since the growth of tissue around the valve would result 

in increased transva1vu1ar pressure drop, it could be 

diagnosed by the orifice area method, provided that knowledge 

of the correct value for the coeff~cient of discharge ex~sts. 

Smaller than actual values for Cd, for instance, would produce 

BOAs that are larger than actual and thus do not reflect 

possible valvular stenoticity. 

In order to investigate the possible variation of the 

coefficient of discharge as a function of stenoticity of the 

valve, all • 
S.l..X (three types, two • 

S.l.ZeS each) valves were 

tested under noL•nal conditions, as well as each of two 

simulated degrees of • • 
stenot~c.1.ty: mild and severe. 

Implementation of the stenotic condition was accomplished by 

bracing the occluders of each mechanical heart valve (MHV) 

with a stainless steel wire (d=0.025", 0.635 mm) in such a 

manner that the occluder's motion was obstructed. The tissue 

valve (porc~ne bio prosthesLs) was sutured along the 

commissures in a manner similar to what would happen if 

calcification of the commissures were present. Figure eight 

depicts the simulated conditions of stenosis. 

43 



Condition of Operation: Nozanal, Mildly and Severely Stenotic 
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B&l> arimen ta1 Protoco1 

The first part of this proje,ct was the design and 

construction of the test equipment itself. There are fi.ve main 

groups of components to the CVD system: The pulse duplicator, 

the cardiac emulator, the systemj c s.j.mulator, the ventricular 

system and the data acquisition system, all of which were 

described .before. Deta.iled technical description and design 

infox:mation on the CVD "' .LS provided elsewhere, thus . t ill 
~. J..S 

judged superfluous here. 

Once the construction of the machine was finished, a 

period of six months of intense val.idation and calibration 

followed. Pressure wave-forms were not considered close enough 

to physiological, hence continued modifications of the system, 

yielding several dozen configurations which were tested. Once 

the machine was considered to ''duplicate'' the human cardio 

vascular system., experiments began. F.igures ten and eleven 

depict the ensemble average of twenty strokes of the CVD, and 

the raw data for three consecutive strokes, respectively. The 

reason for showing such pictures here, which wi.l,l be shown 

again and explained with the results, is to validate the· claim 

that the machine does, in fact, produce physi.ol,ogica1 pressure 

wave-forms. Figure ten. shows how repeatable, from stroke to 

stroke, the machine • s output is. Figure twelve was copied from . 

• 

a physiology textbook (Guyton [27]); it is included here for 

comparison with the curves produced by the FIU CVD. 

46 



Data from BI2MPSl.AVE 
Atria), Ventricular and Am lie 

••...-------------------------, 

.. 

• 
• 

....... -.....,......-'1""""""'--,--.....,--r""'"""""'__,...-------.....------.....f! 
I u u u u 1 u 

u u 

Figure 10: Atria1, Ventri.cular and Aortic pressures; figure represents 
the average of 20 strokes. 
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Validating the machine's ability to duplicate 

physiological flow and pressure wave foJ:u&s by virtue of 

observing the pressure wave-foznas produced by the very machine 

in question demands validation of the pressure transducing 

apparatus and arrangement. The pressure measuring equipment 

used for this experiment is FDA approved for human use and has 

been thoroughly tested and validated for the past fifteen 

- [··· 2 6] . f . d . years. [ 17] One , mportant reason or us.1.ng me · J...cal 

equipment, even though it costs many orders of magnitude more 

than conventional equipment, to measure flow and pressures is 

that whatever the errors inherent in the system are 1 they 

would also be seen in a clinical situation where the same 

equipment is used. Consequently, va1ues for the coefficient of 

discharge dete1:111i ned based on measurements made at our 

laboratory, even if slightly in error would be valid at other 

laboratories that use the same measurement equipment. Here, 

only errors that are inherent in the design of the measuring 

equipment are being referred to, which are mj ni mal. Errors 

associated with the use of the equipment, such as those caused 

by erroneous calibration, have been kept to a minimum, • 
s~nce 

strict calibration procedures were carried out. 

The measurements of pressures within a fluid in motion 

must address the possibility that dynamic, in addition to 

static, pressures are being measured. The physiological 

pressures that were emulated are static pressures 1 which means 

that the pressure transducing elements or the machine must be 
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kept away from the flow stream, where impact with flu.id 

particles would cause higher than actual pressures to be read, 

if the el.ement is noL•nal. to the fl.ow, or 1ower than actual. 

pressures, if the element is parallel to the flow. Keeping the 

transducer far enough away from the flow stream brings in the 

question of the possibility of large pressure gradients within 
-" 

the flow field, which would, again impair the measurement of 

pressures. 

The final locations, for many were tried, of each of the 

three pressure transducers utilized were chosen with the above 

considerations in mind. The atrial pressure, the pressure 

upstream of the mitral valve, and the ventricular pressure, 

just downstream of the valve, are the important ones for this 

study because they are used to compute the transva1vular 

pressure drop. The use of the • aortJ..c pressure was 

incorporated, not because it is needed for the determination 

of the coefficient of discharge, but instead because ~t gives 

us the qu~ckest ~nd~cat~on that the mach~ne ~s operat~ng under 

conditions of physiological similitude, since it is the aortic 

pressure, measured at the brachial artery, that is used to 

indicate cardiovascular function. Figure thirteen depicts 

dimensional details of the locations of the pressure 

transducers. 
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Figure 13 : Locations of Atrial, Ventricular and Aortic pressure sensors 
relative to mitral valve. 
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Once the correct flow wave fo1aus were ge·nerated using the 

polynom:i al iteration routine described above, they were 

validated by placing the probe of the meter at the output of 

the Pulse Duplicat,or and recording the flow wave for•ns there. 

Figure fourteen shows the setup used to validate the outpu.t of 

the puls~ duplicator. 

PC 
SOlD 

• 

0000 

• 

BOLDER 

Stroke 
Volume 

FLOW PROBE 

SALINE/GLYCERINE SOLUTION 

Figure 14: Experimental setup used to validate PD output 
flow rates. 

Virtually no error was found between the numerical input 

to the motor and the dynamjc output of the PD, as expected, 

for the following reason: A stepping motor advances one 

angular step of 1 • 8 degrees every time it is reached by a 

suitable voltage spike, in this case 60 Volts in amplitude and 

a minimum of 1 microsecond in duration.. The motor is made to 
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run continuously by providing it wi.th a series of pul.ses; it.s 

velocity • 1S detez•ui ned by the temporal between 

pulses , and .its anqular dis pl. nt is controlled by the 

number of pulses sent. The motor and control1er used in this 

machine also allow for what i.s called mic:zost:.apping, or the 

ability ~o run the motor at steps sma11er than 1. 8 degrees, or 

t'WO hundred steps per revolution. 1000, 5000 and 25000 steps 

per revolution are also possible, al1owing for enhanced 

positional and velocity control. Since the motor can only 

advance one anqular step (motor was run at 1000 and 5000 steps 

per revolution) per electrical pulse recei,ved, and since the 

temporal 1enqth of each step is known, the deter:111i nat:i.on of 

the motor's velocity becomes a simple matter of detezu1jning 

the temporal delay between two consecutive pulses. The 

resolution, ability to control the delay, is within 0.5 

microseconds. The frequency of pumping was also measured to 

ensure precision. The signal from the 'home' switch was 

examined on an. oscilloscope, the frequency of the square wave 

produced is equal to the pumping frequency. Again, absolute 

correction was found. In addition, both flow and pressure 
> 

control units, in strict a.dherence to the manufacturers' 

procedures, were calibrated each tjme a measurement was taken. 

It is not the flow r·ate at the outlet of the PD that is 

needed to compute the Cd, however; instead, mitral flow is 

needed. Although all effort was exercised to measure mitral 

flow directly with the small flow probe available (50 mm 
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eire., d=S/8 inch), the additional resistance the probe 

imparted on the flow was sufficient to distort the pressure 

wave-fo:r:1ns. Need1ess to say, this problem 
,. 
1S a special 

characteristic of pulsatile flows, where any change in f1uid 

quantity (inertance), compliance or resistance wi11 completely 

change tJte behavior of the system. This fact may not be so 

obvious to the reader famjliar onl.y with steady state flows, 

in which case the author suggests that the reader reviews the 

principles of capacitive-resistive-inductive electrical 

circuits exposed to alternating currents. In view of the above 

difficulty, a fact was brought to light that allowed for 

ac::curate knowledge of flow rates without the need for direct 

measurement: since we have a positive displacement system, and 

if the aortic valve operates correctly, as it did, then the 

flow rate imparted onto the fluid by the retracting piston 

(PD) • 
~s, by • necess~ty, the mitral flow. To suspect the 

opposite would be to deny the principle of continuity as 

applied to an incompressible fluid. 

Careful inspection of the schematic diagram of the CE and 

of the PD (figures 4 and 5) will reveal that when the piston 

is retracting (going towards the 'home' position, previously 

defined to be at end-diastole) the ventricular sac • 
J..S 

expanding, which requires that fluid enters the ventricular 

cavity. Since there are only two openings at the base of the 

ventricle, one for the mitral, the other for the aortic valve, 

and since the aortic valve snaps shut as soon as the piston 
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begins its retrograde motion, all. the fluid entering the 

ventricle during th.is period must pass through the mitral 
• 

valve. Consequently, it is postulated that for a positive 

displacement ·machine of the ·type empl.oyed for these 

experi,ments, transvalvu1ar f1ow, either mitral. or aortic, does 

not need to be measured when noxsua1 va1ves are empl.oyed, 
~"""-

rather, the input fl.ow rate can be correctly used as the 

valvular flow. 

The reader must keep in mind two • • Jmportant po1nts 

regarding the use of input flow rates in the fot:nau1ations for 

the coefficient of discharge. The first is that this flow is 

completely independent of the passive characteristics of the 

systemic simulator, within which pressures developed only are 
• 

a function of the comp1ex l.oa.d. In the cardiac emulator, 

however, a simple case of continuity is observed. The second 

point to keep in mind is the relative low re1iabil.ity of the 

flow rate measurements that are possible clinically, the 

application of this project. Since most cli.nical. laboratories 

use either the Fick method of oxygen cons11mption or the die-

dilution method to estimate flow rates through the heart, it 

is clear that the resultant calculation of effective orifice 

area can only be as accurate as the flow estimate used. This 

work, therefore, using controlled experjments and positive 

displacement equipment • 1S, by • necess1ty, many orders of 

magnitude more accurate than the application for which it is 

intended. 
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Being· satisfied that the machine • 
l..S able to sjmulate 

physiological pressure and flow waves, and that the 

of is precise and accurate, 

experiments were begun. The blood analog fluid was 36% aqueous 

Glycerine solution. This mixture produces a calculated density 
• 

of 1.092 ,~.grams per cubic centimeter and a viscosity of 3.5 cP, 

both s j mi lar for the values for who1,e blood. (centiPoise) [ 14 ] 

[15] 

Bach of the two hundred and thirty four experiments 

consisted of the same procedure. The mitral valve was sewn 

into the valve holder of the CVD and loaded into the atrial 

cavity such that the • aX.1S of tilt of the leaflets was 

perpendicular to the anterior-posterior (AP) axis of the CVD 

for the bileaflet valve, and parallel to the same for the 

tilting disc valve. Tissue valves were mounted without regard 

to pos~t~on since their open~ng is approximately c~rcular. 

Once the PD was put in motion, a period of three to seven 

minutes of stabilization and adjustments followed. Small 

changes in the resistors and compliance chambers helped to 

produce pressure tracings that are close to ideal. Up to two 

cha.nnels, typically aortic and ventricular pressures, were 

displayed by the storage oscilloscope at a time, (Hameg HM 

205-3) until the desired outcome was reached, then recording 

of the data begun. Atrial, ventricular and aortic pressures, 

and piston position, were recorded simultaneously by the DA 

board for at least twenty strokes, at eighty to ninety points 
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per stroke·. The data file was ana1yzed by a computer program 

to average the pr,essures according to, the position signal 

present in the data stream. Ensemble averaging produces 

pre,ssure data for a single stroke, where each data point is 

the average of twenty pressures at the same time in different 

strokes •. , The average pressures were plotted for final 

·certification that the data acquired met qua1ity standards and 

the trans-mitral pressure drop was computed; the mean, and 
' 

that at the time of peak flow rate. 

Mechanical heart valves open fu11y early in the diastolic 

period and remain open throughout it. In fact, complete and 

consistent open~ng of the valves is one ind~cation that the 

CVD is ·operating under conditions of physio1ogical similitude • 

Only one • p.1cture of each mechanical valve, under each 

condition, is necessary for all thirteen flow rates used with 

that valve. The ti.ssue valves, on the other hand, cannot be 

rel~ed upon for open area cons~stency; consequently, each of 

the 78 experiments with tissue valves were photographed 

separately with a Panasonic PV 760 camcorder for about ten 

cardiac cycles. The tape produced was then played on a 29 inch 

monitor and the motion of the valve observed, frame by frame. 

Once a frame, thought to be representative of the opening of 

each valve, was chosen, a frame grabber connected to the VCR 

(Panasonic AG 6500) was used to store that image on a computer 

disc. Each of the 90 pictures was then printed, 78 for the 

tissue and 12 for the mechanical valves, upscaled by a nominal 
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factor of ~ six. A planj meter was then used to measure t,he 

opening area. (Keuffel & Esser 620000) Each area was measured 

a mi nim,,m o.f three t until consistency was 

achieved, and the resu~tant average dete:ro:auined. This average 

area was then divided by the true scale factor for each 

picture j.n order to yield true valve area. The true scale 

factor is found by measuring the dimension of the valve's 

in the picture and dividing it by the measured 

diameter of the valve. This method a1 ways pr·oduces the 

projected open area of the valve, which may be the source of 

some errors as will be discussed 1ater. 

Each of the 234 pressure drops ( 3 valves, 2 sizes, 3 

conditions, 13 flow rates), their co.rresponding mean, RMS and 

peak trans-mitral flow rates and the valvular areas were 

inserted into a spreadsheet ( Quattro) to ,calculate and display 

the four correction parameters described earlier: the Gorlin 

coefficient of discharge, the Aaslid effective area index, the 

Gabay coefficient of discharge and the Gabay perfozanance 

index. The spreadsheet also produced a file that was .read by 

another computer program that was used to statistically 

analyze and display the parameters. 
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De•cr.:i.pti.on of Va1Yea 'l'ested 

The three types of mitral val.ve used for these 

experiments are: the St. Jude Medical, Bileaflet valve; the 

Medtronic Ball., Til.ting disc valve (also known as the 

monoleaf.let des.ign) ; t.he Carpentier-Edwards porcin.e tissue Bio 

prosthesis. All. three valves were used in the sizes of 27 and 

29 mm. Figure fifteen shows the bil.eafl.et and tilting disc 

designs; a high-quality, reproduceable picture of the tissue 

valve is not available at this time, but. its descr.iption 

follows. 

