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Abstract 

A novel transapical coaptation plate (TCP) device was developed and anchored by 

sutures and apical beam support in the mitral valve to treat functional mitral 

regurgitation. The objective of this study was to test efficacy of the TCP in an in vitro 

model. Two groups of fresh porcine mitral valves were mounted in a left heart simulator 

to simulate functional mitral regurgitation by means of annular dilatation and 

asymmetrical or symmetrical papillary muscle (PM) displacement.  

First study, six polyurethane TCPs in thickness of 6.4(#1), 4.8(#2), 3.2(#3) mm and 

hardness of durometer 30 A (H) and 30 OO(S), were fabricated and labeled as H1, H2, 

H3 and S1, S2, S3, respectively. These TCPs were anchored by the sutures in the mitral 

annulus and left ventricle myocardium apex, and tested with eight valves. Steady 

backward flow leakage in a hydrostatic condition and regurgitant volume in a pulsatile 

flow were measured before and after implantation of the TCPs. Mean regurgitant volume 

fractions in the asymmetric PM displacement were reduced significantly from 59.1 to 

37.2% for H1, 43.2% for H2, 35.9% for S1 and 34.2% for S2 (p<0.021), after 

implantation of the TCPs. No significant reduction in mitral regurgitation was seen for 

H3 and S3 (p>0.067). Mitral regurgitation was mild in the symmetric PM displacement, 

and was not significantly reduced after implantation of the TCPs. In conclusion, the TCP 

anchored by the sutures in the mitral annulus and left ventricle apex functions 

successfully as a plug in the mitral valve leaflet gap. The TCP with thickness equal to or 
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greater than 4.8 mm is effective to reduce functional mitral regurgitation. The TCP 

hardness has no effect on difference in reduction of functional mitral regurgitation.  

Another ten valves were tested by eight plates with different thickness as 6-6-6, and 9-6-9 

mm, two variable widths as 30 and 35mm, and two angles between plate and beam were 

0º and 30º under hydrostatic and hydrodynamic conditions before and after implantation 

of 3D bar TCPs. Mean regurgitant volume fractions in the asymmetric PM displacement 

were reduced significantly from 44.2±4.8% to below 35% after insertion of the 6-6-6 

(31.7±1.7%), 9-6-9 (34.3±1.8%), 6-6-6(W) (23.3±1.7%), 9-6-9(W) (20.8±2.8%), 6-6-

6(A) (30.2±3.4%) 9-6-9(A) (29.2±1.5%), 6-6-6(A, W) (18.5±2.3%) and 9-6-9(A, W) 

(22.3±1.4%), because all p values were less than 0.017. Mitral regurgitation was still mild 

in the symmetric PM displacement, and the reductions were also changed significantly 

from 22.3±3.6% to 22.9±6.4% (6-6-6), 19.9±5.6% (9-6-9), 14.9±2.1% (6-6-6(W)), 

21.2±2.2% (9-6-9(W)), 20.2±2.5% (6-6-6(A)), 20±4.1% (9-6-9(A)), 19.7±1.8% (6-6-6(A, 

W)), and 18.5±2.4% (9-6-9(A, W)) (All p<0.001).  

In conclusion, two types of TCPs were all successful as a plug in the mitral valve leaflet 

gap. The TCP with thickness equal to or greater than 4.8 mm is effective to reduce 

functional mitral regurgitation. The TCP hardness has no effect on difference in reduction 

of functional mitral regurgitation. And the apical forces were in a small range from 1.8 to 

2.3 N. The EOA values were decreased following plate’s the cross-section area 

increasing.  
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Chapter 1  

Introduction 

 

1.1 The cardiac system 

The heart in Fig 1.1.1 is a hollow muscle organ to drive the human body circulation 

system. The function of the heart is pumping blood to the body tissue throughout the 

blood vessels by repeated, rhythmic contractions. The circulatory heart system study is 

important because it is ubiquity for all animals in nature. And healthy is the main theme 

of human beings. 

 

Figure 1.1.1 Diagram of the human heart and its components 
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According to the structure of heart, there are two individual pump systems. Each of them 

has a pulsatile two chamber pumps which consists of upper atrium and lower ventricle 

components. And the right heart pump’s function is pumping the vein blood to the lungs 

and the left pump pumps the arterial blood through the aortic valve to the aorta. As show 

in Fig. 1.1.1, the atrium plays the roles as an entry way for blood to the ventricle, and also 

could supply a weak pump effect for the blood moving into the ventricle. The ventricle 

supplies the strong press that propels blood through either the pulmonary or the 

peripheral circulation [1]. 

These compartments or chambers are connected through the atrio-ventricular (A-V) 

valves which control the blood flow between atrium and ventricle chambers [2]. The A-V 

valves include the mitral valve which is located in left heart and the tricuspid valve is 

right side. And they allow the blood to flow from the atrium to the ventricle during the 

diastolic phase when the heart muscle relaxes and prevents the blood’s backflow from the 

ventricle to the atrium during the systolic phase by myocardium contractions. And the 

blood flow from the arteries is controlled by the semi-lunar valves (the aortic and 

pulmonary valves) located between the arteries and ventricles. The semi-lunar valves 

allow blood flow into the aorta and pulmonary arteries during the systolic phase and 

prevent the blood flowing from arteries back to the ventricles. 

According to the different functions of the right and left sides of the heart, the maximum 

values of pressure are so different. The right side of the heart pumps the oxygen-poor 

blood to the lung system.  So the peak pressure of trans-tricuspid pressure could be low, 

the value only goes up to 40 mmHg gauge [3]. When it comes to the left side of the heart, 

we know, the function is for pumping the oxygen-rich blood into the body circulatory 
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system. So the left side of the heart experiences the much higher trans-mitral pressure 

than the trans-tricuspid pressure in the right side. The maximum value of healthy trans-

mitral pressure is about 120 mmHg. For pathological conditions, this even can be raise up 

to 140-150 mmHg [3]. 

For a healthy adult, the heart pumps approximately 0.73 liters of blood every second. 

This is based on an average value. So if the average heart rate is about 60-80beats per 

minute, the heart circulates approximately 5 liters of blood, once around the body per 

minute [3].  

 

 

1.2 Mitral valve 

From the Fig 1.2.1, we can see, the anatomical structure of the mitral valve is complexity, 

but harmonized. It consists with several components as the annulus, leaflets, chordae 

tendineae, papillary muscles (PM) and underlying left ventricle myocardium show as 

figure from left direction view.  
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Figure 1.2.1 Left heart components include mitral valve, annulus, chordae and papillary muscles 

 

Two PMs which arise from anterolateral and posteromedial section of the left ventricle 

myocardium are connected with the mitral leaflets by the chordae tendineae. And the 

definitions of PMs are anterolateral papillary muscle (APM) and posteromedial papillary 

muscle (PPM). The chordae tendineae originate from tip of PMs and inserts into the 

leaflets and commissure relatively symmetrically. And the bottom of leaflets inserts on 

leaflets on the annulus, which constitutes the anatomical junction between the left 

ventricle and atrium [4, 5]. Anterior annulus adjacent to the aortic valve holds the anterior 

leaflets. The redundant tissue on both the leaflets acts as coaptation surfaces for valve 

closure. The valve design helps to achieve this complex process. The average leaflet 

surface area is two times larger than the area of the mitral orifice. 
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1.2.1 Mitral valve leaflets 

