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Abstract 

It is thought that the commercially available heart valve prostheses can be improved by an 
alternative design. Currently, in the research for aortic heart valve prostheses, synthetic leaflet 
valves are designed. At the faculty of mechanical engineering from the Eindhoven Technical 
University, prototypes of synthetic fibre reinforced leaflet valves are developed. The object of 
this project is to examine the hydrodynamical performance of these valves. Therefore, the 
prototypes are subjected to tests in a pulse duplicator. The pulse duplicator generates pressure 
waves at a physiological level and simulates the behaviour of the pumping heart and the arterial 
tree. 

The experiments in the pulse duplicator can reveal important information about the valve 
design. The pulse duplicator must therefore simulate the physiological behaviour as good as 
possible. This implies that the pressure waves, generated by the pulse duplicator, must approx- 
imate the biological situation. In order to examine the effects of the artificial arterial tree in the 
pulse duplicator, a model is developed. This model describes the characteristics of the simulated 
arterial tree under pulsatile flow. The influence of parameter variation on the pressure waves is 
examined with this model. 

The valve performance is expressed by several quantities which give an indication for the 
stenocity (i.e. resistance to opening) and regurgitance effects (i.e. backflow through the closed 
valve) of the valve. Further, the opening and closing behaviour of the prototypes is studied. 
The results of these in-vitro tests is used to examine the influence of valve design on their 
performances. Next to this, the performance of two different pulse duplicators is evaluated 
and recommendations to improve these testing devices are given. The experiments cannot be 
used to predict the valve behaviour in-vivo, but they give a first indication of the behaviour 
of the trileaflet prototypes. Differences in valve design influence the valve performance in the 
experiments and this can be used to improve the design of synthetic trileaflet heart valves. The 
so-called stentless valves showed very promising behaviour. 



Samenvatting 

Men denkt dat de bestaande hartklepprothesen verbeterd kunnen worden door een ander 
ontwerp toe te passen. Op dit moment wordt onderzoek gedaan naar synthetische vliesklep- 
prothesen. Aan de faculteit Werktuigbouwkunde van de Technische Universiteit Eindhoven, 
worden prototypen van synthetische vezelversterkte vliesklepprothesen ontwikkeld. Dit project 
is een experimenteel onderzoek naar het hydrodynamische gedrag van deze prototypen. Dit 
wordt onderzocht in in-vitro experimenten. Daarvoor is een testopstelling ontwikkeld die de 
pompende werking van het hart en het vaatstelsel in het lichaam simuleert. 

De testopstelling moet de biologische situatie zo goed mogelijk benaderen. Dit houdt in dat 
de drukgolven, die worden opgewekt door de pompende werking van de opstelling, de biologische 
drukgolven moeten benaderen. Om de effecten van de elementen in de testopstelling op de 
drukgolven te kunnen onderzoeken, is een model van de testopstelling ontwikkeld. Dit model 
bevat de verschillende karakteristieke elementen in de testopstelling. De invloed van verandering 
van de elementen op de drukgolven in het systeem is onderzocht. 

De prototypen worden beoordeeld met behulp van de volgende grootheden : de weerstand 
van de prothese tijdens het openen, de sluitstroom en de terugstroming door de gesloten klep. 
Daarnaast wordt er gekeken naar het open-en sluitgedrag van de kleppen. De invloed van het 
ontwerp van de vliesklepprothesen op de resultaten van deze in-vitro experimenten is beschouwd. 
Deze zijn van belang voor de verdere ontwikkeling van vlieskleppprothesen. Het is gebleken 
dat het ontwerp van de vliesklepprothesen invloed heeft op de beschouwde parameters in de 
experimenten. Vooral de zogenaamde 'stentless' prothesen vertonen veelbelovend gedrag. Ook 
worden veranderingen aangedragen voor de testopstellingen om de kwaliteit van de testen te 
kunnen verbeteren. 
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Chapter 1 

Introduction 

For the replacement of diseased heart valves, a great variety of heart valve prostheses has been 
developed the past 40 years. The prostheses can be divided in two design classifications : 
mechanical valves and bioprostheses. The mechanical valves, first developed in 1960, consist 
of a metal frame with a synthetic flow occluder mounted in it. The flow occluders, which 
control the blood flow, may be a ball, a disc or one or two rigid leaflets. About ten years later, 
the first bioprostheses were introduced. These prostheses contain two or three flexible leaflets 
made of biologic materials. The bioprostheses are mainly fabricated from prepared porcine 
heart valves or bovine pericardium. The biological leaflets are attached to a synthetic ring to 
enable implantation in man. Both types of heart valve prostheses have their own advantages 
and disadvantages. The mechanical prostheses have a long-term durability. However, the blood 
flow is severely affected by their unnatural shape and material. The rigid flow occluders can 
cause damage of the red blood cells and a high incidence of thromboembolism is found to 
occur. As a consequence patients with a mechanical implant need a long-term anticoagulant 
therapy. Moreover, the mechanical valves show a considerable pressure gradient over the valve 
due to constriction of the orifice area. This implies an increasing work load for the heart. The 
more natural shape and material of the bioprostheses decrease the problems occurring with the 
mechanical valves. The pressure gradient is lower and an unconstricted flow field is obtained. 
However, the bioprostheses lack durability. Calcification and tears at the leaflets reduce the 
lifetime of the valve. 

As the existing prostheses are not satisfying, the research for a successful heart valve pros- 
thesis continues. The prosthesis should have the durability of the mechanical valves and the 
hemodynamic performance of the bioprosthesis. An alternative approach for a heart valve pros- 
thesis is a synthetic heart valve with flexible leaflets. Different designs of leaflet valves, often 
composed of polyurethanes, can be found in literature. They are examined in in-vitro tests and 
in animal tests. The flexible leaflets result in good hemodynamic behaviour. However, up to now 
high stresses are found in the leaflets during functioning. This causes tears and perforations in 
the leaflets. It is shown that their major problem is lack of durability which has to be overcome 
by design improvements [i] [2] [3] [4]. In table 1.1 the advantages and disadvantages of the three 
groups of valve prostheses are summarised, the mechanical valves, the bioprostheses and the first 
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Valve type I Advantages 

Synthetic leaflet 

Mechanical 

-reproducable manufacturing at any 
desired shape and dimensions 

-long-term durability 
-reproducable manufacturing at any 
desired shape and dimensions 

Biological -natural form 
-natural flow field (central orifice area) 
-less need for anticoagulants 
-low incidence of thromboembolism 
-silent 

~ 

Disadvantages 
-hemol y sis 
-thromboembolism which implies 
long-term use of anticoagulants 
-unnatural form 
-unnatural flow field 
-noise 
-risk of sudden mechanical failure 
-lacks durability 
-in-vivo calcification 
-tears 

-existing types lack durability 

Table 1 .l: Advantages and disadvantages of heart valve prostheses. 

attempts on synthetic leaflet valves. The synthetic leaflet valves have the same advantages and 
disadvantages as the bioprostheses but the material choise is more flexible and the fabrication 
process is controllable and enables design improvements. 

This study is carried out within the framework of a research project at the Faculty of Me- 
chanical Engineering of the Eindhoven University of Technology which has as ultimate goal 
the design of an optimal aortic heart valve. To that end in earlier studies the hydrodynamical 
(Steenhoven et. al., 1979) [5], the mechanical (Sauren et. al., 1981) [6] and kinematical (van 
Renterghem et. al., 1983) [7] aspects of the aortic valve are examined. Stresses and strains in 
leaflets of a porcine heart valve prosthesis are studied with a numerical model (Rousseau et. al., 
1985) [8] and the moving heart valve is analysed with a numerical 2D-model of the valve (Horsten 
et. al., 1990) [9]. The anatomy and working of the natural aortic heart valve show that nature 
has built in some stress-reducing mechanisms. Based on these findings, design specifications for 
an aortic heart valve prosthesis are developed. It is thought that the existing synthetic leaflet 
valves can be improved Dy using íïme reinforced ñexibie ieafiets. in  chapter 2 the anatomy and 
working of the natural aortic valve and the synthetic fibre reinforced leaflet valves are explained 
further. At this time it is possible to manufacture prototypes of trileaflet heart valve prostheses 
which are made of an EPDM rubber and reinforced with PE fibres. An optimal fibre structure 
must be developed which reinforces the leaflets in the areas where the highest stresses occur. 
Numerical stress analysis and in-vitro and in-vivo evaluation of the prototypes is necessary to 
test, optimize or possibly revise the design. 

The object of this study is to establish the hydrodynamical performances of the trileaflet 
heart valve prototypes and to evaluate the effects on their performance when differences in 
design are applied. For this purpose the prototypes are subjected to pulsatile flow experiments 
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in two testing devices. Design improvements are applied to existing testing devices to increase 
the quality of the in-vitro experiments. Therefore, a model of the testing devices is developed 
and used to simulate the behaviour of the devices. Further, the performances of the two testing 
devices with respect to their differences are considered. Chapter 2 contains the anatomy and 
working of the naturai aortic heart vaive and the design of the trileañet heart valve prototypes 
is presented. In chapter 3 the testing devices and experiments are explained. The results of the 
experiments are presented in chapter 4. Chapter 5 contains the conclusions of this project and 
recommendations for future work are presented. 
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Chapter 2 

Trileaflet heart valves 

Knowledge of the natural aortic valve and its function has lead to design ideas for a prosthetic 
heart valve. For a better understanding, the anatomy, histology and kinematics of the natural 
aortic heart valve are described in this chapter. Further, the design and the materials of the 
prototypes of synthetic trileaflet valves are explained. 