The Carpent.ier-Edwards Bioprostheses are comprised of 

porcine aortic valves which have been preserved in a buffered 

glutaraldehyde solution and fitted on a flexible frame. 

Specifically, the frame has been designed to be flexible at 

the orifice as wel.l as at the commi ssures. The metal used on 

the frame • 
l..S Elgiloy (Elgiloy Corporation), • a corros~on-

resistant alloy of cobalt and nickel. The metal frame • J..S 

covered with a porous knitted polytetrafluoroethy1ene cloth to 

facilitate il tJ..ssue .. .. J..nvasJ..on and encapsulation upon 

implantation. 
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Figure 15: Drawings depict bileaflet (above) and tilting disc 
(bellow) mechanical prosthetic heart valves. 
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a.au1t.• 

Figure sixteen shows a typical pressure plot with each 

1ine label.ed in order to establ.ish a pattern that can be used 

w.ith a1l. other graphs; the atr.ial. pressure is always nearly 
' 

fl.at, the ven.tri.cu1ar oscillates between atrial and aorti·c and 

the aortic pressure varies nominally between 80 and 120 mmRq. 

Figures seventeen to thir·ty-four depict one pressure plot 

each which .. 
~s representative of each of 18 sets of 

experiments. (3 valve types, 2 sizes each, under 3 conditions 

of stenosis each) Notice that on the experiments with stenotic 

valves, a significantly higher trans-mitral pressur·e drop is 

observed. The graphs are labeled with a unifo:x:m system that 

pe1:meates the entire project: two letters (BL, TD, BP), one 

number (l, 2), one letter (N, M, S), the letters 'PS' and one 

number (1-13). The letters 'BL', 'TD' or 'BP' indicate the 

type of valve in question, which can be of the bileaflet, 

tilting disc or bio prosthetic type, respectively. The numbers 

I 1.. I t 2 I · · or reflect the size of the valve in question. I 1 I 

represents the small ( 2 7 mm) and ' 2 ' the large ( 2 9 mm) of each 

of the three valve types. The letters 'PS' simply reflect the 

generic name of all input flow functions, while the numbers 1-

13 reflect the specific function used for that study; the 

operational parameters of each of which can be seen on table 

1, on page 40. 

The • t1me • 
ax~s of each graph • 

~s dete:J:Jni ned by the 
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frequency of data acquisition and the number of data points 

a,cgui.red for a particular exper ........... nt, which was a nominal 80 

to 90 points, but varied s1ightl.y from one experiment to 

another. The onset of systolic action is flagged in ·the data 

stream, as explained before-; further confiruaati.on of the 

accuracy ... of the pressure plots is afforded by the knowledge of 

the systolic fraction (table 1, page 40) and depicted in the 

graphs by a sudden and s.harp drop in ventricular pressure. 

Trans-mitral pressure drops were computed in each case, 

first by the ensemble averaging the data produced from the 

twenty strokes of data co11ected; then, by subtracting the 

ventricular from the atrial pressure while the former is 

smaller than t.he latter, for this co.ndition • 
l.S directly 

indicative of diastole and the presence of mitral flow. The 

mean pressure drop du.ring d.iastole was computed and its value 

at the time of peak flow was noted for later use. 

Three areas were de·terinined for each valve: the effective 

area (EA), the mounting area (MA) and the flow area (FA). The 

EA is the projected open area of the valve, which was measured 
• 

by the process of photography and planimetry described 

earlier. The EA is used to generate the Gorlin Coeffic.ient of 

discharge, which is a measure of the valve • s effectiveness 

while open. ·The MA is calculated with the nomjnal size of the 

valve; this is the area that must be made available on the 

heart for va.l ve installation.. All valves used in this 

experiment being either 27 or 29 millimeters in diameter, 
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produces mounting areas of 5. 726 and 6.605 squared centimeters 

respectively. The Aasli.d and Gabbay indexes use this area as 

a divisor of the orifice area calcu1ated from pressure drop 

and flow rate measurements to produce a measure of how well 

the valve uses its mounting area. (Bssentia1l..y, the effective 

orifice ~area i.s noxu•a1ized by the mounting area) Finally the 

FA .is the primary fl.ow area of the valve, which is the same as 

the EA for tissue val. ves. For mechanical va1 ves, the FA is 

calculated from its internal diameter, (Both the bileaflet and 

the tilting disc, also called monoleaflet, valves are circul.ar 

ip. internal geometry) which, when used in conjunction with the 

calculated orifice area, represents a measure of how we.l.l. the 

valve uses its primary flow area. Since there are 78 EA or FA 

values for the bio prosthetic valve group, the result of these 

measurements is displayed in graphic form i.n. figure thirty-

five. The areas for the mechanical valves are summarized .in 

table two. 

As ex.plained before, there are three different flow rates 

used in association with the four equations for perfoLiuance 

parameters, the peak diastolic flow, the mean and RMS flows 

during diastole. These quantities were calculated from the 

input flow functions since these were shown earlier to 

corresp·ond to actual valvular flow. Table three lists the 

calculated flow rates used to detez1ni ne each parameter • 

The last factor needed for the • computat1on of th·e 

perfo:r:Juance parameters is the constant. A thorough explanation 
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of the origin of the constants in the effective area equations 

was presented earl.ier; the calculation of their val.ues only 

appears here. For the Gor1in and the Gabbay equations, the 

u.ni.ts of £1ow rate m.1Jst be cubic centimeter per second and the 

those of pressure drop, mi 1.l.i.meter of rcury. Djmensiona1 

equality"·· demands that the pressure drop be converted to 

centimeters of f1uid first, then the constant becomes: 

mm of Hgx13.SS _ • J 

10x1.093 =em "-~ =1.2412 

where ll.SS is the fl/ mercury {g/J; 
1.093 is the dtmsily of the j1Mid ll8ed. ( 8 ) 

C=,f(2xgx1.2412)=49.3233 

where g=980 cm/st:i" 

For the Aaslid for11aula the flow is inserted in the units 

of liters per minute, hence the Aaslid constant of 0.3379 is 

sjmply the division of 16.667 (1000/60, lit/min into omA3/sec) 

by the same constant described above. 

(9) 

Although dj mensional requirements demand that 'flow rate • 

be used to calculate the effective orifice area by each of the 

four equations, correct interpretation of the results require 
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that they · be anal.yzed and studied as a function of the 

dimensionless Reynolds ntJmher, since the perfoLinance parameter 

itse.lf is dimensionless. The use of the Reyno.lds Number with 

highly irregul.ar geometries (such as an intricate heart valve 

with a central occluder) finds the deteLani nation of the 

charaaterist~c 1ength problematic. 

The sol.ution to this problem • 
l...S implicit • .l..n • 

~ts 

statement: the reason for defining the perfor1nance of valves 

in te:t'ans of four different parameters, is that there is no 

absoJ ute way of defining what: flow rate and area should be 

used with an EOA foLmula (for dimensional equality it is only 

necessary that a flow rate and area be used). Schoephoerster 

[14], Aaslid [23] and Gabbay [24] have each shown that either 

the peak or the RMS flow are more appropriate than the mean 

flow rate, but either of foLmer two are dimensional.l.y correct. 

The selection of what, out of the three described, area should 

be used for the normalization of the orifice area is totally 

arbitrary; the use of each, however, produces a measure of a 

different aspect of the valve's perfoLiuance. (More will be 

said about this later) Calculation of the Reynolds number, 

then, follows the pattern that each of the • 
prev~ous 

in.vestigators used, and where each definition of flow rate is 

used for the Cd, it is also used for the velocity, by dividing 

the foLnter by the same area that was used for the calculation 

of the parameter. The characteristic length is the mounting 

diameter, in case of the Gabbay perfo:r:ntance index and the 
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Aa·s·l·.· J.."d effective area ·. d · . 1n .... ex, the same di · er used to 

detexanine the mounting area, previ.ousl.y d.escr .... · ..... • For the 

Gorlin foxmu1a the effective area was used; for the 'Gor1in' 

.·r, the EA is assumed to be perfectly circu.lar 

and its equ.ival.ent diameter is calculated. and used as the 

characteristic length for the calcu1ation of the Reynolds 

Number. The primary fl.ow (internal) diameter of each va.1ve is 

used as the characteristic length for the Gabbay Reynolds 

number. Tabl.e four • 
summar~zes the tel: tns used for the 

calculation of the Reynolds Dt1mhers associated with each 
,. 

experjment. Finally, table five lists all four perfor1nance 

parameters calculated for each exper·i ment. 

Since, in general, the coefficient of discharge of 

prosthetic heart valves has been shown to increase with 

increased flow rate, thus Reynolds number [15], a natural way 

to start the investigation of the results obtained from these 

experiments was to lump all parameters together without 

respect to valve type, size or condition, and plot them with 

respect to flow rate. If the perfoLiuance parameters described 

were to vary only with the Reynolds number, • regress1on 

analysis could be carried out on the population of data points 

and a best-fit curve generated. If that were to happen this 

project would end, but instead, it is observed on figures 

thirty-six and thirty-seven that the spread of values is so 

wide that no reasonable conclusion can be drawn. The reason 

for such disparity on the data population can be caused by 
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severa1 faats: incorrect mnas .... s and aa1cu1ati.ons; ,~he 

established fact that the perfox:tuance par .•. · .. · · · rs are diffe.rent 

f.or the different va1vu1ar configurations used; or .lastly, the 

method does not work for perfo:t:auance assessment of heart 

valves because no correlation for the Cd can be establ.ished 

that applies for any condition of stenoticity. 

Deeper investigation of the perfox1nance of these valves 

is carried out in a systemat.ic f.asbion in order fo.r true 

trends to be revealed. At this point, the resu1 ts obtained 

will be si .. mply presentedJ a complete examjnation and . 

.interpretation of such resu.lts i.s carried out .in the next 

t. · of sec 1on this paper. :rt can be prematurely conc1uded, 

however, that a perfoLinance parameter which is a function of 

the Reynolds n11mber only would not be adequate to assess the 

condition of these valves. 

A. simple Poiseuille flow wi11 show a pressure drop that 

is linea .. rly dependent on Reynolds number, more complex flows 

will produce pressure losses that are not linearly related to 

Rey.nolds number; the exact configuration of this curve is 

indicative of the type of flow under observation. Therefore, 

the first line of investigation carried out seeks to ·detez1ni ne 

what is the basic characteristic of the flow through the 

valves by means of graphical analysis of the pressure drop 

through the valve as a function of the Reynolds number. As 

each plot of the data population is produced, po·1ynomial 

regression analysis is carried out with successively higher 
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order, until. the correlation coeffi.cien.t either no l.onger 

.increases or actually decreases. Figures 38, 39 and 40 show 

such plots with the regression polynomial depicted. It • 
l..S 

observed that excel1ent fit wi.th a second order polynomial .is 

attained. Th . .is validates the da.ta obtained, for it is 

theoretically correct and in agreement with the results of 

other investigators. 

Next, each of the four perfoz:Iuance paramete.rs described 

is plotted against each of the three dimensionless numbers 

that describe sjmilitude with the physio1ogi.ca1 system under 

investigation, these are the Reynolds, Womersley and Strouhal 

n11mbers. Both the Womersley and the Strouhal numbers are a 

• 

meadsu.re of the pulsatility of the system; the for=mer 

represents the ratio of -transient: (frequency dependent) 

inertial to viscous forces, while the latter relates transient 

inertial to convective forces. The Reynolds number represents 

the rat~o of inertial to v~scous forces. The relevance and 

interpretation of each of these plots will be fully explained 

in the next section of this work. Figures 41-47 show the pl.ots 

herein described. 

Since the opening area (EA or FA) of the tissue valves 

assumes a different value each time it opens, unlike the 

mechanical valves which always open fully early in diastole 

and remain so fo.r its duration, it was speculated that the 

this variation was related to one or more of the dimensionless 

p·arameters use·d to model the system. Flow areas for each of 
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the 78 experjments with tissue va1ve were then pl.otted as a 
• 

function of the Reynolds, Womers,ley and Strouhal numbers~ such 

plots can be observed on figure 48. 

Lastly, knowing a priori what magnitudes of power are 

produced in the h11man cardiovascular system, namely, 

approximately 1.5 Watts of power (a pressure increase of 120 

mmHg, on a volume of 80 ml, 72 times a mjnute) are imparted 

onto the blood every cardiac stroke, a quick indication of the 

relevance of t.hese experjments to the physiological situation 

can be attained. Where sjmu1ated valvular power losses 

approa,ch the tens of Watts, clearly, the results obtained are 

of academic relevance only. For this purpose, the mean 

pressure drop was mul tip1ied by the mean flow rate in order to 

obtain an estj mation of the actual power dissipated by the 

valve, which was then plotted as a function of the Reyno1ds 

nu.mber and is depicted in figure 4 9 • 
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Figure 16: Typical graphic output of experiments. Aortic, 
ventricular and Atrial pressures are seen clearly labeled. 
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Measured Effective Areas Tissue Valve 
Norr••al, Mild and Severe Stenoticity 

Areas increase with increased flow rate. 