The anatomy of leaflets are varies from different mitral valves. However, most of them 

have the similar structure with each other. One mitral valve always has two leaflets as 

one continuous piece of tissue which connects with mitral annulus in Fig. 1.2.2. The 

larger leaflet adjacent to the aorta is defined as anterior leaflet and another leaflet connect 

with the myocardium at the relative position is the posterior leaflet. And the materials of 

mitral annular are saddle shape muscular ring attach and wrap with the tissue.  The mitral 

valve leaflets circumference borders are formed by the mitral annulus. Because of the 

complicated geometry and varies from valve to valve, so the mitral valve anatomy is 

difficult to define. However, common features are summarized by some separated entire 

leaflet tissues. The free edge of the leaflet tissue shows several indentations of which two 

are regularly placed called the commisures which separate the tissue into the anterior and 

posterior leaflets [6].  The location of the commisures scallops can be identified by the 

fanlike distribution of chordae tendineae and relative positioning of the PM [6]. The 

anterior leaflet has a semilunar shape and its free edge is usually continuous and there are 

seldom indentations on the anterior leaflet. When it comes to posterior leaflet has a 

quadrangular shape and as show in figure. There are two well defined leaflet clefts 

located on the posterior leaflet which separate the posterior leaflet into three parts include 

anterior scallop, middle scallop and posterior scallop. The leaflet between anterior scallop 

of posterior leaflet and anterior leaflet is anterior commissural leaflet and the leaflet 

between posterior scallop of posterior leaflet and anterior leaflet is posterior commissural 

leaflet [4, 7]. Tissue between chordae insertion site on leaflet and tip of leaflet is free 

edge of leaflet and acts as coaptation surface when the mitral valve closed. The combined 
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coaptation surface area of both leaflets is approximately twice the area of the healthy 

mitral orifice, and area of anterior leaflet is larger than the posterior leaflet. During 

normal heart function, this extra surface area permits a large line of coaptation and amply 

coverage of the mitral orifice and provides compensation in pathological cases [6]. If 

there is a large extension of mitral annulus, the area of the orifice has significant increase 

more than twice with its normal condition, the mitral valve leaflet surface could not cover 

the orifice’s area, there would be some gaps appearing along the coapatation line. 

 

Figure 1.2.2 Mitral apparatus. ALPM, Anterolateral papillary muscle; PMPM, posteromedial papillary 

muscle; AoL, aortic leaflet; Ant.Com.L., anterior commissural leaflet; Post.Com.L., posterior commissural 

leaflet; Ant.Scal., anterior scallop; Mid.Scal., 

 

1.2.2 Mitral annulus 

The mitral annulus connect with the leaflets would balance the force to the blood pressure 

on leaflet surface and the tension from chordea teninae. The geometry of mitral annulus 

looks like an elliptical ring is “D” shape from atrium view which composed of dense 
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collagenous tissue surrounded by muscle as shown in Fig 1.2.3 [6]. And both left 

ventricle and atrium anatomical junction with the mitral annulus which show in fig 

(Mitral valve annulus). We can see the mitral leaflet tissue inserts the annulus. Anterior 

leaflet connects with the “D” straight line part of annulus. And the anterior and posterior 

portions are divided by two fibrous cartilaginous tissue trigones locate at the corners of 

“D” on the annulus. According to the recent studies, the measurement of annular shape 

has also shown that the mitral annulus is not planar, but instead has a three-dimensional 

geometry. The annulus actually forms as an elastic saddle shape, or ski-slope shape 

which always changes by its geometry, size and location during the cardiac cycle. And 

the range of mitral annulus circumference change is from 8 to 12 cm during diastole [6]. 

This three-dimensional shape affects the coaptation of leaflet during systolic phase and is 

affected by processes such as annular dilatation and calcification. Hence, it is important 

to take it into account during in-vitro research that evaluates valvular function.  

 

 

                                             Figure 1.2.3 Mitral annulus “D” shape geometry 
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1.2.3 Papillary muscle 

There are two papillary muscles shown as Fig. 1.2.4 which defined with positions of the 

myocardium wall as anterolateral and posteromedial papillary muscles location in the left 

ventricle. The papillary muscles arise from left ventricular wall, connecting with the 

mitral leaflet by the chordae tendineae. Some chordae also insert into the left ventricular 

wall, which makes the distribution of chordae tendineae more complicate. From the 

figure, most time we can simplify the mitral valve leaflet all is tethered by chordaes and 

papillary muscles, and the basic function is for preventing the blood flow back into the 

left atrium during systole. Since the papillary muscles and chordae tendineae suffer the 

high pressure in the left ventricle, chordae elongation or papillary muscle rupture may 

happen. Then improper tethering of the leaflets will result in valve prolapsed during 

systole, permitting the valve leaflets to extend into the atrium. This incomplete apposition 

of the valve leaflets can cause regurgitation, which is leaking of the blood being ejected 

back into the atrium [6]. 

 

                                                        Figure 1.2.4 Mitral valve papillary 

 

Posteromedial 

Papillary 

muscle 
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Papillary 

muscle 



Texas Tech University, Kailiang Zhang, December 2018 

 

9 

The papillary muscle blood is supplied by the circumflex or coronary artery. The single 

system of blood supply makes the papillary muscle prone to injury from myocardial 

infarction. Due to the myocardial infarction, the papillary muscle may become calcified 

and displace from original place to the apex of the left ventricle. As a result, the choardae 

tendineae is tensioned and leaflet motion is restricted. If the mitral leaflet failed to contact 

each other to form a complete closure, mitral regurgitation happens. 

1.2.4 Chordae tendineae 

Chordae tendineae arises from the tip of papillary muscles and inserts into the mitral 

leaflet or the mitral annulus shown as Fig.1.2.5. 

 

                                      Figure 1.2.5 Mitral valve chordae tendineae distribution 

 

Chordae tendineae is classified according to their papillary origin and leaflet insertion 

[8]. The chordas are divided into three types: 

Marginal chordae (primary chordae) are those that arise from the papillary muscles and 

insert into the free margin of the leaflets. The function of marginal is to prevent the 

margin of leaflet prolapsing into the atrium. 
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Intermediate chordae (secondary chordae) are those that arise from the papillary muscles 

and insert into the ventricular surface of the leaflets. The function of intermediate chordae 

was ignored before. However, they may be important in preserving ventricular shape and 

function from recent research [9, 10]. 

Basal chordae (tertiary chordae) are those that arise from the papillary muscles and insert 

into the leaflet base and mitral annulus. Basal chordae is limited to the posterior leaflet. 

Basal chordae is important for left ventricle function because it is the connection of 

annulus and papillary muscle. The ventricle shape is affected by basal chordae [11]. 

 

1.3 The mitral valve fluid dynamics 

What’s the Mitral valve’s function? The simple answer is to prevent the blood flow back 

to the atrium during the systole phase and allow the blood flow into the left ventricle 

during the diastole phase as piston in heart beat cycle. During the systole, the transmitral 

pressure act on the leaflets and anther pulling force from chordae which connect with 

papillary muscles make the balance with the transmitral pressure from left ventricle to 

left atrium. With the force balance, the leaflets would touch with each other and form a 

fully closure to prevent the blood flow. When the heart begins to relax and the transmitral 

pressure change from the left atrium to the left ventricle, the mitral valve begins to open 

and the blood would flow from the left atrium to the left ventricle. With the transmitral 

pressure from atrium to ventricle, the blood accelerates and the mitral velocity flow curve 

shows a peak in the flow curve, called the E-wave, which occurs during the early 

diastole. Normal peak E-wave velocities in healthy individuals range from 50 to 80 cm/s 
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[6, 12, 13]. When the active relaxation of the ventricle finishes, the blood begins to 

decelerate and the mitral valve close partially. In the late diastole, the atrium contracts 

and the blood accelerates again to reach a second peak, called the A-wave. The atrium 

contraction plays an important role in additional filling of the ventricle during late 

diastole. In healthy individuals, velocities during the A-wave are typically lower than 

those of the E-wave, with a normal E/A velocity ratio ranging from 1.5 to 1.7 [6, 13]. 

Therefore, there are two distinct peaks in the flow curve during diastole and there should 

be no back flow between two peaks for a normal valve. 

We also can explain that by the in-vitro experiment. The vortices generate by the 

ventricle filling which is important for the mitral valve partial closure after early diastole. 

Without the strong outflow tract vortices, the valve would remain open before ventricular 

contraction and result in significant mitral regurgitation before complete closure. 

However other in-vitro experiment showed that there is adverse pressure differential in 

mid-diastole, which plays a leading role in the valve closure progress [14]. In-vivo 

experiment shows chordae tensions also contribute to the valve closure and is a necessary 

condition for the flow deceleration and ventricular vortices [15]. The competent valve 

closure can occur even in the absence of vortices and flow deceleration [15]. Recent 

magnetic resonance imaging study on the mitral valve humodynamics did show a large 

anterior vortex in normal individuals at partial closure of the valve [16]. 
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1.4 Mitral valve mechanics 

As we know, the mitral valve mechanics is complicated, and there is less sense of the 

knowledge is deficient due to inadequate studies. The leaflets, chordae, PMs, annulus are 

harmonized to preserve the dynamic nature of the valve structure [17, 18, 19]. 