2.1 The aortic valve 
The aortic valve is situated at the outflow side of the left ventricle and has a base diameter which 
can vary from 22 to 34 mm for an adult human. The valve consists of three leaflets which are 
attached to the aortic wall (figure 2.1). The attachment line of the leaflets is called the aortic ring 
or annulus fibrosis. The leaflets form little sacs which obstruct the aortic orifice area completely 
during diastole. The closing is improved by the so-called corpi Arantii, which are thickened 
nodules in the middle of the free edges of the leaflets. The free edges come together in the 
coaptation area and prevent regurgitation. The sacs are formed by a thin structure between the 
free edge and the attachment to the aortic wall and are called the lunulae. The attachment area 
of a leaflet to the aortic wall is U-shaped and the commisures form the tops. At the commisures 
two adjacent leaflets come together with the aortic wall. The anatomy of the complete heart is 
given in appendix A. 

The aortic ring contains a large amount of collagen fibres resulting in a large stiffness at 
the valve base and more flexibility at the commissures. The aortic wall expands just behind 
the valve base in three cavities, called the sinuses of Valsalva, which are much thinner than the 
aortic wall. The sinuses are covered with elastic fibres and collageneous components are almost 
absent which results in a more compliant part of the aortic wall. Basicly, the leaflet structure 
is formed by three layers, an elastic structure at the ventricular side, connective tissue in the 
middle layer and a stiff collagen structure at the aortic side. The structures are continuous with 
the ver&ricular or aortic wall and both sides are covered with endothelium cells. The mechanical 
properties of the porcine aortic valve leaflet are determined by the collagen and elastin fibres 
embedded in the connective tissue. The collagen bundles, which are mostly present at the aortic 
side run in circumferential direction over the leaflet and form a dense interwoven network of 
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Figure 
s = sinus of Valsalva, f = free edge; n = node of Arantius; 1 = lunula. 

1: Section of the aortic root. t = top of leaflet; c = commisure; ca = coaptation area; 

fine fibres at the center of the leaflet. They provide the leaflets their tensile strength in closed 
position. The elastin fibres at the ventricular side are more randomly oriented and give the 
leaflets their flexibility to move. The middle parts of the leaflets have an average thickness of 
about 0.6 mm [6]. In figure 2.2 a porcine aortic heart valve is shown. 

The thin leaflets have to withstand severe pressure differences during closure and in the 
closed situation. Subjecting bioprosthesis to in-vitro and in-vivo experiments has shown several 
failure phenomena. The leaflets show tears and perforations at the central region of the leaflets 
and tears in the vicinity of the commissures. It is hypothesized that the tears are probably due 
to the high tensile stresses in the leaflets during closure and in the closed phase of the cardiac 
cycle [8]. After a period of animal implantation or after endurancy tests, calcium deposits are 
found on the leaflets. Calcification of the leaflets can be associated with the repeatedly opening 
and closing of the leaflets which causes high bending strains [ia]. The same failure mechanisms 
are felmd fer experime~ts m sycthetic trileaflet, valves. It is thcmght that the s n o r i f i r  r --AAA- behaviox 
of the natural aortic valve and the aortic root prevent high stresses in the leaflets. 

Next to the fibre reinforcement of the leaflets as a stress-reducing mechanism, there are 
other mechanisms found in the biological situation. The aortic valve is a passive structure and 
its behaviour depends on the pressure gradient over the valve. It has been shown that the sinuses 
of Valsalva play in important role in valve functioning. The vortices present in the sinuses during 
deceleration of the flow, at the later part of systole, provoke the closure before actually reversed 
flow occurs. This mechanism causes a gradual valve closure preventing high loads on the leaflets 
with closure [5]. The vortices also prevent the leaflets from blocking the ostia of the coronary 
arteries just behind the valve. In systole, the left ventricular pressure increases the intrathoracic 
pressure, resulting in an increased intramural tension in the aortic wall. As a result the aortic 
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Figure 2.2: Fibre reinforcement in a porcine aortic valve. The line C-C is the free edge of the 
leaflet. (Sauren, 1981) 

root expands and the leaflets are pulled open into a stellate-shaped orifice area. The sinus 
walls partly bear the load on the leaflets. In diastole, the stresses in the leaflets caused by the 
pressure gradient over the valve, are transmitted to the attachment regions in the aortic wall by 
the collagen fibres [GI [7]. 

2.2 Valve design 

The understanding of the function of the natural aortic heart valve has lead to the concept of 
a synthetic trileaflet heart valve with flexible fibre reinforced leaflets. The flexible leaflets are 
assumed to ensure a good opening during systole and the fibre reinforcement provides the tensile 
strength in closed position. The matrix material used for the leaflets is a ethylene-propylene- 
diene-monomer (EPDM) and polyethylene (PE) fibres are used for reinforcement. Both materials 
are provided by DSM, Holland. EPDM has shown to be durable especially in flexure and can 
be shaped in any form. Its in-vitro biocompatibility is examined, as EPDM is not known to be 
used in biomedical applications before, and has shown to be good [13]. The prototypes are made 
of EPDM K314, EPDM K320 or EPDM K520 which are isotropic and nearly incompressible 
materials with a Yolmg’s mod1dus of circa E = 1.5 MPa. The PE fibres have a Yomg’s moddm 
of 130 MPa and a high break stress of 3 GPa. The three leaflets are suspended in a relatively 
stiff stent made of nylon G (Young’s modulus : 70 MPa). The stent is cut from a nylon tube 
and the edges which support the leaflets are made circular. The valve in opened position is 
cylindrical shaped (figure 2.3). 

The manufactured prototypes have a base ring with an internal diameter of 20.5 mm and 
the implant diameter is 23.5 mm. The height of the stent posts, which connect two adjacent 
leaflets, is 15 mm. The leaflets of the prototypes have different fibre layouts and the amount 
of fibres and rubber can be varied. The different fibre layouts can be generated by adjusting 
the amplitude of the sinuses, the phase shifts between the sinuses or the amount of sinuses on 
the leaflet. Examples of a unidirectional, a sinus-shaped and so-called ‘natural-like’ fibre layout 
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are given in figure 2.4. The ‘natural-like’ fibre layout represents the structure of the collagen 
fibres in the natural heart valve. The sinus-shaped layout represents the more randomly oriented 
elastin fibre structure in the natural valve. The prototypes have a leaflet thickness varying from 
90-200 p m .  

According to a new surgical impiantation technique the diseased valve is replaced by a donor 
or porcine valve with the aortic root and a piece of the aorta attached to it. The use of a stented 
bioprosthesis is avoided as this implantation technique results in a more natural behaviour of 
the valve and aortic root. This has lead to the manufacture of a stentless prosthesis shaped as 
the aortic valve with the beginning of the aorta (figure 2.5). The leaflets are shaped as little sacs 
(Like the natural leaflets) and covered with a sinus-shaped fibre layout. The leaflets are placed 
inside a cylindrical tube with three cavities situated just behind the leaflet base. This structure 
represents the beginning of the aorta with the aortic valve. The tube is reinforced with PE 
fibres in axial direction. The inner diameter of the tube is 22.5 mm. The material thickness and 
leaflet size is varied for the different prototypes. In appendix B, the fabrication process of the 
prototypes is explained. 
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Figure 2.3: Prototype of a synthetic trileaflet valve with stent (a : side view; b : top view). 
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Figure 2.4: a : Unidirectional fibre layout; b : Sinus-shaped fibre layolit: c : Xatural-lilce. fibre 
layout. 
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Figlire 2.5: Side view and top view of a stentless synthetic trileaflet valve. 
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Chapter 3 

Experimental set-up 

In-vitro testing of a new artificial heart valve is a procedure which is performed before animal 
trials and clinical applications take place. It is important that, when developing an in-vitro 
testing device, the physiological situation is approached as good as possible. To this end the 
relationships between pressure and flow in the arterial system are written in mathematical 
equations. The earliest mathematical analogue of the arterial system is the Windkessel model. 
The aorta and the major branches in the body can be modelled with a compliance and a 
resistance in the circulating fluid. This model can be expanded with a so-called peripheral 
resistance, representing the smaller branches further on in the circulation, and the fluid inertia 
effects of the blood. 

As part of the program aimed to develop a trileaflet aortic valve, a pulse duplicator is 
designed (Leliveld, 1974) [15]. The pulse duplicator consists of an artificial heart, realised by a 
piston pump and an afterload, simulating the arterial system. The afterload is designed based 
on the Windkessel model. This implies a system containing a compliance bottle and two fluid 
resistances simulating the behaviour of the arterial tree under pulsatile flow. Later, with the 
development of leaflet valves, the local flow fields around the valve became of increasing interest. 
A pulse duplicator with an artificial left ventricle is designed to simulate the natural flow fields 
in the heart (Baijens, 1996) [16]. This pulse duplicator also induces a vertical movement of the 
valve bases which is found to occur in-vivo, too. It is thought that this movement influences the 
dynamical behaviour of the valves. 