Experiment 

JE 27 rom · ·I ··· 29 mm 

Figure 35: Effective areas for 78 experiments with tis.sue 
valves • Carpentier-Edwards porcine valves in 2 7 and 2 9 mm 
sizes were used. Each of the three humps on the curve 
represent one degree of stenoticity, with the norn~l valve 
shown on the left, the mi Idly stenotic in the mi ·ddle and the 
severely stenot~c on the r~ght. 
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SUMMARY of AREAS for MECHANICAL VAL'V'ES 

VALVE Tp. EA(Cm2) PA(Cm2) MA(Cm2) 

BLlN 3.254 3.942 5.726 
BL2N 3.706 4.592 6.605 
BLlM 1.924 3.942 5.726 
BL2M 1.775 4.592 6.605 
BLlS 0.935 3.942 5.726 
BL2S 0.871 4.592 6.605 
TDlN 1.791 3.748 5.726 
·TD2N 2.406 4.525 6.605 
TDlM 1.187 3.748 5.726 
TD2M 1.278 4.525 6.605 
TDlS 0.623 3.748 5.726 
TD2S 0.794 4.525 6.605 

Table 2: Summary of three types of areas 
for B~1eaflet and t~lt~ng d~sc 
mechan~cal heart valves. 
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INPUT 

PSl 
PS2 
PS3 
PS4 
PSS 
PS6 
PS7 
PSB 
PS9 
PSlO 
PSll 
PS12 

PS13 

FLOW RATES (Liter/Minute) 

Mean 

5.606 
7.606 
9.633 
10.374 
14.032 
17.631 
17.533 
28.777 
31.290 
31.018 
41.207 
36.299 

7.142 

RMS 

5.759 
7.603 
9.884 
10.651 
14.381 
18.048 
18.972 
27.098 
31.892 
31.062 
41.875 
36.935 

Peak 

7.501 
10.100 
12.707 
13.688 
18.265 
22.679 
21.383 
31.682 
38.563 
38.279 
49.216 
44.023 

8.674 

Table 3: Summary of flow rates used for 
calculation of perforJnance parameters. 
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Table 4: The four possible 'types ' of reyno1ds numbers are 
di.splayed. 

r;ment: 

BLlNPSl 
BL.lNPS2 
BL1NPS3 
BLlNPS4 
BLlNPSS 
BL1NPS6 
BLlNPS7 
BL1NPS8 
BL1NPS9 
BLlNPSlO 
BLlNPSll 
BL1NPS12 
BL1NPS13 

BL2NPS1 
BL2NPS2 
BL2NPS3 
BL2NPS4 
BL2NPS5 
BL2NPS6 
BL2NPS7 
BL2NPS8 
BL2NPS9 
BL2NPS10 
BL2NPS11 
BL2NPS12 
BL2NPS13 

BLlMPSl 
BL1MPS2 
BL1MPS3 
BL1MPS4 
BLlMPSS 
BL1MPS6 
BL1MPS7 
BL1MPS8 
BL1MPS9 
BLlMPSlO 
BLlMPSll 
BL1MPS12 
BL1MPS13 

1823 
2474 
3133 
3374 
4564 
5735 
5703 
9360 

10178 
10089 
13403 
11807 

2323 

1709 
2318 
2936 
3162 
4277 
5374 
5344 
8771 
9537 
9. ··45'4 ,,... -- '-

12560 
11064 

2177 

2371 
3218 
407.5 
4388 
5936 
7458 
7417 

12173 
13236 
13121 
17432 
15355 

3021 

77 

Aaa1i.d 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 
9387 

12069 
10795 

2127 

Garubbey 

1702 
2247 
2921 
3148 
4250 
5334 
5607 
8008 
9425 
9180 

12376 
10916 

2148 

1577 
2082 
2706 
2916 
3938 
4942 
5195 
7420 
8732 
8505 

11466 
10113 

1990 

1702 
2247 
2921 
3148 
4250 
5334 
5607 
8008 
9425 
9180 

12376 
10916 

2148 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 



Table 4: The four possible 'types' of reynolds n11mhers are 
displayed. 

• 

BL2MPSl 
BL2MPS2 
BL2MPS3 
BL2MPS4 
BL2MPS5 
BL2MPS6 
BL2MPS7 
BL2MPS8 
BL2MPS9 
BL2MPS10 
BL2MPS11 
BL2MPSl2 
BL2MPS13 

BLlSPSl 
BL1SPS2 
BL1SPS3 
BL1SPS4 
BLlSPSS 
BL1SPS6 
BL1SPS7 
BLlSPSB 
BL1SPS9 
BLlSPSlO 
BLlSPSll 
BL1SPS12 
BL15PS13 

BL2SPS1 
BL2SPS2 
BL2SPS3 
BL2SPS4 
BL2SPS5 
BL2SPS6 
BL2SPS7 
BL2SPS8 
BL2SPS9 
BL2SPS10 
BL2SPS11 
BL2SPS12 
BL2SPS13 

Qor1i.n A.aa1i.cl 

2469 
3350 
4243 
4569 
6180 
7765 
7722 

12674 
13781 
13661 
18149 
15987 

3146 

3402 
4616 
5846 
6296 
8516 

10700 
10640 
17464 
18989 
18824 
25007 
22029 

4334 

3525 
4782 
6056 
6522 
8822 

11085 
11023 
18092 
19672 
19501 
25907 
22821 

4490 

78 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456· 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1577 
2082 
2706 
.29·16 
3938 
4942 
5195 
7420 
8732 
8505 

11466 
10113 

19'90 

1702 
2247 
2921 
3148 
4250 
5334 
5607 
8008 
9425 
9180 

12376 
10916 

21,48 

1577 
2082 
2706 
2916 
3938 
4942 
5195 
7420 
8732 
8505 

11466 
10113 

1990 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 



Table 4 : The four 
displayed. 

Baper:i..ment: 

TDlNPSl 
TD1NPS2 
TD1NPS3 
TD1NPS4 
TDlNPSS 
TD1NPS6 
TD1NPS7 
TD1NPS8 
TD1NPS9 
TDlNPSlO 
TDlNPSll 
TD1NPS12 
TDlNPS13 

TD2NPS1 
'l*D2NPS2 
TD2NPS3 
TD2NPS4 
TD2NPS5 
TD2NPS6 
TD2NPS7 
TD2NPS8 
TD2NPS9 
TD2NPS10 
TD2NPS11 
TD2NPS12 
TD2NPS.l3 

TDlMPSl 
TD1MPS2 
TD1MPS3 
TD1MPS4 
TD1MPS5 
TD1MPS6 
TD1MPS7 
TD1MPS8 
TD1MPS9 
TDlMPSlO 
TDlMPSll 
TD1MPS12 
TD1MPS13 

Gor1i.n l\a•1i.d 

2458 
3335 
4223 
4548 
6152 
7730 
7687 

12617 
13719 
13600 
18067 
15915 

3131 

2120 
2877 
3644 
3924 
5308 
6669 
6632 

10885 
11835 
11732 
15586· 
13730 

2701 

3019 
4096 
5188 
5587 
7557 
9495 
9442 

15497 
16851 
16704 
22191 
19548 

3846 

79 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 ' 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 
9387 

12069 
10795 

2127 

reynolds 

1746 
2304 
2996 
32.28 
4359 
5470 
5750 
8213 
9666 
9415 

12692 
11195 

2203 

1589 
2097 
2726 
2938 
3967 
4978 
5233 
7475 
8797 
8568 

11551 
10188 

2004 

y 

1746 
2304 
2996 
3228 
4359 
5470 
5750 
8213 
9666 
9415 

12692 
11195 

2203 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

1315 
1736 
2257 
2432 
3283 
4120 
·4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 



Table 4 : The four 
displayed. 

&zperiment.: 

;":-;, 

TD2MPS1 
TD2MPS2 
'TD2MPS3 
TD2MPS4 
TD2MPS5 
TD2MPS6 
TD2MPS7 
TD2MPS8 
'l'D2MPS9 
TD2MPS10 
*rD2MPSll 
TD2MPS12 
TD2MPS13 

TDlSPSl 
TD1SPS2 
TD1SPS3 
TD1SPS4 
TDlSPSS 
TD1SPS6 
TD1SPS7 
TD1SPS8 
TDlSPS9 
TDlSPSlO 
TDlSPSll 
TD1SPS12 
TD1SPS13 

TD2SPS1 
TD2SPS2 
TD2SPS3 
TD2SPS4 
TD2S.PS5 
TD2SPS6 
TD2SPS7 
TD2SPSB 
TD2SPS9 
TD2SPS10 
TD2SPS11 
TD2SPS12 
TD2SPS13 

Gor1i.n Aaa1id 

2910 
3948 
5000 
5384 
7283 
9151 
9100 

14936 
16240 
16099 
21387 
18840 

3707 

4169 
5656 
7163 
7714 

10435 
13111 
13038 
21399 
23268 
23066 
30643 
26993 

5311 

3691 
5008 
6342 
6830 
9239 

11608 
11544 
18947 
20601 
20422 
27131 
23899 

4702 

80 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9·456 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

reynol.ds numbers a.re 

1589 
2097 
2726 
2938 
3967 
4978 
5233 
7475 
8797 
8568 

y 

11551 
10188 

2004 

1746 
2304 
2996 
3228 
4359 
5470 
5750 
8213 
9666 
9415 

12692 
11195 

2203 

1589 
2097 
2726 
2938 
3967 
4978 
5233 
7475 
8797 
8568 

11551 
10188 

2004 

Gabbay 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 



Tab1e 4 ,: The four possible 'types' of reynolds numbers are 
displayed. 

Experiment: 

BPlNPSl 
BP1NPS2 
BP1NPS3 
BP1NPS4 
BPlNPSS 
.BP1NPS6 
BP1NPS7 
BP1NPS8 
BP1NPS9 
BPlNPSlO 
BPlNPSll 
BP1NPS12 
BP1NPS13 

BP2NPS1 
BP2NPS2 
BP2NPS3 
BP2NPS4 
BP2NPS5 
BP2NPS6 
BP2NPS7 
BP2NPS8 
BP2NPS9 
BP2NPS10 
BP2NPSll 
BP2NPS12 
BP2NPS13 

BPlMPSl 
BP1MPS2 
BP1MPS3 
BP1MPS4 
BPlMPSS 
BPlMPS6 
BP1MP57 
BPlMPSB 
BP1MPS9 
BPlMPSlO 
BPlMPSll 
BP1MPS12 
BP1MPS13 

2931 
3916 
4641 
5043 
6786 
7992 
8088 

12271 
13638 
13256 
17400 
15236 

3533 

2553 
3268 
3878 
4217 
5568 
6784 
6259 

10401 
11520 
11060 
14622 
12835 

3042 

2689 
3432 
4233 
4773 
6163 
7660 
7556 

11688 
12912 
12406 
16461 
14666 

3769 

81 

Aaal..id 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
524·3, 
7769 
9456 
9387 

12069 
10795 

2127 

Gabbay 

3011 
3915 
4762 
5178 
6954 
8181 
8751 

11555 
1 3900 - - -'" - . 

13274 
17682 
15503 

3595 

2623 
3267 
3979 
4330 
5707 
6945 
6773 
9794 

11741 
11076 
14859 
13060 

3095 

2763 
3431 
4343 
4900 
6317 
7841 
8177 

11006 
13160 
12423 
16728 
14923 

3835 

1412 
1864 
24 ... 24 

' - -- '_,___ -

2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6,645 
7820 
7617 

10268 
9057 
1782 



Table 4: The t:our possibl.e 'types ' of reynolds numbers are 
displayed. 

Zapez:oiment: 

BPlSPSl 
BP1SPS2 
BP1SPS3 
BP1SPS4 
BP1SPS5 
BP1S·PS6 
BP1SPS7 
BP1SPS8 
BP1SPS9 
BPlSPSlO 
BPlSPSll 
BP1SPS12 
BP1SPS13 

BP2SPS1 
BP2SPS2 
BP2SPS3 
BP2SPS4 
BP2SPS5 
BP2SPS6 
BP2SPS7 
BP2SPS8 
BP2SPS9 
BP2SPS10 
BP2SPS11 
BP2SPS12 
BP2SPS13 

Go:r1in 

3933 
4398 
5186 
5195 
6436 
7544 
7374 

11407 
12256 
12187 
15369 
13743 

3614 

3389 
4337 
5168 
5292 
7058 
8409 
8191 

13077 
13118 
13568 
16616 
14535 

3779 

4646 
5936 
7197 
6819 
9082 

10634 
10281 
15923 
16344 
16473 
20597 
17666 

4494 

82 

Aaa1id 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

1839 
2477 
3116 
3357 
4479 
5561 
5243 
7769 
9456 
9387 

12069 
10795 

2127 

1713 
2306 
2901 
3125 
4170 
5178 
4882 
7233 
8804 
8739 

11236 
10051 

1980 

G•bbay 

4041 
439!6 
5321 
5334 
6596 
7722 
797'9 

10742 
12492 
12204 
15619 
13983 

3677 

3482 
4336 
5303 
5433 
7234 
8608 
8863 

12314 
13371 
13587 
16885 
14790 

3845 

4773 
5934 
7385 
7001 
9307 

10885 
11125 
14994 
16658 
16497 
20930 
17976 

4572 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 

1412 
1864 
2424 
2612 
3526 
4426 
4652 
6645 
7820 
7617 

10268 
9057 
1782 

y 

1315 
1736 
2257 
2432 
3283 
4120 
4331 
6187 
7281 
7092 
9560 
8432 
1659 



Table .5 : The four perfo:r:·naance parameters obtained from the 
experiments. The left-most column i.s the experiment 
designation, followed by the Gorlin coefficient of 
discharge, the Aaslid effective area index, the Gabbay 
coefficient of discharge and the Gabbay perfornaance index • 

• 

Zzper;ment 

BLlNPSl 
BL1NPS2 
BL1NPS3 
BL1NPS4 
BLlNPSS 
BL1NPS6 
BL1NPS7 
BL1NPS8 
BLlNPS9 
BLlNPSlO 
BLlNPSll 
BL1NPS12 
BL1NPS13 

BL2NPS1 
BL2NPS2 
BL2NPS3 
BL2NPS4 
BL2NP55 
BL2NPS6 
BL2NPS7 
BL2NPS8 
BL2NPS9 
BL2NPS10 
BL2NPS11 
BL2NPS12 
BL2NPS13 

BLlMPSl 
BL1MPS2 
BL1MPS3 
BL1MPS4 
BL1MPS5 
BL1MPS6 
BL1MPS7 
BL1MPS8 
BL1MPS9 
BLlMPSlO 
BLlMPSll 
BL1MPS12 
BL1MPS13 

Go·r1.i.n 

0.900 
0.911 
1.065 
1.102 
1.093 
1.163 
0.817 
1.108 
0.986 
0.928 
1.027 
0.999 
1.467 

0.636 
0.716· 
0.749 
0.767 
0.977 
0.918 
0.837 
0.675 
0.991 
0.914 
1.022 
1.003 
1.463 

0.605 
0.650 
0.778 
0.771 
0. 875· 
0.958 
0.967 
1.252 
1.128 
1.136 
1.212 
1.016 
0.852 

83 

Aa•1i.d Qabbay Cd Gabbay PX 

0.637 
0.611 
0.858 
0.672 
0.557 
0.728 
0.645 
0.678 
0.664 
0.575 
0.660 
0.623 
0.213 

0.302 
0.622 
0.521 
0. 50.2 
0.537 
0.592 
0.535 
0.322 
0.695 
0.748 
0.667 
0.505 
0.212 

0.225 
0.279 
0.308 
0.337 
0.381 
0.397 
0.414 
0.467 
0.455 
0.447 
0.420 
0.372 
0.224 

0.763 
0.752 
0.902 
0.934 
0.924 
0.982 
0.730 
0.861 
0.830 
0.767 
0.862 
0.839 
1.232 

0.527 
0.577 
0.620 
0.635 
0.808 
0.758 
0.731 
0.513 
0.815 
0.739 
0.838 
0.823 
1.201 

0.303 
0.317 
0.390 
0.386 
0.438 
0.479 
0.511 
0.576 
0.561 
0.555 
0.601 
0.505 
0.423 

0.525 
0.518 
0.621 
0.643 
0.636 
0.676 
0.503 
0.593 
0.571 
0.528 
0.593 
0.578 
0.848 

0.367 
0.402 
0.431 
0.442 
0.562 
0.527 
0.508 
0.357 
0.567 
0. 514. 
0.583 
0.573 
0 ·• 835 

0.209 
0.218 
0.268 
0.266 
0.301 
0.330 
0.352 
0.396 
0.386 
0.382 
0.414 
0.347 
0.291 



Table 5: The four perfoxu1ance parameters obtained from the 
experiments. The left-most column is the experjment 
designation, followed by the Gorlin coefficient of 
discharge, the Aaslid effective area index, the Gabbay 
coefficient of discharge and the Gabbay perfozn•ance index. 