Actually, the normal function of the mitral valve is based on all the components of mitral 

apparatus, transmitral pressure and the interaction of atrium and ventricle. And the leaflet 

coapatation is caused by the pressure between atrium and ventricle. But, all these 

components are change under the loading condition because of the dynamic structure of 

the mitral valve [18]. And the chordae force distribution also base on the position of the 

papillary muscles. Papillary muscle displacement would increase the tension on 

intermediate chordaes and regurgitation volume [20]. For example, in-vivo study has 

reported the curvature orientations on the anterior mitral leaflet suggest optimal left 

ventricular inflow and outflow shapes of anterior mitral leaflet and should be preserved 

during catheter or surgical interventions [21]. 

 

1.5 Mitral valve leaflet mechanics 

Mitral valve is used for preventing the blood flow back and blocking the mitral orifice 

during systole. And the mechanical behavior of the mitral valve leaflet is also important. 

Histological studies have shown that the tissue is composed of three layers which can be 

identified by differences in cellularity and collagen density [6]. The total and fibrosa 

layer thicknesses of the anterior leaflet are significant thicker than in the posterior leaflet 

[22]. Mechanical engineering analysis of the anterior leaflet would be able to support 
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greater tensile loads than the posterior leaflet [22]. The differences between the 

mechanical properties between the two leaflets may require different material selection 

for repair or replacement of the individual leaflets [6, 22, 23]. 

The curvature of leaflet is accepted as an important mechanism that reduces stress on the 

leaflet [24]. The curvature orientations on the anterior mitral leaflet suggest optimal left 

ventricular inflow and outflow shapes of anterior mitral leaflet and should be preserved 

during catheter or surgical interventions [21]. However, the curvature of leaflet changes 

with the alteration of the shape of leaflet. Papillary displacement, annular dilation, chodae 

elongation and so many heart diseases that remodel the ventricle and mitral valve 

apparatus geometry will alter the curvature. Computational studies have shown that the 

saddle shape of the mitral annulus confers a mechanical advantage to the leaflets by 

adding curvature [25]. It is important when the leaflet curvature is reduced. Another 

interesting finding is the leaflets are possibly neutrally controlled tissues, with potentially 

adaptive capabilities to meet the changing physiological demands on the heart [26]. The 

leaflets should not be considered only as passive flaps but active tissues whose complex 

function and dysfunction must be taken into account when considering not only 

therapeutic approaches to MV disease, but even the definitions of MV disease itself [26]. 

 

1.6 Chordae tendineae mechanics 

For the chordae tendineae mechanics, the tension is usually as a direct trelation with the 

mitral valve, papillary muscle and other components. The force stably balanced between 

the chordae tendineae and the leaflets under the largest transmitral pressure during the 
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systolic phase [27]. However, there is also report that compound curvature along the 

anterior mitral valve leaflet central-meridian appears to be intrinsic leaflet property that 

persists even without support from second order chordae, whereas concave curvature in 

the commissure-commissure axis is more dependent on intact second-order chordae [10].  

If cutting the second-order chords to change the geometry of left ventricle, remodeled the 

myocardium between papillary muscles, perturbed local systolic strain patterns affecting 

micro-torsion and wall-thickening, and caused global systolic dysfunction, demonstrating 

the importance of these chordae for left ventricle structure and function [9]. So the 

function of the second-order chordae is maintaining the leaflet geometry must be hold 

during mitral valve repair [9, 10]. And the basal chordae also affect the shape of the 

ventricle which provides a constant connection between the annulus and papillary 

muscles, while marginal chordae maintain marginal leaflet flexibility, governing proper 

valve closure [11]. 

 

1.7 Mitral valve annular mechanics 

We know that the mitral valve annular is flexible flat ring but a three-dimensional 

dynamic structure in the cardiac cycle. Using the real-time three-dimensional 

echocardiography, we could build the 3D geometry of mitral annulus [28]. And the 3D 

shape of the mitral annulus is defined as saddle shape. Because of the motion of the heart 

during the diastole and systole, the annulus is always changed. The circumference and 

area are always couldn’t be stable, always increase and decrease during the cycle. The 

mean reduction in area was 26±3% and the mean reduction in circumference was 13±3% 

[5]. The reduction in circumference and area result in a smaller orifice area for leaflet to 
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cover. And the annulus also shift towards atrium during diastole and this movement is 

considered helpful to the ventricular filling [6]. 

By the references, the heart valve disease would influence the geometry of the mitral 

annulus. The mitral annular motion and dilation are asymmetric in the ischemic mitral 

regurgitation and symmetric in dilated cardiomyopathy [29]. 

 

1.8 Papillary muscle mechanics 

During systolic phase, the leaflets are tethered to prevent back flow from prolapsing by 

the chordae and papillary muscle. So the leaflet force is transmitted by chordate and 

balance with papillary muscle. The distance between papillary muscle tips and mitral 

valve annulus is never changed during cardiac cycle, whatever the ventricle and mitral 

valve change shape. In classic mitral valve prolapsed, superior leaflet displacement is 

paralleled by superior displacement of the papillary muscle that is consistent with 

superiorly directed force causing their traction [30]. 

 

1.9 Mitral valve pathology 

Because of the function of mitral valve is to control the blood flow during the systolic 

and diastolic phase. The mitral valve opens to allow the blood flow into ventricle from 

atrium during diastole, and close to prevent the blood back flow into atrium from 

ventricle during systole. So, basing on the mitral valve function, the pathology of mitral 

valve could be set into two kinds. 
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The first group is related with closure of mitral valve and is what we are most interested 

in. If the mitral valve fails to close completely during systole, some blood flow back to 

the left atrium due to the much higher pressure in the left ventricle. The manifestation of 

this back flow is generally fluid jet. This back flow is called mitral valve regurgitation 

(MR). If MR happens with every component normal, it is known as functional mitral 

regurgitation (FMR) 

The second group is related with the opening of mitral valve. If the mitral valve fails to 

open completely during diastole, blood flow is obstructed to flow into the left ventricle. 

The obstruction is called mitral valve stenosis (MS). 

Both of these two groups result in decreased blood transfer to the aorta and the body 

experience deficiency in oxygen supply to the tissue. These conditions increase the 

workload of the heart and are very serious condition. These conditions may result in 

debilitating symptoms, congestive heart failure and irreversible heart damage without 

proper treatment. 

 

1.10 Mitral regurgitation 

Important causes of systolic mitral regurgitation include ischemic heart disease with 

ischemic mitral regurgitation, dilated cardiomyopathy, myomatous degeneration, 

rheumatic valve disease, mitral annular calcification, infective endocarditis, congenital 

anomalies, endocardial fibrosis, and collagen-vascular disorders [31]. 

The regurgitation happens due to the incomplete closure of leaflets. Actually abnormality 

of each component of the mitral valve may result in the incomplete closure of leaflets 
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such as leaflet retraction from fibrosis and calcification, annular dilatation, chordal 

abnormalities (rupture, elongation or shortening) and left ventricle dysfunction with or 

without papillary muscle involvement [31]. Three main pathoanatomic types based on 

leaflet and chordal motion are classified by Carpentier [32]. As shown in figure (leaflet 

closure), type 1 indicates the normal leaflet motion; type 2 indicate leaflet prolapse or 

excessive motion; type 3 indicates restricted leaflet motion. 

 

Figure 1.10.1 Carpentier’s physiopatholigical classification. Diagrammatic representation. Drawings present 

a mitral valve apparatus with the mural leaflet (left), the anterior leaflet (right), two papillary muscles, and 

the chordae. Dotted lines represent the closure of the leaflets between opening and closing positions 

 

 

1.10.1 Functional and ischemic mitral regurgitation 

Function mitral regurgitation is resulted by the incomplete mitral leaflet coaptation. There 

are two major causes of this disease: ischemia and dilated left ventricle. FMR occurs in 

40% of patients with heart failure owing to dilated cardiomyopathy [31]. Similar degrees 

of left ventricle systolic dysfunction and dilatation also may be associated with long-

standing mitral regurgitation as consequence of chronic left ventricle volume overload 
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[31]. By definition, in the function mitral regurgitation, every component is normal. The 

regurgitation is resulted by one or both of two major valve alterations: annular dilatation 

due to the left ventricle dilatation and the papillary muscle displacement due to the left 

ventricular remodeling. 