3.1 Testing devices 

The pulse duplicators are used to examine the valve performances under pulsatile flow conditions. 
In pulse duplicator I (Leliveld, 1974) the pulsating left ventricle is simulated by an air pressure 
controlled piston (figure 3.1). A signal generator is used to provoke a sinus-shaped input signal. 
This electrical input signal is converted into a periodic movement of a shaft by means of a 
loudspeaker which acts as an electromechanical transducer. A position transmitter (Foxboro) 
converts the movement of the shaft into a pressure which drives the piston rod. The amplitude of 
the piston movement can be changed by adjusting the amount of pressure supplied to the position 
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transmitter by a pressure regulator (Vanadel). The inflow side of the piston is connected to a 
reservoir with overflow. This reservoir, Bled with a stationary pump (CEM parvix), provides 
a constant pressure during the relaxation phase of the piston pump. A sturdy plastic leaflet 
valve is placed at the inflow side of the piston and simulates the mitral valve. After the left 
ventricle a perspex test section is piaced in which the prototypes are mounted. The pressure 
probes are placed 15 mm in front of the valve base and 10 mm or 30 behind the valve base. The 
flowmeter is situated just in front of the test section at a distance of 70 mm from the valve base. 
As the sinuses of Valsalva play an important role in valve behaviour, a test section is fabricated 
modelled as the beginning of the aorta including the sinuses of Valsalva. The dimensions of 
the sinuses correspond to the dimensions measured in the human body by Swanson and Clark 
(1974) [6]. A bottle with a rest volume filled with air is connected to the end of the test section. 
This compliance bottle compensates the rigidity of the perspex test section. The design of the 
arterial tree or afterload is based on the Windkessel model and contains two fluid resistances 
and a compliance bottle. The resistances consist of a large number of parallel capillaries of glass 
with an internal diameter of 0.6 mm. The test section of the pulse duplicator is depicted in 
figure 3.2. The stentless valves are tested by mounting them between the flow probe and the 
first compliance bottle after removing the test section from the pulse duplicator. The pressure 
is measured just in front of the prosthesis and just beyond the prosthesis. 

reservoir 

t 
flow probe 

piston pump 

I 
pressure regula 

i 

R I C  

afterload 

Figure 3.1: Schematic diagram of pulse duplicator I. 

The prototypes are also subjected to stationary leakage flow tests. These experiments give 
a first indication of the valve performance in closed situation. In this case, the valve is placed 
in the test section of the pulse duplicator. The mitral valve is removed from the piston pump 
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valve mounting ring pressure tapping 

L I I 
2 

20 

Figure 3.2: The test section with the sinuses of Valsalva. 

which has no function in these tests. A reservoir filled with water is mounted at the outflow 
side of the test section causing a static pressure. This pressure, at the aortic side of the valve, 
is adjusted from O to 16 kPa by varying the height of the reservoir. A schematic drawing of the 
experimental set-up for the stationary leakage flow tests is given in figure 3.3. 

14 



valve 

Figure 3.3: Set-up for stationary leakage flow tests. 

Pulse duplicator I1 (figure 3.4) is equipped with a tumbler mechanism driven by an elec- 
tromotor. The tumbler mechanism transfers the rotating cam shaft movement in a translating 
piston movement. The cam shape is designed to induce a sinus-like displacement in time of 
the piston. The displacement curve has a slower rate of flow decrease than flow increase. The 
amplitude of the piston can be varied by adjusting the hinge point of the tumbler. A major 
diEerence with the conventional testing devices iile pulse duplicator i is the vertical movement of 
the valve bases which is found to occur in human, too. The valve bases move upwards when the 
mitral valve opens (Medtronic Hall pivoting disk) and downwards when the aortic valve opens. 
It is thought that the fluid inertia effects are reduced and the dynamic behaviour of the valves 
is influenced by the vertical movement of the heart. The perspex housing, in which the left 
ventricle and valves are mounted, undergoes a periodic movement generated by the piston. An 
artificial left ventricle is fabricated from EPDM rubber. The ventricle is modelled based on the 
end-diastolic shape of the natural left ventricle, obtained from MRI scans of the human heart. 
The capacative working of the left atrium is simulated by a EPDM rubber tube mounted in an 
air reservoir which can partly be filled with water to obtain the appropiate compliance around 

15 



reservoir with 
overflow 

piston rod 

compliance 

resistance 

rubber membrane 

testsection - 

with 

Figure 3.4: Schematic diagram of pulse duplicator I1 with moving valve bases. 

the atrium. The aorta is simulated by a flexible rubber tube made of an EPDM rubber. The 
sinuses of Valsalva are modelled in the perspex mounting section of the aortic valve in which the 
pressure probes can be placed. The pressure tappings are situated at the ventricular and aortic 
side of the valve at a distance of circa 10 mm from the valve base. The afterload consists of a 
compliance bottle and resistances made of compressed foam. This foam contains a network of 
little channels which are connected. The characteristics of this material are examined by Slegers 
(1995) [17]. A reservoir with overflow is mounted at the inflow side of the system and the atrium 
pressure is kept at a constant value with a stationary pump (VERDER). 

3.2 Model of the pulse duplicator 

To adjust the pressures and flow in the testing devices to physiological values, a model of pulse 
duplicator I is derived. The arterial system transforms the waves generated by the pump into 
waves with a different shape and timing. The relationship between the input and output waves is 
determined by the input impedance of the arterial system. The input impedance depends on the 
characteristics of the arterial system and can be determined from simultaneous measurements 
of the pressure and flow at the same location. The pulsatile pressure- and flow signals can be 
decomposed into several harmonics by means of a Fourier analysis. These signals, represented 
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Figure 3.5: Input impedance measured in the ascending aorta (Nichols, 1977) [14]. 

in Fourier series, gives : 

N 

N 

i=O 
A 

where and &i are the complex amplitudes of pressure and flow, wi = 27ri fheart and i denotes the 
i-th harmonic. The impedance for the i-th harmonic is obtained by division of the corresponding 
complex pressure- and flow signals. This method requires a linear system which is approximately 
true for the arterial tree. 

(3 .3)  
$̂i (w )  

& ( W )  = n 

&i (4 
For i = O, equation 3.3 represents the ratio of mean pressure and flow, commonly called the 

vascular resistance. The input impedance of an ‘infinitely’ long artery (without side effects) 
with uniform properties is called the characteristic impedance. Changes in the characteristic 
impedance along an artery, which may be caused by bifurcations or changes in the elasticity of 
the vessel wall, lead to wave reflections in the arterial system. All waves generated by the heart 
are partially reflected at the many bifurcations. The swings in the amplitude and phase of the 
input impedance, as seen in human, are a result of the reflected waves. Most measurements 
determining input impedance of the arterial system in human apply to the ascending aorta. 
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Symbol 

current 
resistance 
compliance 
inertia 

I R  resistance 
capacitance .I C 
inductance I L 

Table 3.1: Correspondance of hydraulic and electric terms. 

In figure 3.5 the input impedance spectrum measured in the ascending aorta is given (Nichols, 
1977)[14]. The impedance amplitude is high for very low frequencies and shows a minimum for 
3 Hz. For steady flow (w = O) the impedance amplitude approximates the peripheric resistance 
which is about 1.2 10' N-s/m5. For the higher harmonics the amplitude remains nearly constant 
at a value which approximates the so-called characteristic resistance of the arterial system. The 
impedance phase is negative for the lower frequencies up to circa 3 Hz and becomes positive or 
zero for the higher frequencies. The negative impedance phase implies a delay of the pressure 
waves to the flow waves for that frequency range. 

The arterial system can be simulated by an analogue based on the Windkessel model. This 
is realised in the testing devices. The afterload on the artificial pumping heart consists of three 
elements of the Windkessel model, the characteristic resistance, the peripheric resistance and a 
compliance bottle. In figure 3.6a an electric analogue of the Windkessel model is given. The 
flow is simulated by a current and the pressures in the system are represented by voltages. The 
inertia of the fluid is expressed by an inductance (table 3.1). 

represents the input impedance 2 of the 
afterload : 

The ratio of the complex pressure p and flow 

The natural input impedance as measured in the ascending aorta by Nichols is used as a 
reference value for the required impedance of the afterload in the testing device. It is assumed 
that the first nine harmonics of the pressure- and flow signal describe the signals sufficiently. 
It, is possible tc? derive an electric amlogLe of the afterload in pulse duplica,tor I (figuxe 3.6b). 
The ratio of the complex aortic pressure and the complex aortic flow 0 represents the input 
impedance of the artificial afterload in the pulse duplicator : 

The inertia effects of the fluid can be described as : 
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C 

a) Electric analogue of arterial system based on the Windkessel model. 

6 )  Electric analogue of afterload in pulse duplicator I. 

Figure 3.6: Electric analogues of the afterload. 

with p the density of the test fluid (lo3 kg/m3 for water) and.Z, T the length respectively 
the radius of the test tube. The values for the resistances R and R p  are measured in the pulse 
duplicator under steady flow conditions. The resistance, accorded by Rea, is achieved by placing 
a clamp on the tube and is therefore difficult to establish. An approximation of Rca can be 
made using a formula for the resistance of a slit in the fluid flow : 

12 7 1 
RCU = - 

b d3 
with 7 the viscosity of the fluid, I the length of the slit, b the width and d the depth of the slit. 
The parameters R, R p ,  Reu and L are defined and shown in table 3.2. 

The optimum component values for the capacities are selected by a fit, using a Simplex Search 
Method on the in-vivo data. Since the presence of Rea in the model influences the convergence 
of the fitting method severely, the fit is performed with Rea = O. The resulting parameters for 
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1 Symbol I Value I Unit 

2 

* -  _ _ _ _ _ - - - - - -  
I -  

ü m O 

O 
O 0  

-2 I I I I I I 

Rea 
8.3 lo-’ m5/N 1 1.8 lo-’ 1 m5/N I z a  

Table 3.2: Component values. 

the compliances are physiological meaningful1 and are given in table 3.2. The following equation 
is used to establish the amount of air needed in the compliance bottles to achieve the defined 
compliances. It is assumed that the air is expanded and compressed adiabaticly (see appendix 

with y the Poisson’s constant. In figure 3.7 the aortic impedance required from measurements in- 
vivo and the model impedance with the fitted optimal parameters are depicted. For frequencies 
higher than 6 Hz the phase of the model fit is higher than measured in-vivo. This may be caused 
by the fact that the model impedance reflects a system which can be described with a linear 
second order differential equation. The phase of the transferfunction of a second order system 
does not show a behaviour as shown in figure 3.7. 

m L ......... ; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : , . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . .  . .  L .  . . . . . . .  : . . . . . . .  