Bar:peri•ent Gor1i.n Aa•1i.d Gabbay Pl: 

BL2MPS1 0.594 0.189 0.236 0.164 
BL2MPS2 0.733 0.247 0.283 0.197 
BL2MPS3 0.823 0.260 0.326 0.227 
BL2'MPS4 0.897 0.275 0.356 0.247 
BL2MPS5 0.904 0.298 0.358 0.249 
BL2MPS6 0.968 0.321 0.383 0.266 
BL2MPS7 0.924 0.308 0.386 0.269 
BL2MPS8 1.183 0.344 0.430 0.299 
BL2MPS9 1.068 0.347 0.421 0.292 
BL2MPS10 1.069 0.317 0.414 0.288 
BL2MPSll 1.173 0.336 0.461 0.320 
BL2MPS12 1.138 0.316 0.447 0.311 
BL2MPS13 1.221 0.211 0.480 0.334 

BLlSPSl 1.077 0.221 0.262 0.181 
BL1SPS2 1.052 0.194 0.249 0.172 
BL1SPS3 1.027 0.188 0.250 0.172 
BL1SPS4 1.059 0.212 0.258 0.178 
BL1SP55 1.066 0.206 0.259 0.178 
BL1SPS6 1.043 0.185 0.253 0.174 
BL1SPS7 1.040 0.186 0.267 0.184 
BL1SPS8 1.327 0.221 0.296 0.204 
BL1SPS9 1.177 0.226 0.284 0.196 
BLlSPSlO 1.230 0.247 0.292 0.201 
BLlSPSll 1.317 0.252 0.317 0.218 
BL1SPS12 1.241 0.238 0.299 0.206 
BL1SPS13 1.255 0.249 0.303 0.209 

BL2SPS1 1.046 0.163 0.204 0.142 
BL2SPS2 0.992 0.146 0.188 0.131 
BL2SPS3 0.996 0.148 0.194 0.135 
BL2SPS4 1.040 0.158 0.203 0.141 
BL2SPS5 1.026 0.154 0.199 0.139 
BL2SPS6 1.038 0.159 0.202 0.140 
BL2SPS7 1.015 0.152 0.,208 0.145 
BL2SPSB 1.297 0.172 0.232 0.161 
BL2SP59 1.160 0.169 0.224 0.156 
BL2SPS10 1.237 0.180 0.235 0.163 
BL2SPS11 1.357 0.188 0.261 0.182 
BL2SPS12 1.222 0.178 0.236 0.164 
BL2SPS13 1.199 0.186 0.231 0.161 
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Tab1e 5: T.he four perfo:t sua nee parameters obtained from the 
experiments. The left-most col..11mn is the experiment 
designation, followed by the Gor1in coefficient of 
discharge, the Aasli.d effective area index, the Gabbay 
coefficient of discharge and th.e Gabbay perfo:r:auance index. 

TDlNPSl 
'I'DlNPS2 
TD1NPS3 
TDlNPS4 
TDlNPSS 
TD1NPS6 
TD1NPS7 
..riDlNPSB 
TD1NPS9 
TDlNPSlO 
TDlNPSll 
TD1NP512 
TD1NPS13 

TD2NPS1 
'l'D2NPS2 

2 .·· ·53 TD NP 
TD2NPS4 
TD2NPS5 
TD2NPS6 
TD2NPS7 
TD2NPS8 
TD2NPS9 
TD2NPS10 
TD2NPS11 
TD2NPS12 
TD2NPS13 

TDlMPSl 
TD1MPS2 
TD1MPS3 
TD1MPS4 
TDlMPSS 
TD1MPS6 
TD1MPS7 
TD1MPS8 
TD1MPS9 
TDlMPSlO 
TDlMPSll 
TD1MPS12 
TD1MPS13 

Gor1i.n 

2.425 
1. 773, 
1.858 
1.471 
1.447 
1.638 
1.319 
1.710 
1.558 
1.442 
1.526 
1.542 
1.004 

0.631 
0.820 
0.948 
0.823 
1.059 
1.189 
0.968 
1.389 
1.314 
1.099 
1.351 
1.353 
0.738 

0.826 
1.034 
1.244 
1.342 
1.619 
1.666 
1.522 
2.048 
1.922 
2.376 
1.974 
2.003 
1.082 
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Aa.•1.:i.d 

0.417 
0.540 
0.538 
0.504 
0.524 
0.578 
0.616 
0.698 
0.593 
0.560 
0.504 
0.481 
0.201 

0.534 
0.280 
0.357 
0.794 
0.376 
0.480 
0.377 
0.615 
0.753 
0.352 
0.529 
0.478 
0.179 

0.253 
0.259 
0'. 324 
0.382 
0.404 
0.421 
0.423 
0.511 
0.501 
0.396 
0.405 
0.383 
0.191 

1.190 
0.847 
0.911 
0.722 
0.709 
0.802 
0.682 
0.770 
0.759 
0.690 
0.741 
0.750 
0.488 

0.345 
0.436 
0 1 7 .5 . 
0.449 
0.577 
0.647 
0.557 
0.696 
0.712 
0.585 
0.730 
0.732 
0.399 

0.269 
0.327 
0.404 
0.437 
0.526 
0.540 
0.522 
0.611 
0.621 
0.754 
0.635 
0.646 
0.349 

Cd 

0.779 
0.554 
0.596 
0.472 
0.464 
0.525 
0.446 
0.504 
0.497 
0.452 
0.485 
0.491 
0.320 

0.236 
0.299 
0.354 
0.308 
0.395 
0.443 
0.382 
0.477 
0.488 
0.401 
0.500 
0.501 
0.274 

0.176 
0.214 
0.265 
0.286 
0.344 
0.354 
0.341 
0.400 
0.406 
0.493 
0.416 
0.423 
0.228 
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Table 5: The four perfo1uaance parameters obtained from the 
e;xperjments. The left-most col•1mn is the exper nt 
designation, followed by the Gorlin coefficient of 
discharge, the Aas1id effective area index, the Gabbay 
coefficient of discharge and the Gabbay perforuaance index. 

• 

TD2MPS1 
TD2MPS.2 
TD2MPS3 
TD2MPS4 
TD2MPS5 
TD2MPS6 
TD2MPS7 
TD2MPS8 
TD2MPS9 
TD2MPS10 
TD2MPS11 
TD2MPS12 
TD2MPS13 

'l'DlSPSl 
TD1SPS2 
TD1SPS3 
TD1SPS4 
TDlSPSS 
'l'DlSPS6 
TD1SPS7 
TD1SPS8 
TD1SPS9 
TDlSPSlO 
TDlSPSll 
TD1SPS12 
TDlSP513 

TD2SPS1 
TD2SPS2 
TD2SPS3 
TD2SPS4 
TD2SPS5 
TD2SPS6 
TD2SPS7 
TD2SPS8 
TD2SP59 
TD2SPS10 
TD2SPS11 
TD2SPS12 
TD2SPS13 

Gor1~n 

1.895 
1.872 
1.892 
1.784 
1.872 
1.958 
1.686 
2.212 
1.998 
1.969 
2.059 
1.990 
1.427 

3.574 
3.059 
2.856 
2.841 
2.804 
2.782 
2.585 
3.284 
2.883 
2.786 
3.024 
2.976 
2.564 

2.413 
2.169 
1.479 
1.548 
1.752 
1.828 
1.802 
2.363 
2.082 
2.126 
2.198 
2.273 
2.100 

Aaa1i.d 
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0.478 
0.369 
0.412 
0. 603~ 
0.459 
0.470 
0.469 
0.496 
0.475 
0.402 
0.426 
0.387 
0.193 

0.513 
0.443 
0.361 
0.405 
0.395 
0.360 
0.349 
0.356 
0.331 
0.335 
0.343 
0.328 
0.209 

0.455 
0.299 
0.208 
0.236 
0.270 
0.260 
0.246 
0.300 
0.282 
0.284 
0.287 
0.283 
0.208 

y Ccl 

0.550 
0.529 
0.548 
0.517 
0.542 
0.566 
0.515 
0.588 
0.575 
0.557 
0.591 
0.572 
0.410 

0.610 
0.508 
0.487 
0.485 
0.477 
0.473 
0.465 
0.514 
0.488 
0.463 
0.510 
0.503 
0.433 

0.435 
0.380 
0.266 
0.279 
0.315 
0.328 
0.342 
0.391 
0.373 
0.374 
0.392 
0.406 
0.375 

0.377 
0.362 
0.376 
0.354 
0.371 
0.388 
0.353 
0.403 
0.394 
0.381 
0.405 
0.392 
0.281 

0.399 
0.332 
0.319 
0.317 
0.313 
0.310 
0.304 
0.336 
0.320 
0.303 
0.334 
0.329 
0.284 

0.298 
0.261 
0.182 
0.191 
0.216 
0.225 
0.234 
0.268 
0.255 
0.256 
0.269 
0.278 
0.257 

P:X 



Table 5: The four perfoz:1oance par obtained from the 
experiments. The left-most col.umn i.s the experiment 
designation, fo11owed by the Gorl.i.n coefficient of 
discharge, the Aas1i,d effective area index, the Gabbay 
coefficient of discharge and the Gabbay perfoJ:Diance index. 

BPlHPSl 
BP1NPS2 
BP1NPS3 
BP1NPS4 
BPlN.PSS 
BP1NPS6 
BP1NPS7 
BPlNPSB 
BP1NPS9 
BPlNPSlO 
BPlNPSll 
BP1NPS12 
BP1NPS13 

BP2NPSl 
BP2NPS2 
BP2NPS3 
BP2NPS4 
BP2NPS5 
BP2NPS6 
BP2NPS7 
BP2NPS8 
BP2NPS9 
BP2NPS10 
BP2NPS11 
BP2NPS12 
BP2NPS13 

BPlMPSl 
BP1MPS2 
BPlMPS3 
BPlMPS4 
BPlMPSS 
BP1MPS6 
BP1MPS7 
BP1MPS8 
BP1MPS9 
BPlMPSlO 
BPlMPSll 
BP1MPS12 
BP1MPS13 

Go~1i.n Aas1i.d 

1.072 
1.094 
1.036 
1.057 
1.131 
1.065 
1.035 
1.174 
1.116 
1.037 
1.106 
1.074 
0.909 

0.767 
0.820 
0.800 
0.800 
0.837 
0.912 
0.709 
0.949 
0 8 98 . . .. .. 

0.829 
0.875 
0.878 
0.682 

0.964 
0.933 
0.875 
0.944 
0.924 
0.940 
0.875 
1.020 
0.949 
0.875 
0.922 
0.925 
1.021 
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0.577 
0.332 
0.372 
0.295 
0.308 
0.324 
0.267 
,0.325 
'0.334 
0.350 
0.352 
0.358 
0.187 

0.290 
0.427 
0.389 
0.294 
0.305 
0.335 
0.267 
0.322 
0.321 
0.348 
0.341 
0.357 
0.179 

0.356 
0.429 
0.370 
0.309 
0.283 
0.308 
0.251 
0.298 
0.313 
0.329 
0.328 
0.326 
0.238 

1.101 
1.094 
1.063 
1.085 
1.159 
1.090 
1.120 
1.105 
1.137 
1.039 
1.123 
1.093 
0.925 

0.788 
0.819 
0.821 
0.821 
0.858 
0.934 
0.768 
0.894 
0.916 
0.830 
0.889 
0.894 
0.694 

0.990 
0.932 
0.898 
0.969 
0.947 
0.962 
0.947 
0 .• 961 
0.968 
0.877 
0.937 
0.942 
1.039 

Cd 

0.242 
0.248 
0.275 
0.276 
0.298 
0.319 
0.316 
0.366 
0.360 
0.342 
0.379 
0.373 
0.227 

0.198 
0.231 
0.264 
0.259 
0.284 
0.329 
0.314 
0.357 
0."352 
0.340 
0.368 
0.373 
0.200 

0 •. 259 
0.275 
0.280 
0.275 
0.295 
0.307 
0.307 
0.350 
0.342 
0.330 
0.353 
0.347 
0.224 



Table 5: The four perfozauance parameters obtained from the 
experj ments. The left-most column is the experj.ment 
designation, fol.lowed by the Gor1in coefficient of 
discharge, the Aas,li.d effective area index, the Gabbay 
coefficient of discharge and the Ga,bbay perfoJ:nlance i.ndex. 

Experiment 

BP2MPSl 
BP2MPS2 
BP2MPS3 
BP2MPS4 
BP2MPS5 
BP2MPS6 
BP2MPS7 
BP2MPS8 
BP2MPS9 
BP2MPS10 
BP2MPS11 
BP2MPS12 
BP2MPS13 

BPlSPSl 
BP1SPS2 
BP1SPS3 
BP1SPS4 
BPlSPSS 
BP1SPS6 
BP1SPS7 
BP1SPS8 
BP1SPS9 
BPlSPSlO 
BPlSPSll 
BPlSPS12 
BPlSPS13 

BP2SPSl 
BP2SPS2 
BP2SPS3 
BP2SPS4 
BP2SPS5 
BP2SPS6 
BP2SPS7 
BP2SPS8 
BP2SPS9 
B,P2SPS10 
BP2SPS11 
BP2SPS12 
BP2SPS13 

Gor1i.n 

1.290 
0.958 
0.929 
0.920 
0.865 
0.858 
0 ,. 817 
0.971 
0.885 
0.930 
0.905 
0.960 
0.978 

0.958 
0.846 
0.908 
0.906 
0.958 
0.909 
0.879 
1.121 
0.924 
1.017 
0.926 
0.918 
1.143 

0.970 
0.942 
0.975 
0.977 
0.996 
0.945 
0.945 
1.136 
0.983 
1.144 
1.096 
0.989 
1.240 
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Aaal.id Gabbay Cd Gabbay PX 

0.169 
0.182 
0.198 
0.198 
0.218 
0.259 
0.219' 
0.268 
0.287 
0.303 
0.323 
0.331 
0.186 

0.195 
0.188 
'0. 225 
0.213 
0.227 
0.239 
0.223 
0.273 
0.301 
0.329 
0.331 
0.333 
0.226 

0.096 
0.092 
0.103 
0.131 
0.136 
0.150 
0.146 
0.183 
0.200 
0.224 
0.231 
0.226 
0.191 

1.325 
:0 ,. 958 
0.953 
0.945 
0.886 
0.879 
0.884 
0.915 
0.902 
0.931 
0.920 
0.977 
0.995 

0.984 
0.845 
0.932 
0.930 
0.982 
0.931 
0.951 
1.055 
0.942 
1.018 
0.941 
0.934 
1.163 

0.996 
0.942 
1.001 
1.004 
1.020 
0.967 
1.022 
1.070 
1.002 
1.146 
1.114 
1.006 
1.262 

0.140 
0.149 
0.171 
0.196 
0.220 
0.250 
0.260 
0.303 
0.306 
0.314 
0.345 
0.355 
0.203 

0.162 
0.156 
0.195 
0.215 
0.233 
0.246 
0.262 
0.307 
0.322 
0.320 
0.348 
0.350 
0.250 

0.076 
0.081 
0.093 
0.121 
0 .12,7 
0.139 
0.155 
0.182 
0.192 
0.212 
0.232 
0.221 
0 .1,66 
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such huge variation in the values plotted. 
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Discussion 

In discussing the results of the experiments carried out, 

one must keep in mind what it is that is being sought in order 

to draw the relevant conclusions • 

The • 
ma~n purpose of 

deterJnj ne what value, or 

this part of the project 

val.ues , shou1d be used 

• 
J...S to 

for a 

coefficient of discharge when assessing the perfor:tnance of a 

heart valve with the effective area method. This deter:naination 

must be dual in nature: the specific magnitudes of the Cd as 

well as the range for which said values are valid must be 

specified. 