However, recent research has shown mitral valves in congestive heart failure are 

biochemically different from normal, with extracelluar matrix changes that are influenced 

by the altered cardiac dimensions [33]. And mitral valves also have significantly altered 

mechanics that suggest that the tissue is permanently distended and fibrotic and might be 

unable to stretch sufficiently to cover the valve orifice [34]. These results suggest that 

mitral regurgitation in patients with congestive heart failure might not be purely function 

and these mitral valves should not be considered normal [33, 34]. 

Ischemic mitral regurgitation (IMR) is a subset of function mitral regurgitation. It is 

resulted by one or several causes of left ventricle dysfunction and remodeling, papillary 

muscle displacement, mitral annular dilatation and restricted leaflet motion. The leaflets 

are tethered and tented so as to fail to cover the mitral orifice completely as shown in 

figure (figure of ischemic valve). Ischemic mitral regurgitation is an important 

pathological process caused by partial or complete obstruction of one or more coronary 

arteries, which results from remodeling of ischemic left ventricle and results in 

displacement of PMs, annulus dilation and tenting of leaflets [35, 36]. Leaflet area may 

also increase, but fail to compensate adequately for tethering to prevent mitral 

regurgitation [37,38]. The pathology alterations of any component of complicated mitral 

valve structure will affect the force balance on the mitral valve and alter mitral valve 

function [39]. As a common disease, about 2.8 or even 5 million patients in the United 
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States suffers from degenerative MV [40, 41]. Ischemic mitral regurgitation (IMR) is a 

deadly disease and increases mortality even when mild and reduces survival. By the time 

course of clinical presentation, the IMR has been classified into two groups: acute 

ischemic mitral regurgitation and chronic ischemic mitral regurgitation. 

 

Figure 1.10.2 Mechanism of functional mitral regurgitation (MR). AO = aorta; LA = left atrium; LV = left 

ventricle 

 

Acute IMR occurs in the immediate postinfarction period and patients are often in 

hemodynamic distress [31]. Papillary muscle rupture is a rare cause of acute IMR. The 

papillary muscle rupture results in slackness on the chordae during systole. As a result, 

the mitral valve leaflets prolapse during systole and cause severe acute IMR. Besides 

acute IMR often occurs with subtle changes in the mitral valve apparatus in the absence 

of leaflet prolapsed [31]. The acute IMR is a result of complex interaction of small 

changes in the mitral valvular complex and not merely simple annular dilatation [31]. 
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Chronic IMR is caused by a long-term left ventricular remodeling. The manifestations are 

papillary muscle displacement, annular dilatation and chordae restriction of leaflet 

motion. The related research has shown chronic IMR involves larger changes than acute 

IMR that cause moderate annular dilatation and complex leaflet tethering along the 

anterior and midleaflet coaptation line [31]. It is a process resulting from complex 

geometric alteration of the mitral valve apparatus as a result of ischemic left ventricular 

remodeling [31]. 

 

1.11 Mitral valve repair techniques 

Mitral valve repair was first introduced by Sir Thomas Lauder Brunton, a Scottish 

physician, in 1902 and performed by Elliot cutler in Boston in 1923 [31]. After about one 

century development, mitral valve repair technique has been proved effective than mitral 

valve replacement with most mitral valve related disease [45, 46]. Mitral valve repair 

improves outcome compared with valve replacement and reduces mortality of patient. 

Current surgical treatments include annuloplasty, repositioning of papillary muscles, 

chordal and leaflet manipulation, which are all based on MV coaptation mechanism of 

the leaflet contact and alignment. Implantation of annuloplasty rings is the most common 

treatment [42, 43].  

 

1.11.1 Coapatation plates 

A new mitral valve repair concept, coaptation plate (CP), was proposed to treat mitral 

regurgitation.  
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Most of the ischmic regurgitation treatment methods of implanted repair such as 

annuloplasty, mechanical and biological MV are trough thoracotomy. But open chest 

always has serious damage to human body, and with obvious surgical risk. This cause 50 

percent patients have regurgitation recrudescence after 5 years. The advantage of the 

novel CP is all surgical procedure are by way of minimally invasive surgery to 

significantly reduce risk comparing with traditional thoracotomy.  Another minimally 

invasive surgical MV repair technique is mitral clip as Fig.1.11.1 through catheter from 

femoral vein. The reduction of regurgitation though clipping two mid edges of anterior 

and posterior leaflets. But this installation is easily lead to residue reflux comparing with 

CP. 

 

                                                  Figure 1.11.1 The installation of MitrClip 

 

So, the objective of this study was to test efficacy of the CP in an in-vitro model of 

ischemic mitral regurgitation. We did lots groups of pilot experiments for selecting of 

thickness of plate, detection of materials’ modulus and installation of coapatation plate to 
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optimize the design. According to former experiences of coapataion line, we did many 

works to find the insertion position and plate angel with annulus flatness. 

Therefore, we modified the previous coaptation plate technique by eliminating the 

annuloplasty ring and designed a transapical coaptation plate (TCP) which can be 

delivered via a transapical route. Fig 1.11.2 shows a schematic of a delivery method of 

the TCP in the current study. The TCP could be anchored by sutures and hooks, coils or 

screws in the annulus and left ventricle apex without need of annuloplastyring. TCP can 

also be developed into a transcatheter solution which is similar with the Mitra-Spacer 

system (Cardiosolutions Inc.Stoughton, MA).  

 

Figure 1.11.2 (a) TCP design; (b) A catheter is used to deliver annulus hooks with sutures in the mitral 

annulus. TCP is rolled and compressed into a catheter and delivered into the left ventricle; (c) TCP is 

positioned in the mitral valve orifice and left ventricle. Lengths of the apical and atrial suture are adjusted 

and anchored. 
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Comparing with floating CP above, another design of CP for testing was developed to 

reduce the influent by angle between blood flow direction and myocardium apex fixing 

position. Plate with non-linear thickness insert between left atrium and ventricle. And 

plate connect to myocardium apex with stiffness bar. 

The Fig 1.11.3. shows the detail components of the TCP. The infusion plate includes 

airbag support frame, plate airbag, support beam, check valve, and infusion tube. All 

these plate’s system connects to myocardium apex by support beam and fixed system 

which consisted with fixing plug, position axis set, apical clip, and catheter plug. 

  

Figure 1.11.3 Details segments of infusion TCP design. And adjustable angle range between support beam 

and plate bag. 

 

The minimal invasion surgical procedure includes several steps. First, we need to open a 

small incision at left chest myocardium apex portion of patient and make an apical purse 

surgery.  Then All invasion plate parts’ compressions, position axis set, and closure plate 
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bar need to assemble into a tiny puncture catheter as Fig 1.11.4. The apical clip and clip 

bar would set outside of the catheter. And deliver catheter to myocardium apex through 

chest incision, then into left ventricle through apical hole. Push apical clip to apical hole 

position by clip bar and fix it at myocardium apex.  Then take the clip bar out of body. 

    

                                        Figure 1.11.3 Details segments of puncture catheter. 

 

Adjusting the catheter and closure plate bar positions. Pushing the compressed plate 

airbag out of puncture catheter. Adjusting the position axis set connect to ventricle side of 

apical clip, and then taking the puncture catheter out of body. Screwing the fixing plug at 

lower end of apical clip to fix the plate support beam. 
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Inserting plate filler materials as gas or epoxy trough infusion tube to shape the plate. The 

function of check valve is blocking filler materials flow out from plate. Taking the 

infusion tube out or shearing it at fixing plug position, and installing the catheter plug on 

position axis set screw to clog and fix the end of tube. Last step is suturing the left chest 

incision to complete the minimally incision surgery. 
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Chapter 2  

Objective and Hypothesis 

 

2.1 Objectives 

1. Prove repairing efficacy of the two different installation mode TCPs with 

functional mitral regurgitation in an in vitro model. 