Figure 3.7: Model impedance fitted on in-vivo data.0 : in-vivo data.-. : Rea = O; - : Rea # O. 
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The validation of the model as an analogue for pulse duplicator I is shown in the following 
fibweS. The aortic impedance of the pulse duplicator and the impedance as predicted by the 
model are similar. The amplitude for the different frequencies as well as the accompanying 
phases of the impedance are shown in figure 3.8. 

I 4 I , I I I 

O 1 2  3 4 5 6 7 8 9 10 
Frequency [Hz] 

-2 

Figure 3.8: Comparison model impedance and measured impedance in pulse duplicator I. 
o : in-vivo impedance; - : model impedance 

It is noticed that the phase of the experimentally defined impedance does not follow the model 
exactly for the smaller frequencies. The impedance phase passes zero for a smaller frequency and 
the impedance amplitude is less high for those frequencies. However, the impedance amplitude 
for w = O is higher than predicted by the model and has a value of circa 2 -lo8 N . s/m5. The 
infiuence of the input impedance on the aortic pressure occurring in the pulse duplicator can be 
examined using the model. It is possible to predict the pressure curves with a prescribed flow 
curve. An appmxirriatiori of the flow curve as m-easured. in-vivo is used as input signal for the 
input impedance (figure 3.9). Therefore, a summation is made of the fist  nine harmonics of 
the aortic flow measured in the ascending aorta (N = 9 in equation 3.2). The aortic pressure is 
calculated by multiplication of this complex flow signal with the impedance of the model. The 
obtained complex pressure signal is converted into the pressure curve in time domain. Figure 
3.9 shows the aortic pressure as calculated by the model in comparison with the aortic pressure 
measured in-vivo (which is determined in the same manner as described for the flow). The two 
lower curves are the flow and pressure as measured in the pulse duplicator. The experimentally 
defined aortic pressure has a dip at the moment of valve closure. This is also noticed for 
the pressure measured in-vivo and the calculated pressure. The calculations with the model, 
however, causes a time shift and the dip in the pressure is not synchrone with the closure flow. 
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As the flow measured in-vitro is not the same as the flow used for the input of the model, a 
comparison between the measured and calculated aortic pressure may not be made. The model 
is used to examine the effects of the afterload on the aortic pressure qualitatively. 

O 1 2 3 
Time [SI Time [SI 

U E 15 
E c 

3 a 
n 
4 10 - 

O 1 2 3 O i 2 3 
Time [SI - Time [SI a 

1 2 0  - 

20 
L 
: 10 
3 

LL L 

O 1 2 3 “ O  1 2 3 
Time [SI Time [SI 

Figure 3.9: The aortic pressure and aortic flow in-vivo [14], calculated with model and in-vitro. 

In appendix D the influence of parameter changes on the pressure signal and on the im- 
pedance spectra is shown. The following effects are noticed : 

The end-diastolic aortic pressure rises with increasing peripheric resistance. 
pedance amplitude increases for zero frequency. 

The im- 

Increasing the characteristic resistance increases the impedance amplitude for all frequen- 
cies. The impedance phase remains negative for a larger frequency range. T h i s  res-dis in 
an increased systolic aortic pressure with a different shape. 

The fluïd inertia in the pulse duplicator is very high compared to the measured inertia 
in-vivo (L = 1.7 lo5 kg/m4). Decreasing the inertia only affects the higher frequencies. 
The aortic pressure shows less oscillations. On the other hand, increasing the fluid inertia 
causes more oscillations in the aortic pressure. 

Decreasing or increasing the compliance affects the end-diastolic pressure which respec- 
tively decreases and increases. Also the shape of the pressure curve is altered. Changing 
the compliance mainly affects the lower frequencies. 
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The knowledge of the parameter influence in the afterload is used to adjust the afterload in 
pulse duplicator 11. The aorta is simulated by a flexible tube which acts as a compliance just 
beyond the aortic valve. The compliance per unit length of the thinwalled rubber tube can be 
approximated by : 

(3.9) 

with R the radius of the tube, ,u the Poisson's ratio (0.5), E the Young's modulus of the material 
and h the wall thickness. This results, taken into acount the length of the artificial aorta, in 
a compliance of circa 10- 
kg/m4. The compliance bottle simulates the compliance of the smaller arteries. Compressed 
foam simulates the peripheric resistance. For a stationary flow of 5 l/min, which is the mean 
cardiac output, the peripheric resistance is adjusted until the end-diastolic pressure (circa 11 
kPa) is reached. This means that 280 mm foam is used at a compression factor of 0.2. The fluid 
resistance of the compressed foam under stationary flow conditions is known [17]. 

kg/m4. The aortic compliance measured in-vivo is circa 10- 

3.3 Measurements 

The hydrodynamical performances of the valves under pulsatile flow is examined in pulse dupli- 
cator I. In general, the performance is expressed in the following quantities : 

1. Mean systolic pressure difference over the valve as an indication for the resistance to 
opening, which is called stenocity. 

2. Closure volume, i.e. amount of backflow during valve closure. 

3. Leakage volume, i.e. amount of backflow through the closed valve. 

4. Energy losses due to stenocity and regurgitant flows. The sum of the closure flow and the 
leakage flow is called regurgitation of the valve. 

5. Effective orifice area. 

6. Further, the opening and closing behaviour of the valves is examined with respect to the 
opening and ciosing time and buckiing of the ieaiiet edges. Too much buckiing of the 
leaflets causes high bending stresses in the leaflets. 

Ad 1. Pressure measurements 
Pressure measurements are made using pressure transducers ( Statham P23Db, range A 10 

V.) which are connected to thin needles protruding into the test area . The electric output signal 
of the pressure transducers is amplified (Philips / Peekel instruments) and converted by an AD- 
converter. The data-aquisition is performed with the software program LABVIEW. The sample 
frequency is 256 Hz and the signals are sampled over cardiac 10 periods. The pressure gradient 
over the valve is defined by substracting the aortic pressure from the ventricular pressure. The 
mean systolic pressure difference is calculated for the time interval defined by the first zero point 
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of the differential pressure curve and the second zero point of the differential pressure curve, 
which is phase I of the cardiac cycle (figure 3.10). This deviates from the method used by other 
researchers, who calculate the mean systolic pressure difference for the whole systolic phase 
(phase I + phase 11). The pressure difference occurring in the second phase of the systole is not 
used in the calculation of the mean systolic pressure difference as it depends on the fluid inertia 
and the afterload in the pulse duplicator and it seems therefore faulty to use it as an indication 
for the stenocity of the valve. The mean systolic pressure is averaged over ten consecutive cycles. 

Ad 2 - 3. Flow measurements 
The aortic flow is measured with an electromagnetic flow meter (SKALAR MDL 450) with 

sensitivity 20 l/(min V) and a range of f 4 V. The closure volume and the leakage volume are 
calculated by integrating the flow signal in the time. A definition of the closure volume and 
leakage volume is given in figure 3.10. To avoid inaccuracies caused by zero drift, the flow meter 
is reset to zero before all measurements. 

The aortic flow in pulse duplicator I1 is not measured directly, but derived from the mitral 
flow. The mitral flow is measured with an electromagnetic flow meter (SKALAR MDL 1401) 
and, conform with the continuity equation, the aortic flow can be calculated from the velocity of 
the piston movement. Therefore, the displacement of the piston is measured with a linear vari- 
able differential transformer (LVDT, Lucas Schaevitz Sensors, series DC-E ) with a sensitivity 
of 2.54 mm/V and a range of & 10 V. 

Ad 4. Energy losses 
The energy losses caused by the valve are calculated according to the energy loss due to the 

pressure gradient over the valve during systole and the energy loss due to the regurgitant vol- 
umes during diastole. The pressure gradient during systole is caused by the stenotic behaviour 
of the valve and the accompanying energy loss is therefore called stenotic energy loss. According 
to Souza-Campos (1996) we calculate the energy losses for characterizing valvular performance. 
Using the energy losses instead of the two usual parameters (effective orifice area and regurgi- 
tation) enables the comparison of overall valve performance as the relative significance of the 
stenotic and regurgitant effects on the valve performance can be combined [19]. 