Observing figures 36 and 37, one sees that the 

coefficient of discharge varies greatly, with increased, and 

also for a given, Reynolds number. Hence it is immediately 

concluded that no single line, no s~ngle linear var~at~on of 

coefficient of discharge as a function of the Reynolds number 

can be establ~shed that appl~es for all valve types, s~zes and 

operational cond~tions. 

N,ext, figures 41, 42 and 43 are observed. These f~gures 

show the four perfo:rtnance parameters plotted as a function of 

the Reynolds number; unlike figures 36 and 37, however, the 

three former figures depict a different plot for each valve 

type, size and operational condition, such that each of the 18 

study cases are plotted separately. If it can be established 

that a good correlation exists for the Cd, as a function of 
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Reynol.ds number, for each of the 18 cases separatel.y, and, 

having shown that no such correlation can be found that 

applies to all cases 1•,mped together, then, once a criteri11m 

of error is established, cases that present sjmilar (within 

the er~ror criterium) values for the Cd can be lumped together 

and the envelope of application for each Cd is established • 

It • l..S most • Important, if the EOA method 
II 

J...S to be 

successful, to be able to detezn•i ne Cd relations that apply to 

any condition of valvular operation, even i.f a different 

relation has to be used for each valve type and size. Thi.s 

clajm is evidentiated by the fact that, whenever a prosthetic 

heart val.ve has been jmplanted, its type and size are known, 

whereas its operational condition. is not, for that is what is 

being sought. Hence, a different relation for Cd could be used 

for each valve type and s~ze, as long as ~t appl~es across the 

r~nge of operat~onal condit~ons. Since only prosthet~c heart 

valves were used in this study, the results obtained here 

cannot necessarily be extended to the study of natural valves, 

for which the exact size and configuration are not known a 

priori, even though the same method of research would apply to 

such cases. If, on the other hand, for a given prosthetic 

valve, no single relation can be found for the coefficient of 

discharge that applies to all valvular conditions, then the Cd 

cannot be reliably deternri ned and the EOA method, whose 

accuracy is linearly dependent on the accuracy of the Cd, 

lacks valid.ity to that same extent. 
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Befor,e the range of conditions for wh.ich a s j mp1e linear 

function for the coefficient of discharge (a function because 

it dep .. ·ends on the Rey· ·n····o·1. ds ... · mb nu. · .. er, at least) can be 

detern•i ned, it is necessary to establish the criterilJm for 

correlation. In other words, the maximum variation between the 

values of the Cd for two different study ca.ses that can be 

tolerated, while considering that a single va1ue of the Cd 

applies, to both cases, has. to be deterirti ned. 

One way to carry out such analysis is to estab1ish the 

total error that can be accepted in the final computation of 

the effective orifice area. For the purpose of this study, it 

will be assumed that a calculated area within plus-or-minus 

10% of actual is acceptable. Whi.le in engineering tez:1ns, an 

error of 10% for a calculated perfo1:•nance parameter .. 
.l.S 

considerable, . h dlli 1 ~n t e me .1.ca ·• sc.1.ences a.nd physiology 

estimations within 100% of a given value may be the best 

available. In this method, one can use standard error 

propagation computation to deter1ni ne the effect of the errors 

encountered in the simplification of the correlation for the 

coefficient of discharge on the final computed effective 

orifice area of the valve. 

Another way to find the operational cases for each valve 

that ·Can be described by a single Cd function • 
~s to lump 

together the Cd data for the cases in question and perfoz:m 

linear regression analysis on the data group. In this case, 

the quantitative indication of the quality of the fit is the 
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regression factor The R-factor • 1S as much a 

function of the slope of the regression li.ne as it II 1s a 

functi.on of the line's abil.ity to describe the data 

population. Plotting severa.l data groups together for valves 
' 

whose·'-· Cd has a low dependency on flow rate, as is the case 

with the tissue valves, w.il1 produce a low R-factor; and if 

the R-factor is the criterium whereby the quality of the fit 

i.s judged, possible correlation might be disregarded not 

because of he merit of the fit, but because the slope of the 

line is l.ow. 

Cases for which the regression factors are low because 

the slope of the line is low can. still have their fit analyzed 

in teLuas of a simple average and standard deviation. As the 

reader observes, the analysis of the data generated by these 

experiments is complex if one wishes to draw meaningful 

conclusions about the behavior of t.he coefficient of 

discharge, for both regression and statistical analysis must 

be perfoz:nted, and a 'significance' J! • h cr~ter~um .. as to be 

adopted. In addition, the analysis can be repeated in two 

dimensions: the Cd' s dependence on both f·low rate and pressure 

drop can be investigated; such is the topic of future work, 

however. 

In view of the considerations offered above, the 

disc·ussion of the results derived from the experiments 

proceeds as follows. The first line of error, that incurred in 

the Cd' s linear dependence of Reynolds number, is investigated 
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grapho-statistically in the following manner: two l.i.nes that 

are parallel to the regression line are drawn on the qrapbs 

such that each includes al.l but the furthest point away from 

the central l.ine; one is drawn above the regression l .. i.ne, the 

other e •. bellow. Since there are 13 data points per curve ( 13 

flow rates) and 2 are being negl.ected (the highest and lowest) 

we have a Si9 .. n.ifi.cant sample of 95ca. · .. ·f·· ·t.h· 1 t. • ·(.1. 1·· t·· lJ·.) ·. ... "(t o .. · e popu · a . 1on ·' 

such fraction is considered adequate for this type of 

investigation. Next, the y-intercept values (the slopes are 

identical by definition, since the 1i.nes are parallel) for all 

three lines is noted and. the percentual differences between 

the high, and low, lines and the regression line, are noted to 

be the error incurred simply by the description of the Cd as 

a 1inear function of the Reynolds number. Th.is error 

represents th.e difference between what is theoretically 

correct and what was found in the experi.ment, for it is known 

that the Cd has to be a linear function of the Reynolds number 

(for each of the 18 cases) because the pressure drop increased 

with i.ts second power, as observed on figures 38, 39' and 40J 

and heav~ly corroborated by the literature. Details of this 

analysis are given by Schoephoerster. [15] 

Two things become immediately apparent when this analysis 

is carried out: the errors detez:uti ned .in the fashion described 

are all large, varying between 2% and 25% for the BPlN and 

TDlM cases, respectively. Additionally, it is observed that 

the slope of the l~ne is negative for three cases: TDlN, TDlS 
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and BP2M. · Th.e re _- ason for this • l..S the inclusion of the 

thirteenth da.ta point in the regression computation. The 

thirteenth data point was described ear·li.er as the po1nt that 

represented cardiac operation duri.ng the hours that follow 

val vu , .... · .·. ar replacement. In nen 1 · t t· d "' th e + . · · ,., .... ·. era · ·., J.. was . oun ·. 1.n . ·.. es ... · 

exper:i ments that the Cd value for that input function, for all 

cases was significantly higher than the mean Cd for the same 

case. Since this input functi~on imparts such a short stroke 

volume, and since its operational frequency is so high, it is 

speculated that either pressure drops measured were lower than 

actual, or the flows developed through the valve were smaller 

than expected. It is also feasible that the valve never opened 

fully, but that would not affect the value of the Cd since the 

areas used were the same for a.ll experiments that used 

mechanical valves, and measured for the tissue valves, as 

previously explained. S~nce th~s data po~nt produces a high 

value, at a low reynolds number, it is evident that its 

inclusion in the regression computation will shift the slope 

of the curve downwards. If the slope would have been nearly 

zero were it not for the 13th data point, it may reach 

negative values with • 1tS inclusion as observed in these 

examples. 

At this • po.1nt, it. can be concluded that, i.f the 

assu.mptions about the cardiac operat.ional parameters (table l) 

are correct for the post-surgical condition, then the 

assessment of valvular performance would have to wait after 
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surgery until noruaal. cardiac function resumes. Thi.s • l..S 

postulated because all of the values for t.he perfor1nance 

parameter, calcul.ated by the techniques herein described, for 

the post-surgical case were t th grea··er an I 1 I • Such • 
.LS 

obviously not possible, for it would represent the 

energy by the valve. 

The same condition, Cds larger than '1', justifie.s the 

. . f reJeCt.l..on o the variation of the EOA method where the 

projected open area is used for the detezani nation of the Cd, 

the Gorlin formula. Strict application of the equations of 

continuity and conservation of mass, as used in the derivation 

of the Gorlin method, requ-ire that t.he cross sectional area be 

velocity vector in order to obtain 

the flow rate. This requirement disqualifies the measurement 

of the a,rea as the projected, because the projected area is on 

a_ plane parallel to the valve's base, which is pe.rpendicular 

to the main flow stream, but not perpendicular to the flow 

through the true orifice. It must be borne in mind that, 

although Gor1in applied the hydraulic principles described 

here to the estimation of valvular area, his main goal was the 

determination of the magnitude of cardiovascular shunts, 

(septal defects such as the Foramen ovale are among these) for 

surgery planning. The implication • 
l..S that all of the 

applications of the forntula, as well as its • • orJ..gl-n, 

presupposed an orifice of nearly circular geometry through 

which fluid passed. This was in 1951. Since then, roughly from 
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the mid-1960's, mechanical heart valves became available in 

which s fozm of occ1uder is at the center of the orifice, 

around which, in an annular fashion, the fluid f1ows. There is 

no reason to sup.pose a priori that the foz:mulations described 

earlier would no longer work for these geometrie.s. However it 

must be recognized that the primary flow through the valve is 

no l.onger, necessarily, perpendicul.ar to its baset instead, it 

is paral1el to the leaflets while flowing ·th.rough the valve. 

The convective acce.leration necessary to cause such change in 

directions is thouqht to consume more energy 1 other things 

being equal, than would be required if a central-flow valve 

configuration was employed. This discrepancy becomes more 

pronounced as the degree of stenoticity of the valve increases 

because, as is seen on figure 8, the opening angle of t.he 

valve decreases, causing a greater radial acceleration of the 

flow and increasing the difference between the projected and 

the true orifice areas. 

The difficulty with the measurement of the projected area 

is more pronounced in the case of the monoleaflet valve 

because, having a larger occluder, a greater radial 

acceleration is imparted on the flow, and, due to the nature 

of its configuration, a greater difference between the 

observed and actu.al flow areas exists. The effect of this 

difference is that projected areas much smaller than the 

actual perpendicular-to-flow areas will be used in the 

calculation of the Cd. Since 1 for a given flow rate and 
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pressure drop, a smalle.r opening area • 
.1.S indicative of a 

larger coefficient of d~scharge, ~f enough errors ex~st, the 

Cds can appear to assume values much greater than unity, 

which, again, is a physical impossibil.ity. This shortcoming 

can be completel.y eliminated by the use of the primary flow 

(FA) or the mounting area (MA), such as Aaslid and Gabbay do, 

in the dete:r:rnination of the Cd. Such formulations, however, 

require the use of flow measurements which are not commonly 

available clinically. Nonetheless, the results obtained from 

the Aaslid and Gabb.ay fo:rmulas show Cd values which are much 

more physically meaningful. 

The significance of these different definitions of areas 

is interesting: other things being equal, the use of the 

mounting area in these equations becomes a measure of how 

spatially eff~cient a valve's sew~ng ring is~ the use of the 

primary flow area becomes a measure of the valve's occluder 

geometric design and range of motion; the use of effective 

area becomes a measure of the merit of the valve's prj mary 

configuration, which in this case was either of the central-

flow or central-occluder type. 

Even though the magnitude of the Cds associated with some 

of the valves is not physically meaningful, the error observed 

is constant throughout the range of experiments, • at a g1ven 

condition, with that valve. Th~s situation limits the use of 

the Gorlin fornrolation considerably, since the difference in 

the projected and actual area.s increases non-linearly with 

111 



increased ·simulated stenoticity. 

The average error in the linear correlation of Cd with 

Reynol.ds 11%, 17% and 6\ for the 6 cases of the 

BL,TD and BP valves respectivel.y. Figure 50 shows the mean 

val.ue of the cd when l11mped together by valve type, size or 

condition, as we11 their correspondent standard deviations. l:t 

is observed on figure 50 that the lowest standard deviation 

shown corresponds to the Bio Prosthetic valve (Sd=0.103, 

mean=O. 92) which means that the Cd for this type of valve 

varies the least with the Reynolds number, valve size and 

condition. The highest standard deviation, on the other hand, 

is observed for the severely stenotic group of valves, 

Sd=O. 751. Judging from the mean value of the Cd in this 

instance, 1.5, and the mean value for the Cd of the tilting 

disc valve group, it is apparent that the latter strongly 

influences the foLmer. If the TD group is removed from the 

calculations, the new standard devi.ation for the severely 

stenotic group becomes actually the lowest of all groups after 

the Bio Prosthetic case; (Sd=O .126) which allows us to 

correctly infer, as confirmed by the plots of figure 43, that 

the Cd for the BP severely stenotic valve is the least 

dependent on size. 

It can further be _concluded, overall, that for low 

Reynolds numbers a single Cd correlation applies for the 29 mm 

Bileaflet valve in the noLmal and mildly stenotic conditions. 

For the 27 mm size, the same can be said for the noz:anal. and 
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severely stenotic conditions. At high Reynolds nu,mbers the Cd 

values become more unifox:m between the two sizes and among the 

three conditions, with the exclusion of the 27 1nut Nor1nal 

valve, for which no good correlation was found. 

'For the Tilting Disc valve a qualitative correl.ation is 

only observed between the 29 mm mildly and severely stenotic 

cases. Finally, for the Bio Prosthetic valve, excellent 

correlation was found between the two sizes of the severely 

stenotic case, as alluded to earlier. 

Upon closer investigation of what at one time seemed to 

be physiologically accurate, it is discovered that the wide 

range of conditions studied could never occur within a human 

cardiovascular system. Specifically, while each component of 

the study, such as flow rates, valvular condition and 

pressure, was carefully designed to duplicate physiological 

conditions, their combination in a purely combinatoric fashion 

produces results which are not all physiologically feasible. 