2. Find out the influence of TCPs’ hardness and thickness with closing, leakage and 

regurgitation volume in systolic phase. 

3. Assess the optimization of the TCPs design according to the apex force and 

effective orifice area results. 

 

2.2 Hypothesis 

2.2.1 The simulation would be under the similar controlled situation 

Hypothesis: The mean flow rates and tranmitral pressure values are approximately equal 

with each other in different PM controlled conditions, which include the normal PM 

position, asymmetrical PM displacement (AP), asymmetrical PM displacement with 

TCPs, symmetrical PM displacement (SP), and symmetrical PM displacement with 

TCPs. It’s the baseline setting for all group experiments’ comparisons. 
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2.2.2 To evaluate the effect of TCPs for preventing the Ischemia regurgitation from 

mitral leaflet closure 

Hypothesis: The coapatation plates could decrease Leakage volume when the mitral 

valve is under Ischemia disease condition. The coapatation plates could plug into the 

coapatation line by leaflets contact to fix gaps distribute along in abnormal mitral valve 

condition.  

2.2.3 To evaluate the effect of PM shifting on leaflet coaptation mechanism 

Hypothesis: Incomplete closure which causes the gap leakage between opposing leaflets 

is mainly caused by the three direction displacements of PM. In the leaflet closure 

process, two kinds of coaptation mechanism would be happened. One is the opposing 

leaflet coaptation mechanism such as coaptation between anterior and posterior leaflets. 

Because of the anterior and posterior leaflets structure, relative medial or lateral 

displacement may not result in incomplete closure. However the relative anterior or 

posterior displacement may be the main contributing factor of incomplete closure 

between anterior and posterior leaflets. Tracking relative displacements of opposing 

points on anterior and posterior leaflet free edges will be done to prove the hypothesis. 

 

2.2.4 The TCPs could not repair the mitral valve leakage between commisure and 

posterior leaflet 

Hypothesis: Ensure that there are any clefts between the commisure and posterior leaflet. 

By observing the copatation line structure, the plates are stay small arc geometry to fix 

the copapation line for repairing the gaps, however, could not bend to block the blood 

flow of cleft gap. 
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Hypothesis: Inconsistent closure between adjacent leaflets is mainly caused by lateral 

displacement of PMs. The other kind of coaptaiton mechanism is adjacent leaflets 

coaptation mechanism such as coaptation between anterior and middle scallops of 

posterior leaflet. Because of structure of anterior and middle scallops of posterior leaflet, 

relative anterior or posterior displacement may not result in incomplete closure. 

However, the relative medial or lateral displacement may be the main contributing factor 

of incomplete closure between these scallops. Tracking relative displacements of specific 

points on adjacent leaflet free edges will be done to prove the hypothesis 

2.2.5 To evaluate the comparison between Dynamic and static experiments’ flowrate 

data 

Hypothesis: There is a linear relationship between static leakage and leakage volume in 

the dynamic experiment. That means the dynamic experiment data could objectively 

reflex the change of the influent of the coapatation plate for the ischemic mitral valve 

repairing. 
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Chapter 3  

Methodology 

 

3.1 Stretch measurement of anterior leaflet with different suture length 

3.1.1 Mitral valve selection and dissection 

Fresh porcine hearts with whole similar size and weight were obtained from the local 

slaughterhouses and transported to the lab under ice-cold conditions by insulation box. 

The mitral valve was collected and dissected from one of these hearts, choosing the 

annular size were M34 (Edwards Lifescience LLC, Irvine, CA, USA), with the area of 7 

𝑐𝑚2 as show in Fig. 3.1.1, and keeping sub-valvular apparatus intact. 

Mitral valve with intact papillary muscles, chordae tendineae, leaflets and annulus were 

dissected out as shown in Fig 3.1.2 (mitral valve after cutting). Experiments were 

finished within 24 hours and mitral valves were kept in 0.9% mass weight saline to keep 

no mechanism change before experiment. 

 

                            Figure 3.1.1 Edward ring                          Figure 3.1.2 Mitral valve dissection 
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And the mitral valve choosing also which referring another requirement* is there is no 

clefts between posterior and commissure leaflet. As shown in Fig 3.1.3, leaflet free edge 

indention with the height difference between top and bottom greater than 3mm and height 

difference between bottom and annulus smaller than 15 mm, was defined as leaflet cleft. 

 

                                                         Figure 3.1.3 Valve cleft definition 

 

Mitral valve left always lead serious backflow under ischemia during systolic phase. Our 

device only could block the leakage flow which cause by gap alone coaptation line when 

mitral valve fully close, however, couldn’t fix the regurgitation from the gap located at 

valve left position. That’s the reason why I rejected the mitral valves with cleft. 

3.1.2 Mitral valve apparatus 

For this study, the valve was mounted on a “D” shaped plastic annulus board, and would 

be installed into Texas Tech left-heart simulator flow loop of Cardiovascular Mechanical 

Lab showed as Fig 3.1.4, which had been developed for mitral valve hydrostatic and 
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hydrodynamic experiments for heart mechanism study under systolic and diastolic heart 

beat phase. 

 

                                                           Figure 3.1.4 Left-heart simulator 

 

When it come to the procedure of mitral valve mount method, we can find that anterior 

side of mitral valve annulus tissue was sutured on the straight line of “D” shape annulus 

board. The annulus board was made by plastic materials and the annular mounted 

geometry and size follow the standard of Edward ring sizer 34.  

The suture processes follow the steps as Fig. 3.1.5. First, the middle point between right 

and left trigones was sutured on the center position of the straight line of “D” show as 

point 1. Then the annulus region between trigones was flattened, and put on the annulus 

board without tension and sutured as arrow direction by step 2. The suture fixed the 
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muscle and leaflet red-white line of annulus on the inner circle of the “D” shape annulus 

board.  

Second suture the point on the annulus along the radial direction on the centre point of 

curve segment of “D” on the posterior leaflet show as point 3. The point 3 chosen should 

follow the total leaflets distance from sutured point to the free edge of leaflet between 

point 1 and 3 is equal to 45mm which is the maximum length between anterior and 

posterior annulus. After the middle point was fixed, the posterior annulus was divided 

into two parts. The red-white line of two segments annulus was sutured on the inner 

circle of “D”. The anterior annulus suture is under low tension, and posterior side is 

under heavy tension because the distribution of posterior annulus is larger than anterior 

side. 

 

                                            Figure 3.1.5 Mitral valve suture and annulus board 
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3.1.3 Papillary muscle position apparatus 

Papillary muscles were wrapped by linen cloth and tied by metallic ring clips, attached on 

two spiral metal holders show as Fig. 3.1.6. And the other sides of two holders were 

installed on grooves of the stainless steel 3-D adjustable beams. Two beams were 

connected to the long spiral metallic sticks respectively which were fixed on the plastic 

annulus board. 

 

                                                               Figure 3.1.6 PM installation  

 

The total length of PM was approximate 25mm and the length from tied site to PM tip 

was about 15mm. The two holders were could be adjusted in three directions motion by 

modifying the position on stainless steel beams. Papillary muscles were aligned with the 

commissural sections of the annulus and adjusted apically until no slack or apparent 

tension was present in the chordae tendineae [44]. This position was simulated as heath 

mitral valve and defined as basic PM position which is the basement for abnormal PM 

condition adjustment. 

 

Anterolateral Posteromedial 
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3.2 Physiological Mitral valve conditions 

3.2.1 Ischemic dilated annulus board 

In this research, the Ischemic dilation annulus board would be used for remodeling the 

annular geometry and size of mitral valve to simulate the Ischemic heart disease. 

According to the size and shape of normal M34 mitral valve study, the commissural 

horizontal distance of the dilated mitral valve annulus which show as Fig. 3.2.1, was 

extend by 15%, about 45mm, and the septal-lateral distance by 60% elongation to 40mm. 

The annulus area would increase about 80%. And the middle point of posterior side of 

annular shift to posterior direction about 5 mm, the geometry of annulus is not 

symmetrical. The extension of annulus of posterior segment is larger than the anterior 

side. 