We consider the energy equilibrium over the valve during one cardiac cycle which is split up 
in four characteristic phases (figure 3.10). The test fluid contains a certain amount of energy 
which is a surnrnaiion of : 

1. The kinetic energy of the fluid. 

2. Energy dissipated by the valve. 

The kinetic energy of the test fluid can be determined from simultaneous measurements of 
the flow and pressure during systole. As the flow probe is placed circa 70 mm in front of the valve 
and the aortic pressure probe circa 30 mm behind the valve, a time shift in the measurements 
occurs. Assuming the peak velocity of the fluid flow circa 5 m/sec, this time shift approximates 
20 ms. This time shift is taken into account in the calculations. Equation 3.10 represents the 
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Figure 3.10: Phases of the cardiac cycle. 
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Figure 3.11: Energy flow diagram. 
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kinetic energy of the fluid : 
r 

./I+,, Q pao dt 
Energy kinetic = (3.10) 

With Q the aortic flow and p,, the aortic pressure. The energy dissipated by the valve is caused 
by the stenotic and regurgitant effects of the valve. The deformations of the valve leaflets are 
assumed to be elastic and do not cause energy losses. An energy flow diagram for the cardiac 
cycle is given in figure 3.11. The stenotic energy of the valve can be expressed by : 

Energy stenotic phase I = ]I Q A p  dt 

Energy stenotic phase 11 = [LI Q d t  / J Q dt]  x J Q A p  d t  
I I 

(3.11) 

Instead of calculating the dissipated stenotic energy in phase I1 directly, we assume that the 
same amount of energy is dissipated per unit volume of fluid that crosses the valve. The energy 
dissipated in phase I1 is proportional to the energy dissipated in phase I multiplied by the ratio 
of fluid volume crossing the valve in each phase of the systole [19]. The pressure difference in 
the second phase of systole is not determined by the stenocity of the valve alone but depends 
on characteristics of the pulse duplicator as described before. The total amount of energy in the 
test fluid is : 

Energy fluid = Energy kinetic + Energy stenotic phase I + Energy stenotic phase I1 (3.12) 

The kinetic energy of the valve is partly unavailable for irrigation of the arterial tree due to the 
backflow through the valve. The resurgitant energy losses are calculated according to equation 
3.13 : 

Energy regurgitation = J IQI pUodt (3.13) 
I I I S I V  

The efficiency of the valve can be expressed by : 

Efficiency valve 
Energy available for irrigation of arterial tree 

Energy fluid 
(3.14) 

(3.15) 
Li~ergy fuid - ( Energy stenotic + Yriergy regurgitation j 

Energy fluid 
Efficiency valve = 

The energy loss caused by the stenocity of the valve is expressed by : 

Energy stenotic 
Energy fluid 

Stenocity = 

The energy loss caused by the regurgitation through the valve is expressed by 

Energy regurgitation 
Energy fluid 

Regurgitation = 

(3.16) 

(3.17) 
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Ad 5 - 6. Visualisation of leaflet motion 
The leaflet motion and the orifice area of the valves are recorded with a high speed camera 

(KODAK HS Ektapro model 4540) at 1125 frames per second. An optic fibre, placed in the 
axial direction of the flow, is used to record the leaflet motion in radial direction. The leaflet 
edges are marked in a contrasting colour so that the curvatures at the leaflet borders during 
the cardiac cycle are visible. The frames, having a resolution of 256 x 256 pixels, are stored in 
digital format (Software supplied with the KODAK HS camera) and used for further processing. 
With a graphical program (COREL photo-paint) the contour of the leaflet edges throughout the 
cardiac cycle are detected. A definition for the effective orifice area during systole is expressed 
by the next equation : 

EOA = Auncons tr ic ted  dur ing  sys to le  (3.18) 

The video recordings and the measurements are performed after generation of a trigger signal. 
This enables comparison of the synchronized measurements and video recordings of the moving 
valves. 

AvaEve base 
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Chapter 4 

Results 

The prototypes of the trileaflet heart valve prostheses are subjected to in-vitro tests to examine 
their hydrodynamical performances under different test conditions. The results are compared to 
the performance of a mechanical heart valve under the same test conditions. For this a Björk- 
Shiley tilting disk valve is used with an internal diameter of 18.5 mm. Further, we examine 
the effects on the prototype performance when differences in design are applied. This chapter 
contains the results of the experiments on the stented and stentless prostheses. First, the results 
of the prostheses in pulse duplicator I are considered. Next, the performances of the valves 
in pulse duplicator I1 are described. The performances of the two testing devices with respect 
to their differences are discussed and a comparison is made with the results found by other 
researchers under similar test conditions. For all the valves the simulated heart rate is 72 beats 
per minute ( 1.2 Hz ). The cardiac output is varied between 3.5 and 6.5 l/min by adjusting the 
amplitude of the piston movement. The test fluid is water at room temperature with density 
lo3 kg/m3 and viscosity Pa-s. 

The fibres are 
applied in unidirectional, sinus-shaped or ‘natural-like’ layout. The prototypes with a sinus- 
shaped layout contain 20, 30 or 50 fibre windings, shifted circumferentially over the leaflets 
as shown in chapter 2 (figure 2.4). The sinuses can also be shifted in radial direction which 
is indicated in the table with ‘shifted’. There are two prototypes with a modified ‘natural- 
like’ fibre layout as shown in chapter 2 (figure 2.4). One of these valves only has fibres at the 
leaflet edges and dose to the stent edges. The midde parts of the ieafiets are iibreiess. Tne 
second has a fibre layout consisting of twice the fibre layout as shown in figure 2.7. These are 
applied shifted to each other over 90 degrees in circumferential direction. Some prototypes have 
a few unidirectional fibres on the leaflet edges. The amount of EPDM rubber applied is varied 
between 3 and 5 layers. Each layer has a thickness of approximately 50 p m .  Some prototypes 
are fabricated from a rubber solution in which more solvent (xylene) is used. This results in 
rubber layers which are less thick ( circa 40 pum) and more layers are necessary to obtain the 
same thickness as for the other rubber solution. The prototypes fabricated from this rubber 
solution are denoted in the table with an asterisk. 

An overview of the tested prototypes is given in the tables 4.1 and 4.2. 
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Table 4.1: Fibre layouts of the stented prototypes. 

Prototype 

1 
2 
3 
4 

Thickness 
Leaflet Wall aortic Wall ventricular Sinus height Compliance 
[pm] side bm] side [pm] [mml [kg/m41 
11 60 70 3 4.5 4 0 - 7  

1 2  90 110 4.5 3.5 -10-7 
12-19' 73 90 4.5 5.5 40-7  

11 44 60 4.5 7-10-7 

29 



Superscript a denotes that the leaflet thickness is not uniform over the leaflets. 
Four different prototypes of stentless valves are examined. Prototype 1 has smaller sinuses 

and smaller leaflets than the other two types. All valves have leaflets with a sinus-shaped fibre 
layout with 20 windings. The amount of fibres, applied in axial direction on the aortic tube, is 30 
for ail prototypes. The amount of rubber for the ieaflets and aortic tube is varied to investigate 
the influence of the wall compliance (table 4.2). An approximation of the compliances, defined 
according to equation 3.9, of the different prototypes is also given in the table. 

4.1 Stationary flow tests 

” O 2 4 6 8 10 12 
Pressure difference [kPa] 

Figure 4.1: Leakage flow through closed valve under stationary flow conditions. 

The leakage flow through the closed valve is determined as a function of the pressure difference 
over the valve, which is increased by raising the height of the water column at the aortic side. 
SOEE prototypes show large leakage fium in closed position. This c m  be soked by erdarging 
the coaptation area and increasing the leaflet stiffness. In figure 4.1 the results of three leakage 
flow tests is given. The leakage flow of trileaflet valves with an increased coaptation area (‘coil’) 
and leaflet stiffness (‘st’) are compared to the leakage flow through the closed Björk-Shiley valve 
(‘BS’). If the coaptation area is not large enough, the leaflets will show gaps at the stentposts 
and in the middle parts of the leaflets. If the leaflets are not stiff enough, the closed valve will 
deform too much and cause a gap in the middle part of the valve. This results in very high 
leakage flows through the valve which are beyond the range of the figure. 
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I Source I Fisher 1988 I Hanle 1989 I Jansen 1992 I Pulse duplicator I I 
a Psystolic [kPal A SD 
Total regurgitation [mi] j, SD 
Closure volume [mi] f SD 

Total regurgitation as per- 

Closure volume as per- 

Leakage volume as per- 

Leakage volume [ml] & SD 

centage of stroke volume [%o] 

centage of stroke volume [%o] 

centage of stroke volume [%] 

1.8 f 0.05 0.8 f 0.2 0.5 0.5 f 0.1 
7 8 
2 f 0.2 1.4 f 0.3 

- - 

- - 
- - 5 f 0.4 6.6 4~ 0.3 I 

- - 8.5 9.2 

- - 2.3 1.6 

- - 6.2 7.6 

Table 4.3: Comparison results of pulse duplicator I with other researchers. 

4.2 Pulsatile flow tests in pulse duplicator I 

A Björk-Shiley tilting disk is used as a reference valve for the pulse duplicator. The results for 
this prosthesis are compared to the results on the same type of prostheses obtained by other 
researchers. In table 4.3 some specific values of the Björk-Shiley tilting disk are shown as found in 
literature. The valves are compared at a cardiac output of 5 l/min. Although the test conditions 
come close to each other, no similar results are found for the mean systolic pressure difference 
by the different researchers. This is probably caused by differences in the way of calculating the 
mean systolic pressure difference. The comparison shows that the other results found in pulse 
duplicator I do not deviate much from the results of other researchers. 

The pressure and flow curves, which are measured for the Björk-Shiley tilting disk in pulse 
duplicator I, are shown in figure 4.2. Figure 4.3 contains the pressure and flow curves for a 
synthetic trileaflet valve (prototype F). The prototypes of the trileaflet valves are compared at 
a cardiac output of 6.5 l/min and 4.7 l/min. Next to this, the influence of increasing cardiac 
output on the valve performance is examined for one prototype (prototype C). The different 
parameters which are used to qualify the valve performance are discussed below. 
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Figure 4.3: The aortic and ventricular pressure and the aortic flow for trileaflet prototype F in 
pulse duplicator I. 
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1 Mean systolic pressure difference 
In figure 4.4 the mean systolic pressure difference of the different prototypes and the tilting 

disk are shown. The four prototypes at the left hand side of the figure represent measurements 
at a cardiac output of 6.4 l/min. The rest of the values represent measurements at a cardiac 
outijut of 4.7 1,’rìz. Severa! pmt&ypes ef type C WE shewn in the figures C and. C2 have a 
larger coaptation area than prototype C1. Prototype C3 has a very large coaptation area. There 
are no results available of several prototypes as the test conditions were not similar with the 
rest of the prototypes. The most remarkable aspect is that the mean systolic pressure difference 
measured for the trileaflet valves is lower than for the Björk-Shiley tilting disk. Further can be 
seen that the mean systolic pressure difference increases if : 

o The leaflet stiffness is increased by raising the amount of EPDM layers (prototype A) or 
the amount of PE fibres (prototypes F and G). 

o The leaflets are too long (prototype C3). 

o The prototypes have a ‘natural-like’ fibre layout (prototypes H, I). 

o The cardiac output increases (figure 4.5). 