Hence, while all flow rates used here are attainable, the 

higher values would not occur where mitral valves are severely 

stenotic, for instance. The reason for this became apparent 

when it was realized that the cardiovascular system must be 

optimized for the least energy expenditure. In view of this, 

further thought is given to the range of conditions that are 

expected to be observed • 
~n 

• 
v~vo, and, for these, Cd 

correlations are sought after once anew. 

Acco.rding to Katz [ 33], transmi tral pressure losses of up 
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to 30 mmBg may be observed in the most severe cases of 

stenoticity. Looking at fiqures .38, 39· and 40, it is observed 

that pressure losses of 30 *'•utBq are associated with Reynolds 

numbers of roughly 10000. On fiqure 49 it is observed that at 

this ~Reynolds number, power losses in the valve range fron 

less than 1 to 2.5 Watts, depending on the valve and case in 

question. Imposing a power-1oss of 2 Watts and a pressure drop 

of 30 mmRg 1 . . . JmJ..tatJ...on on the population of data points 

obtained from these experjments, figures 51, 52 and 53 are 

generated. These figures show the Gorlin Cds the survived the 

cleaning described plotted as a function of Reyno1ds number 

(a) and transmjtral flow· rate (b). In both cases, for all 

three figures, it is observed that the correlation factors are 

still quite low, indicating the 1ack of correl.ation with the 

ordinate, size or condition. Since it was already demonstrated 

that the correlation with the ordinate must be l.inear, figures 

'a' and 'b' are broken into their components: 27 and 29 mm. 

Since figures 'c' , 'd' , 'e' and 'f' also show very ,low R-

factors, it is concluded that no Cd relation that appl.ies for 

all valvular conditions exists. 

The above analysis can only be carr~ed out in a rough 

qualitative way, for numerically, no meaningful correlations 

were found. Although this research proposal was originally 

accepted to extend only to the point where a final word on the 

EOA could be achieved, the large variability of the results 

obtained, as well as the fact that the EOA method does not 
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account for valvular requrgitant losses, compelled the author 

to derive and propose another possible method of estimating 

valvular function, one that is thought to be more physically 

correct. The result of this endeavor is the Energy Index 

method. 

Error conaideration• 

The purpose of this section .. 
l...S to expose some of the 

sources of errors encountered in this work, as well to offer 

a few suggestions for future work intended to reduce errors. 

In principle, errors that would be encountered while 

applying the EOA method in, vivo are higher, necessarily, than 

those incurred in the controlled and repeatable conditions of 

a laboratory experiment. 

Clinical estimation of the effective orifice area, which 

is ljmjted to the Gorlin method, is based on measurements of 

flow rate and pressure drop through the valve. Since the 

advent of catheter mounted piezoelectric pressure transducers, 

pressure measurements in vivo have become much more accurate 

than was possible with the fluid-filled manometer. Although 

incorrect placement of the catheter tip could cause incorrect 

pressure measurements 1 if such procedural shortcomings are 

avoided, measured pressures can be very close to actual. With 

the sensitivity of the instrument at 5 microvolts per volt per 

mercury 1 and with the use of an analog to 
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d.igital converter operating at 4 Khz, measured pressures have 

to be wel.l. within lt of actual.. 

Clinical fl.ow rate .is done 
• 

in a more in.direct fashion than pressure measurements since 

the only true fl.ow meters that exist, such as the 

electromagnetic and the paddle wheel, for instance, are highly 

invasive, thus not finding justified c.linical use unless 

during surgery, while ,~he thorax is already open anyway, but 

when it is already too late to assess the perfoLnaance of the 

valve. 

The practical alternative to the estimation of cardiac 

-u··t· p·ut 0 .. - · .. • 
.l.S any • • var.1.at.1.on of the diffusion principles 

established by Fick in 1870. Thus, the oxygen consumption 

divided by the arteriovenous oxygen concentration difference 

is the blood fl.ow. Oxygen consumption can be detern•i ned with 

a. gas analyzer that measures the difference • :t.n oxygen 

concentration between collected samples of inhaled and exhaled 

air. The additional oxygen concentration found in any of the 

main arteries, up from that at the venous system is detezn•ined 

from simultaneous b1ood sampling, and must be proportional, if 

continuity is maintained, to the amount of oxygen absorbed. 

The die-indicator dilution and the thernaal dilution methods 

are based on the same principle as Fick's oxygen consumption; 

in these cases either the die concentration or the temperature 

difference are proportional to blood flow. With all of the 

measurements described as necessary to obtain the cardiac 
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output, and only the mean output is possib1e, hence forcing 

the use o.f the Gorl.in fozmula 1 (Out of the four f.ormulas 

presented, the only one that uses as opposed to peak 

or RMS 1 flow rate) it is specul.ated that errors associated 

with measurements of flow will predominate in the estimation 

of the effective· area. 

Other sources of ·errors involve the valvular areas used. 

In these experiments, three areas were defined for each valve, 

fol.lowing recommendations by Gorlin, Aas1.id and Gabbay, as 

expl.ai.ned earl.ier. The mounting area is hardly subjected to 

error since it .. 
J.S just calculated based on the nominal 

diameter of the valve. The errors associated with the primary 

flow area are also small, since that is based on the measured 

internal diameter of the valve. A high-resolution caliper was 

used to measure said diameter at three different locations 

along the circumference of the valve, thus reducing possible 
' 

errors. The effective area i.s the most subjected to error, 

since i·t is the product of the photography-planjmetry system 

already described. In this method, by far, the largest 

contribution to the error comes from the tracing of the 

valvular open area with the planimeter. The worst case would 

be where the trace was done consistently inside or outside of 

the actual boundary. If the tracing error was as high as 1 

mjllimeter to either side of the actual boundary, the error 

would be: 
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Diameter of typica.l area traced: 7 5 m•a 
Correspond.ing area: 4418 mm"2 

Smallest traceable area (74 mm dia.): 4301 
Largest traceable area (76 mm d.ia.): 4536 
Errors: (4301-4418)/4418 = -2.65% 

(4536-4418)/4418 = 2.67\ 

mm"'2 

.$ca1e factor (Area of photograph/actual area): 3 to 4 
Corresponding error (2.66/3.5): 0.75% 

Under the worst conditions, it • .1.8 observed that the 

measured area can only be in error, as compared to the actual 

area, to about 3/4 of one percent, not counting other sources 

of errors such as the resolution of the camera and 

corresponding printed image. 

Finally, a word is offered about possible errors found if 

the computed effective a.rea is used to access the p·erfo:r:naance 

of valve operating in vivo. Diagnosis of valvular condition 

ca.n only be done when com.paring the calculated effective 

orifi.ce area with a valvular area that is judged adequate for 

a given heart. It is my understanding that such areas have 

been tabulated and are based on body weight and height. The 

particulars of the "noLntal" valvular areas are best left to 

physiologists and anatomists; it can only be speculated here 
-

that some sort of error is introduced in the diagnosis when 

using these standard tabulated areas. 
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Suggeati.on• for Put. Work 

Although the section on the BOA method ended on a 

negative note, it is suggested that further analysis of the 
• 

data obta.ined be carried out in order to extract any possi.bl.e 

correlations that were missed with the method. used here. 

Specif.ica11y, it is suggested that analysis be based not on 

the measured effective area but on the • mount1ng area; 

prjmarily for the reasons described above (difference between 

true flow area and projected area) but a1so because the 

mounting area is the value used clinically to refer to a 

valve. The mounting area is also unaffected by operational 

condition of the valve. 

What has been called the coefficient of discharge in this 

paper cannot be deteJ:Ini ned, in strict engineering tez1us, by 

the methods described here. The engineering coefficient of 

discharge of the valve is not necessary for its clinical 

evaluation, however. Instead, it is proposed that the term 

"correction factor" (Cf) be used. Not being directly 

indicative of the losses through the valve, as a Cd is, the Cf 

can assume values larger than 1. 

The computation of the Cf would also be based on the 

transvalvular flow rate and pressure drop, such that the Cf is 

described in terans of a surface instead of a line. This 

modification is thought to increase the range of applicability 

of the EOA method since the main operationa.l difference 
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between a -no:tJnal and a stenotic valve is the pressure drop 

observed. 

Finally, the author notes that, perhaps, other methods of 

assessing valvular perfox:ntance in vivo which are not invasive 

may have now reached the level of technological development 

that justifies their use in place of the more invasive EOA 

method. In the case where the perfo:tmances of several 

prosthetic valves is being compared in vit;ro, it is speculated 

that the Energy Index method, if proven successful, may be 

more effective than the EOA method because it accounts for 

regurgitant losses. 
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Chapter 3: IJ!HB :EHD•X 

Xntz:oduat::ion 

:rt was demonstrated .in the last chapter that all orifi.ce 

area methods of assessing valvular perfoL,IItance suffer from two 

drawbacks that render them nearly useless: the impossibility 

of d t . . e erm1n.1.ng operational envelopes for the n.eeded 

coefficient of discharge, and the lack of accountability for 

the losses incurred in the system due to regurgitant f1ow 

(retrograde flow through a closed valve). 

These l j mi tat ions led. to the ·development of the energy 

index, which completely addresses the shortcomings associated 

with the EOA method. The basic concept of the method is to 

dete:rzni ne the ratio of energy dissipated in, and because of, 

the val.ve, to the energy available for that cycle of the 

cardiac stroke. The energy dissipat,ed in the valve • 
~s a 

'' 

measure of its characteristic during forward flow, while the 

energy dissipated out of the system because of the valve 

becomes a measure of its regurgitant behavior. The energy 

available for work, the denomi n.ator of the index, is the 

energy imparted onto the blood by systolic contraction, for 

the aortic valve; or the energy at the left atrium, for the 

mi,tral valve. Even though the assessment of valvular 

performa.nce by energy methods gained increased attention after 

the papers introduced in 1987 by Leefe et: al [34], and Hwang 
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et a~ in 19"88 [ 35], the method was st.ill unable to account for 

h.eavy requrgitant. l.osses; furthez:1uore, neither Leefe nor Hwang 

propose a perfoz:n•ance index, they s;mply describe what the 

l.osses i.n the valve are. The energy index method, as propo;sed 

here, ,~o the knowledge of the author, beinq original, produces 

a quantitative djmension1ess par.ameter that completely 

describe the valve's characteristics; one indication of its 

correctness is that, where the net flow rate through the valve 

is 'zero' (total regurgitance) the index will also be 'zero'. 

Several investigators have proposed that some foxm of 

energy loss should be used to assess the perfozntance of 

prosthetic heart val. ves. Olin, in 19 71 [ 41] , measured valvular 

perfo:z:utance as the differenc·e in energy measured at the 

ventricle and the aorta. Gilbert, in 1970 [42], from in vivo 

data, derived some complex third degree regression equations, 

whose coefficients depended on valvular type and size, to 

determine the power dissipated in the valve. In both cases 

mentioned, regurgitant losses were not taken into account. Of 

course, at the dawn of valvular transplantation, the only 

important parameter to assess was whether or not the 

prosthetic device represented an improvement, even if only a 

short-terut improvement, on the diseased natural structure. 

Later, it became evident that significant improvement on the 
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hem.odynam;ic design of valves was· possible, pazti.cu1arl.y where 

it concerned the mitral val.ve, whose flow is almost entirely 

passive, thus being more sensitive to pressure drop resulting 

from poor design. 

~t was in 1987 that Leefe and Gentl.e [ 34] derived an 

appropriate governing equation for the energy loss through a 

heart va1ve. It is somewhat redundant to repeat here the work 

of these investigators, therefore only a brief description of 

the simplifications necessary to obtain the working from the 

governing equation is ·Offered. 

Equation (10) is the working equation, used to deteLilline 

the total energy lost during one segment of the cardiac cycle. 

'I' 

Enez gy Loss = AP Q dt 

0 

whexe !S2 = piezuretric pressure d r Of> across the 
valve, 

Q = volutetric flow rate 

(10) 

Several assumptions separate the above equation from the 

governing equation (11) shown bellow, which only assumes that 

gravity is the only body force acting on a fluid particle and 

that the heat transfer into or out of the fluid is negligible. 

This equation is derived from a control volume analysis for a 

Lagrangian fluid element. 
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'I' -
CV 

-
t 

CZ,dV • -­
dt 

. . l 2 
(qh + 2z_J p dV 

cv 

wheze ~ • rate of energy dissipation inside 
the contxol volute, 

<I> - rate of enexgy dissipation, 
dY • volmrc element, 

t = tirre, 
g == gzavitational constant, 
h == elevation of particle above a 

Leference datum, 
p = fluid density, 

ciA = surface element with x, y, z 
catq >enents, 

z = velocity of fluid elem:nt with 
cut(:onents u,v,w, 

zr = velocity of fluid elem:mt relative 
to surface element dA, 

P = ptes51'' e, 

-
01 

a u ~ outward nouual stress traction 
vector, 

= shear stLess traction vector .. 

l 2 
(qh + -z ) pa · d.J\ + P (div z) dV 2 c 

cv 

+ < a+ ·or) • z etA, n .. 

(11) 

Equation (11) states that the rate of energy dissipation 

inside the control vo1•Jme is equal to the decrease in internal 

energy in the control volume plus the decrease in rate of work 

of compression plus the rate of work done on the surface of 

the control volume. Two quite realistic assumptions allow the 

first and third te:tm on the right to be cancelled: • s.:Lnce 
• 

conditions within the system are constant between cycles, the 

temporal variation tezm can be eliminated; and since the fluid 

is incompressible, div z =0, the third term vanishes. Equation 

(12) results. 

= -
1 2 + 

(gh+-z )pz ·dA 
2 r 

(a+t)·zdA. 
n (12) 

cv r:v 
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The control is separated into two 

sections: wal1s and openinqs. The walls are to be 

e~ther rigid or perfectly elastic, such that no net wor.k is 

done in either direction, fr.om the wall to the fluid or from 

the fl.'"Uid to the wall. The openings are the in1et and outl.et 

of the new control volume; in such a way, equation ( 13) is 
• 

generated. 

• 

l 2 
'¥ • - . (qh + -z ) pz · d'A + ( a + 't) .. z dA. . . 2 I:- ll 

(13) 
IN/OUT IN/OUT 

Assuming the fluid to be Newtonian (a fair ass11mption at 

the shea.r rates higher than 50 sec~'-1 found i.n the ventricle 

and through the valves), the convective acceleration bein·g 

negligible in comparison to the pressure texm, and the density 

being constant, equation ( 14) is generated; which, when 

integrated with respect to time on both sides produces 

equati,on ( 15). 

IN/OUT IN/OUT 

( . 12 dA·)dt __ (P + 2Pz ) z • dA + 1: • z . . · · ·· , 
0 IN/OOT IN/OOT 

~;here ; = total energy dissipated per period T 

P = piezmetric pLessure (P + pgh) .. 