 

                        Figure 3.2.1 Dilated Mitral valve annulus board and compare with normal 

 

The dilated annulus shape of mitral annular is not at same level along edge of leaflets. If 

we viewed from ventricle side and defined the centers of anterial and posterial leaflets 

Normal 
Dilated 



Texas Tech University, Kailiang Zhang, December 2018 

 

35 

annulus are origin levels, the annulus positions of anterolaterial and posteromedial at two 

commissare are higher about 5mm than origin level. 

 

3.2.2 Ischemic papillary muscle positions 

The normal PM position was set as the commissural sections of the annulus and adjusted 

apically until no slack or apparent tension was present in the chordae tendineae which 

already introduced above [44]. Next then that, there are two kinds of the PM shifting 

conditions were designed for the ischemic disease research. The shifting directions were 

defined following x-axis (Medial, Lateral), y-axis (Posterial), z-axis (Apical) show as 

Fig. 3.2.2.  

 

                              Figure 3.2.2 3-D adjustable PM holders and coordination definition 

 

The excised mitral valve was sutured onto the silicone annulus of dilated annulus board 

and the papillary muscle holders fixed on the acrylic plate that allowed displacement of 

the papillary muscles in all three dimensions by the stainless beams. 
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Comparing with normal posterlamedial PM position show as Fig. 3.2.3, for the 

asymmetrical PM displacement condition show by Fig. 3.2.4, the PM would be shifted in 

posterial direction about 15 mm, and apical 5-8 mm. The Medial direction shift is based 

on the stable leakage volume. The stable leakage volume which test in static experiment 

later should be controlled between 7 L/min to 11 L/min. And this mitral regurgitation 

value is between moderate and severe by the clinical grading of severity. 

         

            Figure 3.2.3 Norma PM          Figure 3.2.4 Asymmetrical PM       Figure 3.2.5 Symmetrical PM  

 

When it comes to symmetrical PM shifting definition in Fig 3.2.5, the anterolateral PM 

would have the symmetrical value shifting with posteromedial PM from the normal PM 

position. 

To sum up, after the annulus remodeling and the setting of the PMs by the board devices 

above, the simulation of Ischemic heart disease condition was set up. 
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3.3 Experiment set-up 

3.3.1 Left ventricle simulator 

The in-vitro left heart simulator has been built for the left heart research under static and 

dynamic situations adjustment. 

In Fig. 3.3.1, the main componentry of left-heart simulator consists left atrium and 

ventricle chambers, and a pulmonary reservoir. And the compliance was located between 

pulmonary reservoir and tilting-disc check heart valve. The function of pulmonary 

reservoir in this flow loop is supply pressure to valve position of atrium chamber by 

controlling saline surface level when the valve fully close at mid systolic phase under 

dynamic test. Another a yellow rubber pipe is used as compliance between flow meter 

and reservoir to simulate mechanism of lunge pressure. 

 

                Figure 3.3.1 The cardiopulmonary system 

 

Reservoir 

Compliance 

Atriu

m 

Ventricle 

Annulus board 
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The details of two connected plastic chambers were showed as Fig. 3.3.2 which simulated 

the left atrium and left ventricle. There are six stainless screws which for connecting 

these two chambers. And rubber plate which was tightly bonded between the chambers as 

black ring part to makes sure that there is no leakage between the connection positions 

under differential pressure. There were two brass air valves were used to adjust the air 

volume and pressure in each chamber for modifying the curves of deferential pressure 

and flow rate as physical conditions during the experiment. 

 

                                          Figure 3.3.2 The left atrium and ventricle chambers 

 

And the ischemic dilated annulus board would be installed between these two chambers 

by another four stainless screws. It would be fixed on the black rubber area outside 

ventricle chamber. The mitral valve sutured on silicon annulus which glued on an acrylic 

plastic plate was installed between the left atrium and left ventricle chambers.  

A mechanical tilting-disc check heart valve was located at the exit to reservoir position of 

left ventricle chamber showed as Fig. 3.3.3. It opened to allow the saline flow to the 

Ischemic dilated 

annulus board 
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pulmonary reservoir during the systolic phase and close to prevent the back flow during 

the diastolic phase. The tilting-disc check heart valve is to simulate the aortic valve 

function in heart. 

 

                                           Figure 3.3.3 Mechanical tilting-disc check heart valve 

 

And an overflow reservoir showed as Fig. 3.3.4 which maintained a constant head of 

120mmHg was connected to the left ventricle by pipe to supply the physical peak value 

pressure similar with normal human heart. The vertical height between the water level of 

reservoir and middle level of left ventricle chamber was about 1.64m. Under static 

experiment, the left atrium chamber was open to the atmosphere. So that the hydrostatic 

deferential pressure between left atrium and ventricle chambers was 120 mmHg when I 

pump saline from large bottom reservoir. 
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                                                     Figure 3.3.4 Overflow reservoir system 

 

The function of pulsatile membrane pump showed as Fig. 3.3.5 which connected to the 

left ventricle is to generate pulsatile fluid flow through the total system under dynamic 

experiment.  It was compressed air-driven pump capable of generating various time-

varying pressure waveforms by controlling the volume of compressed air that squeezed 

the membrane. 

In the present system, a circuit of solenoid valve was used which was connected to a 

micro-controller to achieve a physiological pressure waveform with a system duty cycle 

which was 0.667, and the heart rate was 70 which means the total cycle time of 857ms 

per beat. This is the average value of physiological human heart beat rate. 
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                                                       Figure 3.3.5 Pulsatile membrane pump 

 

The pulmonary reservoir which connects to the atrium chamber was to adjust the trans-

mitral pressure with pulsatile membrane pump between atrium and ventricle chambers. 

From Fig. 3.3.6, we can see that the outflow through the mechanical aortic valve was 

drained into the pulmonary reservoir through rubber pipes.  

 

                                              Figure 3.3.6 Pulmonary reservoir and compliance 
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The compliance chamber located between left ventricle and pulmonary reservoir is used 

to simulate the compliance, or stretching action, of blood veins during systole.  It also 

generates the physiological near constant flow into the pulmonary reservoir. Hence, a 

closed flow loop circulation consist reservoir, chambers, compliance and pump were built 

for dynamic experiment. 

There were several adjustable compliances and mechanical resistances were installed into 

this flow loop for obtaining physiological pressure and flow rate curves for different 

normal or pathological condition. These situations are all controlled by air volume 

adjustment by inflator and flow rate by valves. And the transition between the static and 

dynamic experiments was controlled by the several valves open and close. 

For static experiment, only the mid of systolic phase was simulated. That means there 

should be no flow from ventricle to atrium though the mitral valve if the mitral valve 

fully closed. But if it comes to pathological conditions, the mitral valve was not closed 

properly. The flow was measured as the leakage flow at this moment. Similarly, the 

leakage volume would be measured at the mid systolic phase that the flow rate changed 

from negative valve which exhibits necessary back flow which leads mitral valve close to 

the zero no flow area. 

 

3.3.2 Transducers and calibration 

A physiological pressure and flow were simulated with heart rate 70 beats/min. Cardiac 

output try to control as approximately 5L/min measured by the mitral flow probe in Fig. 

3.3.7 (ME 19 PXN, Transonic System Inc, Ithaca, NY) in front of the atrium. Peak trans-
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mitral pressure 130-140 mmHg was measured under dynamic experiment by a deferential 

pressure transducer in fig. 3.3.8 (PX26-005DV Omega, Stamford, CT).  

 

             

      Figure 3.3.7 ME 19 PXN flow probe                Figure 3.3.8 PX26-005DV deferential pressure transducer 

 

 

                                                           Figure 3.3.9 TS401 Tubing Module 
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After sending electronic signal to signal console in Fig. 3.3.9 (TS401 Tubing Module, 

Transonic System Inc, Ithaca, NY), the flow rate and pressures were recorded using a 

DAQ-card (SCB-68 terminal block, National Instruments, Austin, TX), then analyzed 

and curved these values by an in-house code on LABVIEW (National Instruments, 

Austin, TX). 