The mean systolic pressure difference and the effective orifice area of the valve depend on the 
same parameters. If the leaflets are too stiff or too long the valve does not open completely. The 
orifice area in systole of the fibreless valve (prototype A) is taken as the unity value (figure 4.6). 
In figure 4.7 a prototype with very stiff leaflets is shown in its maximum opened position. The 
opening behaviour of the valves is probably affected by fibres on the leaflet borders. However, 
this aspect needs further examination. The prototypes with a ‘natural-like’ fibre layout also 
show a low effective orifice area. If the leaflets are not stiff enough a lot of bending curvatures 
are noticed at the leaflets as shown in figure 4.8. 
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Figure 4.4: Mean systolic pressure difference for different prototypes of stented trileaflet valves. 
The four values at the left side represent a cardiac output of 6.5 l/min. The 6 values at the 

right side represent a cardiac output of 4.7 l/min. 
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Figure 4.6: Orifice area of a fibreless prototype (A) in systole 
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Figure 4.7: Example of an orifice area of a protot,ype which does not operi well. 

Figiire 4.8: Prototype C" with very rriiich biicltling of i,hc lrwflcts. 
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2 Closure volume 
The closure volume is almost independent of the fibre layout and amount of rubber (pro- 

totypes F, C1 and C2) but depends on leaflet size (prototypes C3 and G). In figure 4.9 the 
regurgitation of the valves is shown as a percentage of the stroke volume. The closure volume is 
Iess for the 3jûrk-SEdey valve as the disk is sm&z ar,c! &es p-&~& as fxr in the a0rt.a a.3 

the leaflets of the trileaflet valve do. Therefore, the single disk does not cause as much backflow 
during closing as the three leaflets of the prototypes do. A small amount of closure volume is 
measured for the fibreless valve (prototype A), but the valve does not close very well and has a 
very large leakage flow. 

90,o -- E 
J 80.0.- 

5 
8 70,O-- 
E 

60,O -- 

2 50,O-- 

40,O -- 

al 

- 

al m 

g 
5 5 30.0 

10,o 

0,o c 
A H I C C C C F 

1 2 3 

61 Closure volume [%I I- Fa Leakage volume [%I 

G B S  
i h  
o 1  
r I  
k e  
- Y  

Valve type 

Figure 4.9: Regurgitation through the stented trileaflet valves as percentage of stroke volume. 
The 4 values at the left side represent a cardiac output of 6.5 l/min. The 6 values at the right 

side represent a cardiac output of 4.7 l/min. 
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3 Leakage volume 
The leakage volume is very large for some prototypes and is reduced when the leaflets have 

at least a minimal stiffness and minimal coaptation area. This is also shown in the stationary 
leakage tests. Increasing the coaptation area by enlarging the leaflets with fibreless parts is not 
a sohticm fer the Ieahge prvhkm. The leafet borders are not stiff enoiqgh compared to the rest 
of the leaflets and do not follow the movements of the rest of the leaflets. The valve closure is 
not stable and a lot of vibrations at the leaflet edges occur. The leakage volume increases with 
increasing cardiac output (figure 4.10). 
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Figure 4.10: Regurgitation through prototype C at 3 cardiac outputs. 

4 Energy losses 
Stenocity is not the major cause of energy loss as can be seen in the figures 4.11 and 4.12. 

The pressure difference over the valve is very low as the orifice area is almost unconstricted 
during systole. The regurgitation however is very large. The efficiency of the valve is increased 
considerably if the leakage flows are abandoned. 
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Figure 4.11: Efficiency and energy losses of stented trileaflet valves. 
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Figure 4.12: Efficiency and energy losses of prototype C at 3 cardiac outputs. 
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Point 
1 
2 

Event 
onset opening valve 
maximum orifice area 

Time [ms] f inaccuracy measurement 
178 f 1 
348 f 1 

I - 
a I flow > o 1 1 7 0 5 4  

3 onset rapid closing valve 471 f 1 

bl  ~ 

b2 
I c Iflow=O 

pao > p v  325 f 4 
maximum flow 340 f 4 

I 450 f 4 
d ~ 

e 
maximum closure flow 
end of closure flow 

485 f 4 
510 f 4 

Table 4.4: Specific points in time for the behaviour of the synthetic trileaflet valve. 

5 Opening and closing behaviour 
The opening and closing of the valves and the accompanying pressures and flow are analysed 

in the time. In figure 4.13 the pressure and flow curves for prototype G are shown. Some specific 
points in the the valve opening and closing behaviour are marked on the curves. In figure 4.14 
the video recordings, which are synchrone with the measurements, are given. From the video 
recordings the onset of valve opening (l), the moment that the maximum orifice area is reached 
(2), the onset of valve closure (3) and the moment that the valve is closed (4) are defined. In 
table 4.4 the elapsed time from the beginning of the measurements and recordings is given for 
the marked points. A correction is made for the time shifts between the pressure and flow 
measurements. One leaflet of this valve does not open well. For comparison, figure 4.15 shows 
ten moments in the opening opening and closing of a prototype which opens synchroon. 
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Figure 4.13: Opening and closing in relation to pressure- and flow curves for prototype G 

In general it is noticed that the valves open in circa 170 ms and close in circa 200 ms. The 
valve is open for circa 45 ’% of the cardiac cycle. If the valve has reached its maximum orifice 
area it remains almost unchanged for 10 or 20 ms. Then a gradual closure of the leaflets begins. 
The flow curves show that the forward flow through the valve lasts for a period of 30 - 35 % 
of the cycle. The closing of the valve begins during the deceleration phase of the flow when 
the aortic pressure is higher than the ventricular pressure. During the steep increase in aortic 
pressure at the end of systole the valve shows a rapic closing behaviour which lasts for circa 
70 ms. This rapid closure phase is accompanied by oscillations in the pressures and flow. The 
oscillations may be due to the rigid test section and rigid parts in the afterload which do not 
provide the required damping behaviour. The rigid Björk-Shiley valve is less sensitive to the 
oscillations. 
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Figure 4.14: Prototype G in systole. 
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Figure 4.15: Prototype C in systole. 
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-- reference situation 

maximal extended 

Figure 4.16: The stentless valve in diastolic and systolic situation. 

Stentless valve 
The length of the leaflets of prototype 1 appeared to be too small. The valve showed large 

leakage flows. Therefore, the sinuses of Valsalva and the leaflet size is increased for the other 
prototypes. The recordings of the interior and exterior of the stentless prototype 2 are analysed 
and they show that : 

o The diameter of the aortic root starts expanding and at the same moment the leaflets start 
to move a littlebit outwards at the commissures. 

o The opening of the leaflets lasts 98 ms. Then the fully opened orifice area is reached, 
which is triangular-shaped. 

e n..,:, uullllg opeïing of the !eafliets, t h e  c ~ r ~ ~ i s w e s  expand fiurther and ths simses of Valsslw 
increase further in diameter. This process stops in the middle of the opening phase. The 
diameter of the valve does not increase further and remains at its maximum value. 

o The orifice area of the fully openened valve remains almost unchanged for only 18 ms. 

o Then the valve starts to close very rapid in 35 ms. With valve closure the diameter of the 
aorta decreases again. 

The valve is in open position for only 151 ms which is only 18 % of the complete cardiac cycle. 
This is caused by the fact that the prototype is not mounted in the test section in the appropiate 
way as it has been broken at the valve base. The valve is also very sensitive to oscillations which 
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increases if the aortic pressure increases. The closing of the valve is accompanied by vibrations 
at the leaflets and in the aortic section. The leaflets do not close completely. There is always a 
small gap at the middle of the three leaflets which influences the flow in begin systolic phase. 
In figure 4.16 a side view of the stentless prototype 2 is given which shows the valve in diastole 

The behaviour of prototype 3 is better. It opens in 151 ms and closes in 169 ms which implies 
that the valve is open for 38 % of the cardiac cycle. In figure 4.17 twelve recordings of the 
systolic phase are given. During this test, the pulse duplicator does not generate pressure waves 
at physiological level which rules out a fair comparison with the other prototypes. Prototype 4 
has a lower stiffness and opens and closes very well. The influence of the stiffness of the leaflets 
and the aortic wall needs further investigation. 

U I L  ond amtnlo " J U Y " I " .  
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Figure 4.17: Stentless valve, prototype 3 in systole. 
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Summary and discussion 

Functioning of the stented prototypes : 
The most remarkable observation for the synthetic trileaflet valves is the low pressure dif- 

ference over the v d w  during systde. The valves dc not open as fast as the na.tud aortic valve 
which opens in S O  ms. However, the ventricular pressure in the pulse dupficator does not in- 
crease as fast as in the human body. Therefore, the opening of the valves takes more time. The 
valves have a large unconstricted orifice area. They close gradually, with a rapid closing phase 
at the end of systole. The rapid closing is affected by the severe increase in aortic pressure at 
the moment of valve closure. 