.. 
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The next three assumptions made are not considered 

accurate for the analysis of heart valves, but they are 

necessary because the measurements that wou~d be required to 

account for the tern1s el.imi nated by these assumptions are not 

practi"Cal at this time. Equation ( 16) resu1 ts from ( 1 r;) by 

assuming that the flow is always noz•nal to the inlet and 

outlet sections, th.us eliminating the shear force tez:m. 

c; -
1 2 1 2 .) 

. (· (P + -nz ) zd.A - -··~· (P + "::1)2 z ) zd.A dt • 
.,.,· 2,... --

(16) 

0 IN 
OUT 

It • 
~s n.ext assumed that the piezometric pressure 

.. 
l.S 

constant throughout the cross section, giving rise to equation 

( 17). 

T 
T 

LUI Q dt + ~ p ( .,., z 3 dA - .. ., z 3 dA) dt 
(17) 

0 0 IN OUT 

Obviously not true, it is lastly assumed that there is no 

change in mean velocity profile between the inlet and outlet 

sections, allowing for the eli mj nation of the 1ast two te,rnls 

on the right and the gener·ation of the working equation ( 10). 

T 

~ = dP Qdt .. 

0 
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It is -evident that the use of equation ( 10) as shown wi11 

not yield a parameter that accounts for the regurgitant loses 

of the valve. Hwang [ 35] proposed a phase-by-phase measurement 

of the power loss (equation ( 1) divided by the period) through 

the valve. As stated in his paper: 

To utilize equation ( 1), we divide the 

cardiac cycle into four phases and 

categorize the power losses respectively 

as: (1) the positive ejection phase power 

loss ( +EPL) , ( 2) the negative ejection 

phase loss (-EPL), (3) the regurgitation 

phase power loss ( RPL) , and ( 4) the 

leakage phase power loss (LPL). 

As applied to the aortic valve, phase (1) is the power 

lost during the time when ventr~cular pressure is higher than 

aortic. During phase (2), the s~tuation is reversed, aortic 

pressure is higher than ventricular, the fluid is moving along 

d d . t b f th . . t . . d an a verse pressure gra 1en .• ecause o e 1ner 1a acqu1re 

dur~ng phase (1). Since the pressure drop for th~s phase is 

negative, Hwang assumes that this represents work being 

returned fro·m the walls to the fluid a.nd subtracts the power 

loss associated with this pressure 'gain 1 from that incurred 

during phase (1). 

There is a distinction between phases (3) and (4), even 
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though the flow through the valve is negative, retrograde, 

during both phases. The sunnnation of the flows of phases ( 3) 

and ( 4) is usually referred to as regurgitant fl.ow. Phase ( 3) 

sees some fluid pass through the valve, in the retrograde 

di.rec"ti.on, during its closing; while, once fully closed, some 

fluid may still pass through the valve, but that i.s considered 

a leak, phase ( 4) • Figure 54 shows a diagram of the four 

phases of the systolic period. 

It is evident that mul.tiplying the transaortic pressure 

drop during diastole (phases 3 and 4) by the retrograde flow 

cannot be equivalent to the power lost as a result of 

regurgitation. In addition to being physically incorrect, such 

procedure produces the incorrect conclusion that, ~f there is 

no valve at all, the pressure (across where the aort~c valve 

would be during diastole, a period that should find this valve 

fully closed) drop will be 'zero' thus the power lost will 

also be 'zero' even though there will be no net flow, hence no 

net power delivered to the system. 

It is also not correct to subtract the supposed energy 

gain of phase ( 2) from the losses of phase ( 1) • For one thing, 

it is already assumed in the simplification of the working 

equation that the walls are either rigid. or totally elastic. 
' 

If the losses incurred during phase (1) are in the fozm of 

irrecoverable heat, viscous in origin, where does the power 

that is being returned to the flowstream during phase ( 2) come 

from? 
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Hwang .. s phase-by-phase analysis of the l.o-sses through the 

valve .by the method of Leefe is considered a major innovation 

that stands ready to be j mproved upon. The Energy J:ndex method 
• 

proposed here buil.ds upon the l.abors of these two 

investigators wh.ile addressing the physical .real.ity of the 

problem and producing a resu1 t that trul.y accounts for 

regurgitation losses. 

.Ejection----.. 
lsovolumic relaxation 

r--Aapid inflow 
lsovotumic --... ,.._,Diastasis 

contraction /Atrial systole 

Aortic 
valve 

...... opens 
.................. . ... ...._ __ . 

""""" 

A-V valve 
I 

cl~:s_~ 
-- ~-l--

l 

' 1-EPL 
+EPL ·•. 

1 

' ; 

' I 
' I 

-

I 

I 
! 

!( 

Aortic valve 
closes 

......... 
... ---

. A-V valve 
opens 
d' 

........ ........ 
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~RPL 
A I 

---· 

a c ,... - v 

ortlc 1 
Flow 0 ··--1~--"'--~~--------------1------

TPL 

........ ............... 
.....-Aortic pressure 

~=-=-:..:-=.· Atrial pressure 
Ventricular 

Figure 54: Schemat~c representat~on of the four phases of 
tne cardiac stroke, after Hwang [35]. Figure includes 
pressure curves adapted from Guyton [27]. 
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Jf"ozau1a ti.on. of the Method. 

Because of the difficu1ties associ.ated wi.th the di.rect 

measurement of mj tral. fl.ow rates, as exp1a.ined in detai..~ 

earlier, and • s1nce such measurement is essential for the 

energy inde.x, the method was derived, and is described here, 

in terms of its application to the aortic va1ve. Later, the 

changes necessary to apply the method to the mitral valve will 

be described. Figure 55 dep.icts diagrammatica11y the mod.el 

used to develop the energy index method • 

. . ....... CillO 111Dad. 

• a a.ll ~ .,..ac •·rtfl", 

PotWtiid 

•spect of 
Heart Valve 

1D 

V·/V+ 

Figure 55: Schematic diagram used to de.rive the Energy Index 
method. 
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Conceptually, this model is a s j mp1e case of conservation 

of energy. Its application to the aortic valve requires some 

investigation of the true meaning of the four phases of the 

systolic fraction described earlier. Energy is only dissipated 

i.n the valve when there is forward flow through i.t (during 

systole), this is the Ejection Phase Loss. Energy cannot be 

sai.d to be dissipated in the valve during negative flow 

(during diastole). Instead, valvular regurgitation and .leakage 

cause a reduction of the energy available for systemic 
• 

irrigation; and, dissipation of additional energy when the 

regurgitated and leaked volumes pass through the valve again. 

The first energy mentioned is dissipated because the valve 

lacks a positive seal while closed, and because, unlike a 

no11ual natural valve, its closure requires some amount of 

negative flow. The second energy mentioned is dissipated in 

the valve as a result of the viscous and form losses during 

positive flow. The correct interpretation of the valvular 

phenomenon is crucial for the understandi.n.g of the energy 

index method, which is the ratio~ of the difference between the 

total energy generated and the energy dissipated as a result 

of forward a.nd retrograde flow, to the total energy generated 

in one cardiac contraction. 

... _ E(genetr•ted) - (E( +flow) + E( -flow)) 
ioV'tJo -

E(gmtrratNI) 
(18) 

Further analysis is necessc:try to detexuai ne the meaning of 
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eaoh term of equation ( 18) • The ··second texm on the .n1lmerator 

is the energy dissipated during the first two phases of the 

cardiac cycl.e, described ea.rl.ier. During the first phase, the 

energy dissipated by the va1ve i.s given by equation ( l), whi.ch 

is the, i.nteg.ra1 of the t.ransvalvu1ar pressure drop mul.tipl.i.ed 

by the flow rate, dur.ing the period for which th,e ventricular 

pressure i.s larger than the aortic (the definition of the 

first ph.ase). Both of these q·uant.ities are easily attainable 

"' 1 b J..n a ·.a .. ·oratory by the methods described in previous chapters 

of this work. 

If the same method, that is used for phase ( 1), of 

calculating· .. ·.· . enertTU' .. · .· dissi.pa .. t. e ... d·.·. • b· y.·· t'h·. · ·. ·· .1· · .. · .. ·.· ·· · ··· · · . . . d for phase -::J.z . e va ve was use .. .. . 

(2), the integral would have a negat.ive value. This is one 

point at which the method presented b·y Hwang and Gross [ 35] is 

thought to not be correct: when this energy is subtracted from 

that di.ssipated during phase ( l), two mistakes are being made: 

l) the fact that energy is added to the flow at some station 

downstream of the valve, at any amount and from whatever 

origin, does not mean that the valve failed to dissipate 

energy during that phase. 2) the true energy dissipated during 

the second phase of the cycle is not accounted for. Even 

though the flow moves against an adverse pressure gradient, 

energy is sti.ll dissipated in the valve, hence it must be 

added to that energy that was dissipated during the first 

phase of the cardiac cycle. The measurement of the energy 

dissipated during the second. phase would require that the 
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pressure, at a location dista~ to wh.ere the va1 ve is mounted, 

be measured wi.th and without the valve's presence; evidently, 

if measured at the .same temporal and spat.ial loca·tion within 

the cycle and the conduit respectively, the pressure has to be 

higher when the va1ve is not mounted than it would .be for when 

the valve is mounted. This positive difference could, then be 

used with equation (10) to generate an energy ~ost during the 

second phase. Such procedure .. 
1S impractical, however, 

specially where the natural valve and heart are concerned. An 

alternative solution that jmplicitly dete.:rnaines this energy is 

contrived in which the energy lost during the second phase of 

the cardiac cycle makes use of a cost functi.on established 

dur·i.ng the first phase of t.he cyc1e. Since it i.s the case that 

flow through the valve alone causes energy to be dissipated, 

rega.rdless of what the pressure gradient is during the flow, 

the energy dissipated by the valve during the f.irst phase, 

divided by the effective volume of fluid th.at pass,ed through 

as the energy was dissipated, establi.shes a cost function that 

can be used to detez:Ini ne how much energy is dissipated in the 

valve during the second phase of the cycle: the product of the 

cost function and the volume that passed through during that 

phase. Noting that the volume: that passed through the valve is 

calculated from numerical integration of the measured flow 

rate curve,, energy lost resulting from forward flow through 

the· valve, E(+flow), is given by equation (19): 
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E( +RirU,) = Evl + Evl x V2 
J"'"' VI 

where: Evl is give11 by etjlftltion (10) 
YI i.s the volumed . during the fust · · · · · . · of cycle 

Y2 is the volluM passed during the second phase of the cycle 

(19) 

The use of such cost function presupposes that its value, 

the ratio between the amount of energy dissipated and the 

volume that caused such dissipation, remains constant 

throughout a ra.nge of volumes and/or energy amounts. While 

speculation on the subject ~s difficult at this point, it is 

noted that the range of volumes and amount of energy for which 

the cost function • 
~s meant to apply • 

l..S very narrow, 

1 " .· . . t . e 1m,na.1.ng the possible detrimental effect of any non-

linearity of the ratio. The truth value of this hypothesis can 

be easily determined; since all of the experiments will be 

carried out with the same input flow wave forms and the same 

valve, a simple plot of the cost function as a function of 

either volume or energy delivered can be constructed and 

examined. Nonetheless, since each experiment has its own cost 

function, even if a non-linearity • 
.1S found, • caus.1.ng 

differences in the cost functions of different experiments, 

the concept is still supposed valid. 

The losses associated with phases (3) and (4) of the 

cardiac cycle are both of the same nature: they are incurred 

because of regurgitance, or negative flow through the valve. 

The segregation of regurgitant and leaking losses is only 
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meaninqfu1 .. when carrying out an ana1ysis of the va1ve•s 

desi.qn, where the regurgitant vol is a function of the 

design and configuration of the val. ve, whereas the l.eakage i.s 

a function f th 1 o...... . .· . e c· · earances and tolerances betwe,en the 

oaa1uder( a) and housing. For the purpose of perfox•caance 

assessment, however, phases ( 3) and ( 4 ) can be 11lmped together 

as the negative fl.ow phase. 

As was the case with the ejection phase, the consequence 

of regurgitation must be understood before the energy 

dissipated during the third and fourth phases of the cardiac 

stroke can be quantified. Regurgitation causes a decrease in 

the amount of energy availabl.e for systemic irrigation, energy 

de.livered (Ed), is decreased by an amount proportiona~ to 

ratio of negative to positive volumes passed through the 

va1ve. The energy delivered to the system, Ed, is the integral 

of the fl.ow rate mul.tipli.ed by piezometric pressure, during 

the per.iod for which flow is positive, measured at ·the aorta, 

just di.stal to the valve, but at a location that is not 

affected by local flow effects, a·ccordi.ng to t.he explanation 

o'ffered in Chapter 2. The energy dissipated as a result of 

negative flow, E (-flow), the third t·eLm on the: numerator of 

equation (18), • 
~s: 

- . -v. E(-jlow) = EiJ X ( ·. 
+ 

where: -Y is the toltll ret1D&Tade volume 
Ed is the energy delivered 

+ Y is the to10l fon-~tud volume 
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The denomjnator, which is the same as the first tel:m of 

the numerator, of equation (18) still needs to be defined in 

order for the Energy Index to be calculated. It • 
l..S not 

possible to apply equation ( 10) to the ventricle because t.he 

flow t~here is not organi..zed and confined to one stream, but 

the idea is to obtain the energy imparted on the flow as a 

result of systolic contraction, and unaffected by the presence 

and perfoz:tnance of the valve. Examining the systolic fraction 

of the cardiac stroke, it is noted that the second law of 

theJ:ntodynamj cs must apply; consequently, a11 of the energy 

generated must either be delivered to the system or be 

dissipated in the valve. Since th.e energy which is delivered 

to the system and that which is dissipated in the valve during 

the positive ejection phase have been described, thus being 

known, the energy generated is detez1nined by the summation of 

those two amounts. Needless to say . , this quantity • 
~s 

unaffected by the pos.sibi1ity of regurgitation because they 

happen at different phases of the cycle. Energy • 
~s only 

generated during the ejection phase, systole, and for that 

phase conservation of energy must apply. Eg is, then 

Eg = Ev +Ed 

where: Eg is the total e;u11gy ge;urated by systolic contraction. ( 21 ) 
Ev is the tnelgY dissipated by the valve. 

Ed is the enel&.'l delivered. 

With the numerator and denominator of the equation for 
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the energy· index defined, it is ···noted that multiplica.tion. of 

the latter by 100 will yield a comfortable measure of the 

overall valvular effectiveness. Substitut.ion of equations XYZ 

• 
~n to equation ( 9), and the necessary algegraic 

. 1. f. . . s 1 mp. 1: ... 1cat1ons will produce a. formal enunciation of the 

energy index: 

Ed X (1 - ( Y-)) 
El - Y+ (22) --------

Ed+ Ev 

Shou1d the relative merits of a valve's stenotici.ty and 

requrgitance be desired, for the purposes of the analysis of 

its design, they can be calculated with the methods described 

here. Specifical.l.y, the stenoticity index would be the ratio 

of the difference, between the energy generated and the energy 

dissipated. by the valve as a result of its stenoticity, to the 

total energy generated. The regurgitance index would use the 

same equation, but with the energy dissipated as a result of 

negative flow used in place of that dissipated as a result of 

positive flow, in the equation above. 