 

                                                        Figure 3.3.10 SCB-68 terminal block 

 

The flow probe and pressure transducers were calibrated before they were used. From 

Fig. 3.3.11, we can see the pre-scaled values are voltage, and scaled values are L/min by 

Labview management software. Similar with flow probe, the pressure transducers 

showed as Fig. 3.3.12 are volts to mmHg. 
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                                  Figure 3.3.11 Calibration table and linearity graph of flow probe 

 

 

                           Figure 3.3.12 Calibration table and linearity graph of pressure transducer 

 

A force transducer (ESP4-0.6, Milan, PA) as fig 3.3.13. was only used in 3D bar design 

TCPs tests. Transducer was fixed at back of ventricle chamber with same horizontal level 

with TCP bar end position. For each TCP, the end of bar was connected to beam center of 

transducer by wire for measuring the force value to detect force of myocardium apex 

which was for fixing the 3D bar TCP at mid-systolic phase with maximum apical force 

value to evaluate the plate material and design. The value also would monitor and record 

by Labview by program. 



Texas Tech University, Kailiang Zhang, December 2018 

 

46 

 

 

                                                      Figure 3.3.13 ESP4-0.6 force transducer 

 

Another simple device used in 3D bar TCP test is forward flow deferential pressure 

system for testing the pressure drop during static diastolic phase to find effective of area 

(EOA). The two thin tubes showed as fig. were connected to the center level of atrium 

and ventricle chambers to judge pressure and another side were open to atmosphere. With 

the flow rate value measured by meter, we can use this system to calculate EOA values 

for evaluating influent to diastolic forward blood flow with different cross-section size 

TCPs. 

 

3.3.3 Two kinds of Coapatation plates design 

Totally, there were two groups of Transapical Coapatation plates (TCP) include 

polyurethane material and 3D apex fix bar were fabricated for testing.  

The TCP as shown in fig. 3.3.15 was made of polyurethane material with radius of 

curvature 105 mm and had thickness 6.4 mm. Each side was filleted. The curved shape 
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approximately followed the coapatation (gap) line of the mitral valve during valve 

closure. It had two cantilever stainless steel wires (type 304, McMaster-CARR, Atlanta, 

GA) with diameter 0.36 mm in both sides.  

 

Figure 3.3.15. (a) A schematic of TCP installation in the mitral valve orifice;(b) Pictures of H1, H2, H3, S1, 

S2, S3 of the polyurethane TCPs;(c) TCP was installed in the left ventricle model with apical sutures attached 

in the simulated apex position. 

 

The 3D apex fix bar design TCP was inserted into the mitral valve orifices (Fig. 3.3.16). 

The plates were designed as instrument with a common plate to block the regurgitation at 

gap position on coapatation line and straight bar to simulate the rod which fixed plate 

with apex of myocardium. All these plates for testing were manufactured by 3D printer.  
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For this design, we also would like to know the different of wide and thickness 

geometries’ plates mechanisms. The distinct vary with polyurethane plate is some of 3D 

TCPs have different thickness at centre and commissare plates. From the result section 

we can see, if the data of the TCP was marked as 9-6-9, that means the two commissare 

positions’ thickness are 9mm and center thickness is 6mm. Another important parameter 

we controlled is wide of plate, if the TCP is with “W”, that means the wide of plate is 35 

mm, without is 30 mm. 

Two deferent groups of 3D plates were separate with the different angle of plate and bar 

from cross-section view. In this study, we only tested 0º and 30º angle TCPs. 30º were 

marked as “A” 

 

Figure 3.3.16 The dimension and definition of 3D bar TCP 

 

The installations of 3D bar TCPs were similar with former plates. We made the steel wire 

hooks to install TCP in the left ventricle model attached in the simulated apex position. 

The connected position was not tight to ensure that bar and plate could have small 

movements in all direction. 
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Figure 3.3.17 Installation of 9-6-9 (A) TCP viewed from front atrium chamber 

 

3.4 Experimental protocol 

3.4.1 Experimental PM conditions 

The experiment would be separated into static and dynamic phases for each test. And the 

data were recorded under these two types phases of experiments by normal, asymmetrical 

PM and symmetrical PM position, respectively. 

Normal papillary muscle conditions (NP): 

When the porcine mitral valve had been mounted into the in-vitro left heart simulator, the 

papillary muscles were orientated to their physiological positions; these positions were 

determined such that the tertiary commissural chordea tendineae were in a single plane 

and parallel to each other. The tips of the papillary muscles were also maintained in the 

plane of leaflet coapatation. And as said above, the valves were then tested under static 

and dynamic experiments. The trans-mitral pressure was 120 mmHg in static experiment. 

And the dynamic test is under physiological hemodynamic conditions of 130-145 mmHg 
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peak trans-mitral pressure and a cardiac output approximate 5 L/min, at a heart rate of 70 

beats per min.  

The mitral flow rate and regurgitation volume were determined by the flow probe, and 

the photo shoot by DSLR camera of mitral valve closure was obtained from the front of 

the atrium chamber. Under this NP condition, small mitral valve regurgitation volume 

(RV less than 5L/min) would be obtained because there is no significant gap along 

coapatation line showed as Fig. 3.4.1. 

 

                                    Figure 3.4.1 Mitral leaflet closure under normal PM condition 

 

Disease conditions: 

Two types of Ischemic disease valves were simulated in this study include asymmetrical 

PM displacement (AP) and symmetrical PM displacement (SP).  

For AP condition showed as Fig. 3.4.2, the postermedial PM would be shifted in posterial 

direction about 15 mm, and apical 5-8 mm. The Medial direction shift is based on the 

static leakage volume. The static leakage volume should be controlled between 7 L/min 

to 11 L/min.  
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               Figure 3.4.2 Mitral leaflet closure under AP       Figure 3.4.3 Mitral leaflet closure under SP 

 

The valves were tested under identical hemodynamic conditions, as NP condition. 

Moderate to severe mitral regurgitation (more than 45 ML per beat) was evident from the 

flow data measured.  

The second type of ischemic valve to be simulated was both PMs’ displacement (Fig. 

3.4.3). Keep the posterior papillary muscle position and the anterior papillary muscle was 

shifting to symmetrical position with posteromedial PM. 

The mitral regurgitation volume (RV) was recorded over the hemodynamic cardiac cycle, 

and an average value would be calculated. 

For NP, AP and SP conditions, the gap positions would distribute along the coapatation 

line, and it’s hard to determine the stable locations of gap after PM displacement for each 

group of experiment. We can only detect the gap position by photos and the jet position 

under static experiment when drained saline out in atrium chamber.  
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                                              Figure 3.4.4 Jet detection for determine gap position 

 

In general, the static leakage (SL) under AP condition was much larger than the other two 

conditions. And SL under SP was little smaller than NP condition. All the results would 

be explained later. 

 

3.4.2 Coapatation plate repair conditions 

Polyurethane and 3D bar TCPs would be test under NP, AP and SP conditions 

respectively. Each group of tests would be separated into static and dynamic experiment 

with identical physiological conditions.  

 

3.4.3 Experiment procedure 

For static experiment phase, the SL would be record when the leaflet was properly closed 

at the mid of systolic phase. And the total flow volume would be measured by the time 

meter. So the SL can be calculated by flow volume divide by time. 
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After taking photos from the front view of left atrium chamber, the flow loop would be 

switched to dynamic experiment system. Turning on the LabView in-house program, the 

computer began to send square wave signals to pulsatile membrane pump. By modifying 

the pressure controlling valve of pulsatile membrane pump, the peak value of trans-mitral 

pressure would be adjusted as 130 to 145 mmHg as pathological condition as shown in 

Fig. 3.4.5. And flow rate curve would be adjusted as figure blow. 

 

                                    Figure 3.4.5 Pathological trans-mitral pressure and flow rate curve 

 

Under pathological pressure curve, at the mid systolic position, the flow curve needs to 

be adjusted to have an obvious leakage volume (LV) area which defined as Fig. 3.4.6. In 

the figure, we can see the total negative flow volume were the regurgitation volume 

(RV), and the closing volume (CV) was the necessary back flow for mitral valve closing 

under abnormal disease conditions. For the healthy mitral valve, there would be no LV. 