There are several problems noticed for the stented prototypes : 

o Several prototypes do not open completely. However, the pulse duplicator generates a 
relatively small stroke and the valves probably open less than expected. The valve does 
not open well if the leaflets are too stiff or too long. It has been shown that valves with 
leaflets which are made of maximal 4 layers of rubber do open completely. If the amount 
of fibres is increased to 50 windings and the leaflets are built up from 4 rubber layers the 
valve does not open well. When the composition of the EPDM rubber solution is modified, 
at least 5 rubber layers are necessary to obtain circa the same leaflet stiffness as 3 rubber 
layers of the former material. Fibres on the leaflet edges probably have a negative effect 
on the opening behaviour. 

o Several valves show a considerable backflow in the closed phase which is due to the stiffness 
of the leaflets and the coaptation area which are both not large enough. However, the stent 
shape is rather simple and improving the stent design may reduce the backflow through 
the valve. For instance, replacing the circular stent edges at the base of the leaflets with 
more flat shaped edges may improve the closing of the leaflets. The stent posts often cause 
gaps. A possible solution is smaller stent posts or substitution of the stent posts with 
several layers of rubber (comparable with a stentless valve). If fibres on the leaflet borders 
affect the closing behaviour of the valve needs further investigation. 

o The leaflets may show bending curvatures at the edges during opening and closing. Buck- 
ling of the leaflet edges decreases if the leaflets are stiffer. A minimal stiffness which 
demeases ~ G G  müch buck!ir,g is shtained for pretetypes which are built u.p from 4 rubber 
layers. The shape of the leaflets which is simply cylindrical probably causes buckling dur- 
ing opening and closing of the valve. A more flattened shape of the leaflets, which can 
be obtained with a conical shaped mould, can probably reduce the bending curvatures. 
Numerical simulation may help to answer this question. 

Functioning of the stentless prototypes : 
The stentless valves open into a triangular-shaped orifice area avoiding sharp bending at the 

leaflets edges. The valves open together with an expansion of the valve base and the leaflets 
are pulled outwards. The compliance of the wall is an important parameter and needs further 
examinat ion. 
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Figure 4.18: The aortic and ventricular pressure, the mitral flow and the aortic flow for pulse 
duplicator 11. 

4.3 Pulsatile flow tests in pulse duplicator I1 

In pulse duplicator I1 the aorta is simulated by a flexible tube, which improves the input im- 
pedance of the afterload. Moreover, it is possible to generate a higher stroke volume than in pulse 
duplicator I. These advantages over pulse duplicator I are the reason for testing the prototypes 
in pulse duplicator 11. The Björk-Shiley tilting disk is used as a reference valve for the pulsatile 
tests which are performed without artificial ventricle. The ventricular and aortic pressure and 
the mitral flow are measured for the tilting disk. It is noticed that the ventricular pressure 
shows two remarkable aspects. The pressure drops below zero at the beginning o€ diastole and 
shows a peak at the end-diastole. It is thought that these pressure effects are caused by the 
mzss inertia of the fluid colama a,t the indlow side of the mitral valve. The dip and peak increase 
if the frequency of the moving piston increases. With the opening of the mitral valve, the fluid 
velocity is increased. Due to the mass inertia of the fluid in the inflow tube, the fluid does 
not follow the velocity increase and the pressure in the ventricle decreases. The peak in the 
ventricular pressure is probably due to the decrease in velocity at the end of diastole. 

Increasing the atrium pressure reduced the first dip. Further, a flexible atrium at the inflow 
side of the ventricle did not cause a quick emptying of the fluid into the ventricle. Several 
atriums with different stiffnesses were examined, but they did not result in a positive effect. 
A solution for this problem is fabricating an active atrium with a pumping mechanism. The 
atrium must contract at the moment that the mitral valve opens. Mounting the flexible ventricle, 
which increases the compliance in the housing, may also improve the pressures and flow. These 
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pressure and flows affect the behaviour of the aortic valve. The Börk-Shilley tilting disk seems 
to open again during the closed phase (figure 4.18). The synthetic trileaflet valves are not tested 
in this testing device as the results are severly influenced by the ventricular pressure. 

Summary and discussion 

Behaviour of the pulse duplicators : 
Pulse duplicator I : 

The maximum cardiac output which can be generated by the piston pump is low compared 
to the average cardiac output occurring in the human heart. The stroke volume generated 
by the piston pump reached a maximum of 90 ml, resulting in a cardiac output of 6.4 
l/min for a pumping frequency of 1.2 Hz. In order to test the prototypes over the complete 
physiological range of cardiac outputs (3.6 - 9.4 l/min) the mitral valve in the piston pump 
may permit only very low leakage flow through the valve to increase the efficiency of the 
pump. A signal generator must be used which provokes a sinus-shaped signal with the 
required amplitude and the possibility to adjust the frequency up to 2 Hz. The diameter 
of the idow tube of the aortic valve is only 16 mm. Increasing this diameter as much as 
possible, considering the dimensions of the valve, may affect the inflow flow positively. 

It is important that the oscillations in the system are minimized as they affect the valve 
closure very much. Reducing the length of the mounting section of the valve and placing 
a flexible tube as close as possible to the valve may improve the system. The stentless 
prostheses are very sensitive to oscillations and the closing of the valve shows a lot of 
vibrations. 

Pulse duplicator I1 : The experiments show that a flexible aorta reduces the peak in 
aortic pressure and the oscillations at the moment of valve closure. However, the mitral 
valve shows some fluttering in opened position and the systolic mitral flow has a lot of 
oscillations. 
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Chapter 5 

Conclusions and recommendations 

The hydrodynamic performance of the synthetic fibre reinforced leaflet prototypes is examined 
in a pulse duplicator. The aim of these tests is to gain insight in the valve performance under 
pulsatile flow conditions with respect to their design. The experiments are performed in a pulse 
duplicator which generates pressure waves which approximate the physiological situation. 

In general, the flexible fibre reinfored valves show an almost unconstricted orifice area during 
systole. This is also noticed for the pressure gradient over the valve in systole, which is small 
compared to the pressure gradient over a tilting disk valve under the same test conditions. The 
maximum orifice area is reached at mid-systole and the valve remains at fully opened position 
for circa 10 % of the systolic phase. The closing of the valves begins during systole when the 
fluid flow decelerates. The leaflets close gradually until the moment of reversed flow occurs. At 
this moment, at the end of systole, the leaflets close very rapidly. 

The tested prototypes can be split up in stented and stentless prostheses which behave 
different under pulsatile flow. The stented prostheses open into a stellate-shaped orifice area. 
The shape of the stent and the leaflets cause bending curvatures in the leaflets, especially near 
the stentposts. The valves close completely, without gaps at the stentposts and at the middle 
of the valve, if the coaptation area is large enough. Thereby, the leaflets must be stiff enough 
to avoid that the leaflets deform too much and- open again in the middle part of the valve. 

An important characteristic of the stentless prototypes is that the leaflets are pulled outwards 
when the aortic root expands. The stentless valves show a triangular-shaped orifice area and 
buckling of the leaflet edges is avoided. This is important as bending stresses in the leaflets 
increase the risk of calcification of the leaflets [12]. The valves close very weli if the leaflets are 
long enough. The valves show a very promising behaviour, which is comparable to the behaviour 
of the natural aortic valve. 

The pulse duplicator used for the experiments generates pressure waves comparable to the 
physiological situation. However, at the moment of valve closure oscillations occur in the pres- 
sure. These oscillations are probably due to the rigid test section and rigid parts in the afterload 
of the pulse duplicator. The effects of changes in the afterload on the aortic pressure is examined 
with a model simulating the input impedance of the afterload. This model has shown that an 
increase in the fluid inertia, due to large rigid tubes, affects the higher harmonics of the input 
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impedance. The amplitude and phase for the higher harmonics in the input impedance increase. 
This means that the aortic pressure will show more oscillations. The oscillations in the aortic 
pressure may inñuence the closing behaviour of the valve at the end of systole. 

The aortic pressure which occurs when a flexible aortic tube is used is examined. In another 
p.&e dzplicat~r, which gemrites u. verka! movement of t,he valvebases, a flexible tube is mounted 
just beyond the aortic valve. This results in a smoother aortic pressure. The pulse duplicator, 
however, does not show physiological pressures at this moment. It is therefore not possible to 
test the trileaflet valves in this testing device correctly. 

These first results of the trileaflet valves in in-vitro tests have shown the influence of the 
valve design and has lead to some conclusions about the valve design. The stented prototypes 
are not optimal as the leaflet shape and stent shape are chosen rather simply. The main problem 
is that the valves do not close very well. Moreover, bending of the leaflet edges occurs. The 
stentless prototypes show less bending curvatures at the leaflets edges. Thereby, the opening 
and closing of the leaflets is improved by the flexible aortic wall which moves together with 
the leaflets. The amount of EPDM layers and the amount of fibres in the valve determine the 
stiffness of the valves which influences the valve behaviour. The influence of the fibre layout on 
the valve behaviour needs further investigation. 

In order to improve the pulsatile experiments on the prototypes, several adjustments can 
be made to the pulse duplicators. The input impedance of the afterload must be adjusted to 
avoid oscillations in the aortic pressure. This may be achieved by decreasing the length of the 
test section and placing a flexible tube just behind the valve. Further, the test fluid must be 
replaced by a more viscous solution to approximate the behaviour of the blood. In order to test 
the valves over the complete physiological range of cardiac outputs, the stroke volume of the 
piston must be increased. 