.... _ E(generat«l) - E( +flow) 

..,. -
E(generated) 

(23) 
_ E(generat«l) - E( -flow) 

"""" -
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Needless to say, these indexes would only .be useful for 

the engineering analysi.s of th.e valve's design, for they 

evidentiate the area. that demands the greatest ;mprovement. 

Were such indexes to be provided to the user of the device, 

the ·hod would 1ose its simplicity 

It .is noted that, as presented, the energy 

accounts for all facets that aff·ect the perfornaance of heart 

valves, while stil.l produ·cing a s ]mple 011mber to represent 

that effectiveness. The experj mente described in the fol.lowin,g 

section are designed to demonstrate the use and quality of the 

energy index method. As these experiments are carried out, it 
. 

is expected that, provid·ed the method is good, at a given 

heart rate (a perfect criterium for the clinician an.d the 

patient alike) the energy index of the va:l ve .decreases as 

regurgitance or stenoticity increases. Thus, prosthetic valves 

that are inherently more regurgitant or stenotic would., having 

a lower energy index, become readily exposed by a single 

number. 
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Bzperiment:a.1 Pz:otoco1 

In order to test the effectiveness of the energy index. 

to demonstrate its use, a set of thirty n.ine 

experiments were carried out with the same cardiovascular 

duplicator used for the previous set of experiments with the 

mitral valve and its Cd. Since the full potential of the 

energy index method requires knowl.edge of the regurgitant 

valvular f1ow, which can onl.y be obtained with the 

electromagnetic flow meter, and since, at this time, the use 

of the meter available has not been possible for the 

dete1111i nation of mitral flows - for reasons explained before -

the experiments were carried out on a 25 mm Tilting Disc 

valve mounted in the aortic position of the CVD. A 29 mm 

tilting disc valve was used in mitral • • pos~tJ..on for all 

experiments. In addition to the difficulties associated with 

the precise deterauination of the positive and negative Mitral 

flow waves, the basic methods of Leefe and Gentle [ 34] and 

Hwang and Gross [ 35] were derived for application to the 

aortic valve. The energy index method introduced here, being 

an extension of the toil of these investigators, naturally 

begins with an investigation of the aortic valve. The 

appropriate modifications to the method, if it is to be used 

with the mitral valve, will be described later, nonetheless. 

Every aspect related to the experiments, such as the 

instrumentation calibration, verification of results and 
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equipment function, that was described earlier i.s sti.l~ val.id 

for these experiments. The only d.ifference in the CVD for use 

wi.tb the experiments carried out to dete:r:naine the energy index 

of the aortic valve under examination (only the perforanance of 

the 2!7,. uun ti1ting disc aortic valve was studied), is that the 

flow probe was installed just downstream of the aortic valve, 

in order to capture the transvalvular positive and negative 

flow. The presence of the flow meter demands that sa1t be 

added to the fluid, as de.scribed earlier, but, because the 

amount needed is so small ( 0. 9% by vol11me) the changes • J..n 

viscosity and density of the fluid are negl.igibl.e. 

As the mitral valves used for the experiments with the 

orifice area method were made increasingly • stenotJ.c, the 

single aortic valve used here was given two degrees of 

regurgitance, such that, with the no:r:lttal condition also used, 

a total of three sets of thirteen experiments were carried 

out. Regurgitance of the valve was increased by the preclusion 

of • J..tS full closure caused by • a w~re looped around the 

valvular housing. Although no specific degree of regurgitance 

was simulated, roughly 10 and 15%, for the mild and severe 

cases of regurgitance respectively, were thought to be 

adequate. The noLutal regurg.itant volume associated with the 

• • Tilting Disc valve is 3 to 5% of forward volume, ~ncreas~ng 

with decreased cardiac rate. Figure 56 shows the artifact used 

to induce regurgitation. 

The quantities of interest for the energy index of the 
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aortic valve are the transaortic pr,essure difference and the 

precise configuration of the flow wave fo:r:m through the valve. 

With these pressures and flow curves the four phases of the 

cardiac cycle become evident, and equations 10, 18, 19, 20, 

21, 2~ and 23 are readily applied. 

The data from each of the thirty nine experiments was 

ensembl.e-averaged in the same way as described for the 

experiments with the m; tral valve, for, nom j na1ly, twenty 

str,okes of data were acquired. A spreadsheet ( Quattro) was 

u,sed to obtain all of the parameters of relevance, the results 

were exported to an Apple computer for effective plotting. 

Norrnal 

Tilting Disc 25ttmt 
(Medtronic Hall) 

Back flow Back flow 

Mildly 
regurgitating 

Severely 
regurgitating 

Metal rings used to induce abnorntal re,gugitation 

Figure 56: Diagrammatic representation of method used to 
~nduce regurgitat~on. 

145 



a.au1ta 

T.he objective of the enerqy index me:thod, as an 

assessment too1 of val.vul.ar function, is to produce a single 

number" that indicates the overal.l. merit of the device as a 

va1ve. ·(noting that the ideal. val.ve is that which demands no 

enerqy from the f1owstream while open and c1oses with no 

regurgitated or 1eaked vol.umes) 

as a 

An ideal perfo:r::1nance index is that which can be described 

constant for a g iven va1ve , operating under any 

condition, unlike the effective orifice area method which 

requires a coef.ficient of discharge which may vary with 

valvular flow rate and transvalvular pressure drop. Having a 

single number to describe the perfor&oance of a valve is usefu.l 

when comparing many models and sizes of prosthetic devices. 

The dete:r:1ni nation of the constancy· of the enerqy index 

for a given valve would • requJ..re a more sophisticated 

experimental. protocol, in which the EI • 
~s studied as a 

function of one variab.le at a time. Since the purpose of this 

set of experiments was sjmply to demonstrate the use of the 

enerqy index method, a complete evaluation of the method was 

not carried out; consequently, the EI is only described as a 

function of the cardiac rate, which happens to be a variable 

of large clinical relevance. 

When the energy index is plotted as a function of heart 

rate, as shown in figure 57, it is observed that, for a noLntal 
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va1ve, the· energy index remains· constant, when plotted as a 

function of heart rate, unti.l the latter reaches values higher 

than 100 BPM. When measured between 50 and 100 BPM, a. twofold 

increase, the EI remains near1y consta.nt. Th,e viscous and 

• regurg.1tant 
' 

losses associated with higher operational 

frequencies, and higher cardiac outputs, force the overall 

efficiency of the valve to decrease after roughly 100 BPM. 

Although not nearly as constant, when plotted as a function of 

the heart rate, the energy index for the aortic valve used is 

observed to decrease significantly with increased induced 

• 10 • 

regurg1tance. At th1s po1nt, the method has already been shown 

to be sensitive to va1vul·ar condition; but no dependency, or 

lack of it, on card~ac frequency can be established s~nce the 

input flow curves used are of such a nature that mean flow 

rates also increase with increased frequency. 

Each column of figure 57 was produced from the average of 

three values for the EI produced for each heart rate. These 

three values originate from the three different stroke volumes 

associated with each cardiac rate, which gives rise to the 

twelve input flow functions whose parameters are described in 

table ( 1 ) ( pag,e 4 0 ) • It is noted that table ( 1 ) was obtained 

by taking each "noruaal" cardiac output volume associated with 

its heart rate and increasing and decreasing it by 25% ., The 

intention behind that maneuver was precisely the dete:z:uti nation 

of the sensitivity of the perfoJ:ntance parameter, in this case 

the energy index, to variations in stroke volume at a given 
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heart rate. A1thouqh it .. 
.18 accepted that there can be no 

Sl.. •. · n,le .· n., .. physiological relationship between hea:t: L rate and 

stroke vol.ume, it is also ac·c· e ... p· ... t.e·d .. tha.· .t .. ·.,.. · h a g1ven · eart, 

operates under very narrow variation of the proportion among 

the di~ferent parameters invol.ved in the detezaui nation of the 

cardiac output. The use of cardiac outputs which are higher 

and lower than the "nox:.aua.l", by 25% at a given heart rate, may 

not be realistic physiologically. This speculation is offered 

as an attempt to explain the fact that, at 50 BPM, the energy 

index of the severely regurgitating valve, • operat1ng at a 

nominal output of 3.11 Lit/Min and shown in figure sa, •· 
~s so 

much lower than the same amount for a cardiac output of 4.15 

Lit/Min. Since a lower cardiac output, at the· same heart rate, 

entails lower velocities (a smaller stroke vol.ume ejected in 

of time), and since the induction of severe 

regurg~tance is expected to change the del~cate ventricular 

vortex structure, which is so crucial for effective flow out 

of the ventricle, and further, since the operation of the 

valves is mostly of an inertial nature, then, under the 

cond~tions under consideration, the valve cannot be expected 

to operate effectively and a net negative flow is possible. A 

• 
negat~ve 

,. 
negat1ve. 

net flow will produce 

H···awever , this ,does not 

an energy index which • 
J.S 

mean that the system • 1S 

• 
creat~ng energy; rather, it means that the energy which • 

~S· 

being delivered to the system • 
J..S flowing • 

~n the wrong 

direction. 
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Thi.s difficulty is observed with the operation of the 

severe1y requrqitant valve operating at 150 BPM. Xn this case 

the net fl.ow through the aortic va1 ve was neqative, indicating 

that the CVD was pumping f1uid in the retrograde direction. 

Although this situation seems somewhat inconceivable, it is 

atta.inab1e under the condition imposed on the flow by the 

input f1ow function PS13. It was already noted that, under 

PS13 operation, the mj tra1 valve was not • operat.1ng 

effectively. Since there is l.ess resistance to flow, during 

the onset of systole when both val.ves are sti11 open, towards 

t.he atrium than towards the aortic root, a net negative vo.lume 

i.s generated. The same explanation i.s true of the other input 

functions as well; howeve.r, in the more no:r1na1 instances, 

since the stroke volume is much larger and the frequency of 

contraction lower, the effect of this phenomenon is diluted. 

Figures 58 and 59 show the energy index p1otted as a 

function of the input stroke volume, for each heart rate. 

Figure 60 shows the same inforntation for the simulated po.st 

surgical case. Comparing figures 58 and 59 to figure 57, it is 

observed that the EI is more sensitive to changes in cardiac 

rate than for changes in stroke volume, at all three 

conditions .of regurgitance. This is because these experiments 

simulated only increased degrees of • regurgJ..tance, but no 

stenoticity; and the fraction of regurgitated volume has been 

shown, by figure 6l(a) to increase with decreased heart rate. 

Experiments with stenotic valves are expected to produce a 
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larger vax:iation of the EI with stroke 

that case, more viscous losses, rath·er than regurgitating, 

wi11 be observed. This increase·d viscous l.oss would appear, 

mathematically, as a higher va.lue for the enerqy diss.ipated by 

the vai. ve, Ev, which, being on the denom:i n.ator of the equation 

for the enerqy index: ( equ.ation 22), would cause t.be latter to 

be decreased. 

Figure 6l(b) shows the net cardiac output plotted as a 

function. of the heart rate. The very strong ~inear correlation 

between the iii 

two .1s not surprising since the operational 

parameters of Table 1 were defined this way. This figure is 

included here to show the .. qua1i.ty of the measurements, which 
• 

is evidentiated by the fact that the measured va1ues are 

sj milar to the input flow functions. Figure 62 is included 

here for the same reasons, name1y to demonstrate the 

r~peatability of the measurements. Three sets of twelve data 

points, representing the energy generated as a result of 

ventricular contraction (which • 
~s unaffected by valvular 

condition) are shown superimposed on one another. Finally, in 

figure 63, the ratio of the energy dissipated (as a result of 

positive and negative flow) to the energy generated is plotted 

as a function of the cardiac rate. 

The energy index method has been shown to be sensitive to 

valvular regurgitance and stenotici.ty, thus having potential 

as a parameter for the assessment of its function. Also, since 

the EI is a dimensionless number, it is easy to work with. 
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Figure 57: The energy index for valves opera.ting under three 
degrees of regurg~tance is plotted as a funct~on of heart 
rate. 
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Figure 58: Energy index for heart rate of 50 and 72 BPM are 
plotted a.s a function of input stroke volume. 
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Figure 59: Energy index for heart rates of 100 and 144 BPM are 
plotted as a function of input stroke volume. 
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OPERATION at 1.50 BPM (Post Surgical) 

60 
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Fi.gure 60: The energy index for the simulated post-surgical 
case i.s pl.otted for three valvular conditions of regurgi.tance. 
Nominal cardiac output is 3 Lit/Min. Note that for severely 
regurg.itant valve, net flow is in the reverse direction. 

154 



+ 
> 
' I 
> , ,. 

c:: 
0 
•rf 
+' • ....., 
•rt .,.. 
1-1 
cs 
"' CD p; 

... ' c:: ..... 
~ 

' +) ..... 
..:1 
.., ... 

..., 
& 
~ 
:::1 
0 
...., 
Q) 
. :z; 

100 --------------------------------
• 

80 

60 • El BOI:IIIB 1 

• 40 • • 
• Mild . 
• severe 

20 • • • 
0 ..__ -......--- - ...... - -- --...---.,.-..--- .... .__...__. 

40 60 80 100 120 140 160 

CARDIAC RATE (BPM) 

12 

10 

8 • 
B N01111al 

6 • Mild 

4 El 
• Seve.re 

• 2 
• 

0 
40 60 80 100 120 140 160 

CARDIAC RATE ( BPM) 

Figure 61: The fraction of the vol11me that is regurgitated 
plotted against cardiac rate (top) • Net cardiac output 
plotted against the cardiac rate (bottom). 
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Figure 62: The consistency of the measurements is demonstrated 
by this plot. Unaffected by valvular condition, the energy 
generated is shown to nearly coincide for each of the three 
sets of measurements. 
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is plotted as a function of cardiac rate. 

157 



Cona1usi.on 

The adequacy of orifice area methods of assessing ,heart 

valve fu.nction .. rema1ns questionable primarily because 

regurgitant losses cannot be accounted for. 

Although analysis reveals that the ~co~effi.cient of 

discharge should be some 1inear function of the flow rate 

through the valve, no such correlation was found for the 

entire population of data points, for the popul.ation of each 

valve type, size or condition; even though pressure drops have 

been verified to increase wi.th the second power of the 

Reynolds number. 

In order to alleviate the difficulty associated with the 

detex:1ui nation ~of the Cd , it • 
~s suggested that a simple 

correction factor Cf be used instead. This factor shou,ld be 

corrected f.or transvalvular fl.ow rate and pre.ssure drop, 

producing a surface instead. of a line for its description. 

The energy index method shows the potential to 

accurately predict v~alvular function, since it takes into 

account regurgitance and pressure drop losses. Furthez:more, it 

may be stable over a wi.de range of conditions. 

Future work that extends the envelope for which the 

energy index may be stabl.e is suggested. 
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