The pulse duplicator with the moving valve bases must be adjusted to physiological condi- 
tions. An active atrium at the inflow side of the ventricle may provide a quick emptying of the 
fluid, stored in the atrium, into the ventricle. Mounting the compliant ventricle in the housing 
may improve the pressures and flow. In order to measure the performances of the synthetic 
aortic valves, the aortic flow must be measured directly. 

The tested prototypes must be examined further in-vitro considering several aspects such 
as stent design, leaflet shape and leaflet structure. Numerical simulation can make an impor- 
tant contribution for this. The behaviour of the stentless valves is very promising and further 
examination for the material and fibre structure needs to be done. 
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Appendix A 

Anatomical and physiological aspects of the h m a n  heart 

The human heart pumps the deoxygenated blood, returning from the body, through the 
lungs and sends the reoxygenated blood back to the body. The heart consists of four chambers 
separated by valves (figure A.1). The right side of the heart receives the blood from the body 
and expels it into the pulmonary artery. The left side receives the blood returning from the 
lungs and sends it to the rest of the body. The blood first enters the thin-walled atrium. During 
diastole, the relaxation phase of the heart, the blood flows through the tricuspid valve and 
mitral valve into the ventricles. When the heart muscle starts to contract, the systolic phase 
begins and the pressure in the ventricles increases. This causes the closure of the atrioventricular 
valves (tricuspid and mitral valve) and prevent retrograde blood flow. When the intraventricular 
pressure exceeds the pressure in the body, the pulmonary valve and the aortic valve open and 
the blood is ejected into the arterial system. After systole the pressures in the ventricles drop 
below the pressures in the aorta and pulmonary artery. This causes the aortic and pulmonary 
valve to close. The filling of the ventricles begins again which is facilitated by the atria. The 
atrium behaves as a reservoir and stores the blood when the ventricle is contracting. The stored 
blood in the atrium and the fact that the atrium muscles start contracting just before the 
ventricle muscles, help filling the ventricle more efficiently. More energy and higher pressures 
are required to move the blood through the body tissues (systemic circulation) than through 
the lung cappilaries (pulmonarg circulation). To resist the high pressures the left ventricle wall 
is much thicker than the right ventricle wall. 

The fcur valves - mitra!, tricwpid, aortic and pulmonary - act in response to the pressure 
differences over the valve. Each heartbeat or cardiac cycle is caused by an electrical signal 
generated in the heart muscle. As a result the muscles are activated and begin the contraction. In 
figure A.2 the pressures in the heart chambers and the action of the valves are shown (120 mmHg 
is 16 kPa). Shortly after the beginning of the electrical activation in the atria the contraction 
causes a small increase in atrium pressure (a-top). The electrical signal is conducted by the 
heart muscle and activates the ventricles secondly. With the onset of ventricular contraction, 
the mitral valve closes and the ventricular pressure rises steeply. The aortic valve remains closed 
for a period and the left ventricle contracts isovolumetrically. This lasts for 0.04 to 0.05 seconds 
and ends when the ventricle pressure reaches the aortic pressure. The aortic valve opens and 
the blood is ejected into the aorta. The pressure gradient over the valve is minimal as the valve 
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. offers very little resistance to flow. When the ventricle contraction ends the ventricular pressure 
starts to decrease. The aortic pressure will become slightly higher than the ventricular pressure 
due to the inertia of the moving blood. If the ventricular pressure starts to decrease more: the 
aortic valve closes. An isovolumetric relaxation period follows until the ventricular pressure falls 
below the atrium pressure. The mitral valve opens and the ming start again. The behaviour 
of the right ventricle is similar to the left ventricle but the contraction begins a little earlier 
and ends a little later. The flow profile of the aortic blood flow rises rapidly to a maximum 
and decreases more smoothly. During the closing phase of the aortic valve a small amount of 
backflow through the valve occurs corresponding to a small increase in aortic pressure. 

2o:tic 
valve 

Figure A.l: Anatomy of human heart (Arts, 1978) 

The length of the systole and diastole vary with the heart rate. At a rate of 75 beaislmin 
diastole maintains for 2/3-th of the cardiac cycle. There is considerable individual variation of 
heart function. The average heart rate of healthy human beings from 16 to 56 years old at rest 
is 71 beats/min and varies from 53 to 89 beats/min. The cardiac output, which is the volume 
of blood ejected by each ventricle per minute, is 6.5 l/min within a range of 3.6 to  9.4 l/min. 
i he stroke volume, which is the volume of blood ejectea by each ventricle, is found in the range 
from 53 to 133 ml with an average value of 93 ml. 

m 
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Figure A.2: Pressures- and flows in the human heart (Milnor, 1991). 
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Appendix I3 

Fabrication of synthetic trileañet valves 

St ented prototypes 

The fabrication of the valve prototypes is performed in a winding machine controlled by a 
computer program. A cylindrical shaped steel mould is used to form the leaflets in open po- 
sition. The nylon stent is mounted on the mould in a stent-shaped cavity. The stent and the 
mould are dip coated with the EPDM solution. The thin fllm of EPDM rubber adheres to the 
stent. The dipping process can be repeated until the appropiate thickness is obtained (figure 
B.l). Then the winding procedure is performed and the PE fibres, which are pre-wetted with 
the rubber solution, are put on the rubber in the required structure. This winding procedure 
is controlled by a computer program which prescribes the position and velocity of two motors. 
The ñrst motor is reponsible for the rotation of the stent, the second motor moves the fibre 
positioner with the PE fibres in axial direction (figure B.2). After this, the mould is dipped in 
the rubber solution again to cover the PE fibres with EPDM rubber. Then the mould is put in 
the oven and heated to vulcanize the rubber. After removing the valve from the mould a valve 
with a stress free open state is obtained. 
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steel mould 

Figure B.l: Dipping procedure for fabrication of trileaflet heart valves. 

Figure B.2: Winding procedure for fabrication of fibre reinforced trileaflet heart valves. 
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Stentless prototypes 

The fabrication procedure of the stentless valves with the aortic section can be split up in 
two parts : 

a> fabric&ttioE of the le2flets. 
b) fabrication of the aorta around the leaflets. 
In figure B.3 some parts of this process are shown. The mould used for the stentless valves 

is a cylinder with three sinuses of Valsalva. This mould is dipped in the EPDM rubber solution 
until the appropiate thickness is obtained and a sinus-shaped fibre layout is wrapped around the 
sinuses. The mould is put in the oven to vulcanize the rubber. Some parts of the rubber are 
covered with Teflon tape to prevent those parts from vulcanizing. After this, the Teflon tape 
is removed and a part of the vulcanized rubber is cut away from the mould. The remainder of 
the sinuses form the leaflets. Next part b of the fabrication proces is started. The mould with 
the vulcanized leaflets and unvulcanized part of the aortic wall is dip-coated again. To avoid 
that the leaflets adhere to the new rubber, Teflon tape is put on the leaflets. The aortic wall 
is reinforced with PE fibres. Then the mould is put in the oven and the rest of the rubber is 
vulcanized. After removing the valve from the mould and removing the Teflon tape the stentless 
valves with the beginning of the aorta is obtained. 
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side view mould 

top view mould 

cut rubber away 

l i  

not vulcanized rubber under the Teflon tape 

Figure B.3: Fabrication of stentless trileaflet heart valves with the beginning of the aortic tube. 
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Appendix C 

Muence of the elements in the afterload 

The influence of the different elements in the afterload of the pulse duplicator can be exam- 
ined with the model. The following figures show the aortic pressure as predicted by the model 
for normal and changed situation and the accompanying impedance spectra. The left pressure 
curve shows the aortic pressure in the pulse duplicator as predicted by the model. The right 
pressure curve shows the influence of changing a parameter in the model on the aortic pressure. 
The impedance spectra show the predicted impedances for the normal situation (-. ) and the 
situation with changed parameters (-). 
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Figure C.l: Decreased fluid inertia. 
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Figure C.2: Increased fluid inertia. 
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Figure (2.3: Increased peripheric resistance. 
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Figure C.4: Increased characteristic resistance. 
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Figure C.5: Decreased compliance. 
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Figure C.6: Increased compliance. 
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Appendix D 

Practicd realisation of compliances in pulse duplicator 

The compliance bottles are partly filled with fluid and above this fluid a certain amount of 
air, the compliant part, is present. The compliance of the air above the fluid is derived by Le- 
liveld (1973) [15]. Assuming that compression and expansion of the air is an adiabatic process, 
Poisson’s law can be applied to describe this. Poisson’s law states : 

pVY = constant 

with y the ratio of specific heat capacities defined as 

p = air pressure 
V = air volume 
C,= 
Cv= 

specific heat at constant pressure 
specific heat at constant volume 

For air at room temperature and at a pressure of about 1 atmosphere, the ratio y is 1.4. Keeping 
in mind, that an increase in fluid volume corresponds to a decrease in air volume and an increase 
in air pressure, the following equation can be written : 

with : 
po = mean air pressure 
VO = mean air volume 

Rewriting equation 5.1 leads to : 

AV $7-1) AV 
p0V: = (po + Ap)V: + 2! (vo>, - ....I 

Neglecting the higher order terms yields the following equation 
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Equation 5.1 is applied to deñne the volume of air in the reservoirs, which correspond to the 
required compliances. The internal diameters of the compliance bottles Ca and C in pulse 
duplicator I are respectively 5.2 and 6 cm. The height of the air column in the compliance 
bottles can be calculated with 5.1 and results in respectively 30 and 120 mm. The internal 
diameter of the compliance bottle in pulse duplicator I1 is 6 cm. The height of the air column 
is 70 mm. 
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