The flow rate cure was increase to positive value directly, so CV was equaled to RV. 
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After the defining the flow volume, the data would be acquired by DAQ-card by 10 

hemodynamic cycles. 

 

 

                                                    Figure 3.4.6 Definitions of flow volume 

 

3.5 Data processing  

3.5.1 Data configuration and calculation 

Matlab code ever wrote could directly load the pressure and flow rate data file generated 

under dynamic experiment from the Labview programs. 

Use Matlab code to average 5 groups’ data as one cycle data per stroke. In this group 

data, there were 857 samples include the trans-mitral pressure and flow rate value at 

continuous time point in different columns.   
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The Stroke volume (SV) was the total value of the flow rate. SV=ΣF, F is the flow rate 

value per sample.  

And then RV which was the sum value of all the regurgitation per cycle was calculated as 

the formula. RV=Σ (|F|-F)/2. 

Dynamic LV is calculated by the regurgitation curve showed as chart from the cross point 

of slopes by two arcs to the end of the negative value with the area along the x-axis. This 

approximate point only could be found in excel file. After determining the LV beginning 

point, the sum of flow rate value from this point to the point which flow rate equal to 

zero. And the CV equate to regurgitation volume minus the dynamic leakage. CV=RV-

LV. 

After solving the value of LV, CV and RV, the fraction with SV by each volume was 

calculated by volume fraction equal to the value divide by SV. Fraction=Volume/SV. 

Similar calibration method as pressure transducer and flow meter, the apical force values 

were directly read from Labview program and data record in excel for analyzing.  

 

3.5.2 Effective orifice area (EOA)  

 (EOA) is determined using echocardiography Doppler and the continuity equation, witch 

a reflection of the minimal cross-sectional area of the outflow jet (the vena contracta) [63, 

64]. EOA is calculated as the product of the cross-sectional area of the LV outflow tract 

(from its diameter, measured in the parasternal long-axis view) and the LV outflow tract 

velocity time integral (using pulsed-wave Doppler from an apical window), divided by 
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the AV velocity-time integral (using continuous-wave Doppler from an apical, right 

parasternal, or suprasternal window). Unlike gradients, EOA provides an accurate 

assessment of stenosis severity independent of flow in most hemodynamic states. 

EOA = 
𝑞𝑉𝑅𝑀𝑆

51.6∗√
∆𝑃
𝜌

 

Where:  

EOA is the Effective Orifice Area (𝑐𝑚2); 𝑞𝑉𝑅𝑀𝑆
 is the root mean square forward flow 

(mL/s) during the positive differential pressure period; ΔP is the mean pressure difference 

(measured during the positive differential pressure period) (mmHg); ρ is the density of 

the test fluid (g/cm3). 

 

3.5.3 Statistical analysis 

The mean ± SD of all the values’ fraction were calculated for all mitral valves, 

corresponding to approximate same trans-mitral pressure. For eliminating the effect of 

mitral valve geometry variation, the fraction parameters of the LV, RV and CV for the 

same mitral valve under normal and two coapatation plates’ conditions were paired. A 

paired statistical t-test was used to compare the sample means of the fraction parameters 

before and after implant the coapatation plates. For all comparisons, a two-tailed p-value 

<0.05 was considered to be statistically significant different. 
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Chapter 4  

Results 
 

4.1 Definition of parameters 

Before data analysis, some parameter need to define. The abbreviations of the parameters 

were wrote as SL (Static leakage), SV (Stroke volume), LV (Dynamic leakage volume), 

RV (Regurgitation volume), and CV (Closing volume) which are for analyzing the 

polyurethane material and new design coapatation plates’ mechanism independently. And 

all the parameters’ fraction values showed in tables are the corresponding value divide by 

SV.  

 

4.2 Polyurethane coapatation plates measurements 

4.2.1 Hydrostatic Experiment 

The results for six polyurethane transapical coapatation plates(TCP) under static 

transmitral pressure controlled were showed as below. The plotting box in Figure 4.2.1 

gives the steady backward leakage in hydrostatic experiment without/with the TCPs 

under the (a) asymmetric and (b) symmetric PM displacement. For the asymmetric PM 

displacement in table 4.2.1 and 4.2.2, the steady backward leakage which was graded as 

moderate or severe mitral regurgitation, decreased significantly after implantation of the 

H1, H2, S1 or S2 (all p≤0.002), but not significantly after implantation of H3 or S3 

(p>0.138). For the symmetric PM displacement in table 4.2.3 and 4.2.4, the steady 

backward leakage which was graded as mild mitral regurgitation, increased slightly, but 
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not significantly after implantation of H1, H2, S1, and S3 (p>0.132) except H3 (p = 

0.021). S2 caused a slight decreased leakage, but not significantly (p = 0.382). 

Table 4.2.1. Static leakage volume of the polyurethane H1, H2, H3 TCPs under the hydrostatic pressure 

120 mmHg under asymmetric papillary muscle displacement 

Valve condition AP AP+H1 AP+H2 AP+H3 

Static leakage 

(L/min) 

9.2±1.9 4.6±2.5 

(p<0.001) 

5.8±1.6 

(p=0.002) 

8.4±3.5 

(p=0.274) 

 

Table 4.2.2. Static leakage volume of the polyurethane S1, S2, S3 TCPs under the hydrostatic pressure 120 

mmHg under asymmetric papillary muscle displacement 

Valve condition AP AP+S1 AP+S2 AP+S3 

Static leakage 

(L/min) 

9.2±1.9 3.8±2.3 

(p<0.001) 

3.8±1.4 

(p<0.001) 

7.3±3.0 

(p=0.138) 

 

Table 4.2.3. Static leakage volume of the polyurethane H1, H2, H3 TCPs under the hydrostatic pressure 

120 mmHg under symmetric papillary muscle displacement 

Valve condition SP SP+H1 SP+H2 SP+H3 

Static leakage 

(L/min) 

2.5±1.7 2.9±1.8 

(p=0.253) 

3.3±1.5 

(p=0.132) 

3.6±1.8 

(p=0.021) 

 

Table 4.2.4. Static leakage volume of the polyurethane S1, S2, S3 TCPs under the hydrostatic pressure 120 

mmHg under symmetric papillary muscle displacement 

Valve condition SP SP+S1 SP+S2 SP+S3 

Static leakage 

(L/min) 

2.5±1.7 3.0±2.1 

(p=0.342) 

2.2±1.0 

(p=0.382) 

3.3±1.8 

(p=0.0.218) 
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Figure 4.2.1. Box and whisker plots of steady backward flow leakage of the polyurethane TCPs under the 

hydrostatic pressure 120 mmHg. (a) AP, asymmetric papillary muscle displacement; (b) SP, symmetric 

papillary muscle displacement. 

 

4.2.2 Pulsatile Experiment 

For the normal valve condition, both of SL and dynamic LV were not large, whereas 

shifting the PPM and both PMs. The average dynamic regurgitation volume is about 

more than 42 ml per beat. The mean cardiac output was 5.1 ± 0.2 and 5.1 ± 0.3 L/min for 

the AP and SP, respectively. Figure 4.2.2 shows the examples of the transmitral pressure 

and mitral flow rate curves without/with S1, S2 or S3 during a cardiac cycle for the AP. 

The systolic transmitral pressure hump was broadened after implantation of the TCPs. 
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The RVs decreased after implantation of the TCPs. Figure 4.2.3 shows the RV, LV and 

CV values and their fractions in AP without/with the TCPs. From tables, the mean RV 

fractions were reduced significantly from 59.1% to 37.2% for H1, 43.2% for H2, 35.9% 

for S1 and 34.2% for S2 (all p<0.021), but not significantly to 56.1% for H3 or 49.6% for 

S3 (both p>0.067) after implantation of the TCPs. The mean LV fractions were reduced 

significantly from 20.6% to 10.0% for H1, 13.6% for H2, 10.2% for S1, 7.4% for S2 and 

13.4% for S3 (all p<0.045) except 18.2% for H3 (p = 0.243). The mean CV fractions 

were reduced significantly from 38.6 to 27.2% for H1, 29.3% for H2 (all p<0.001), 

37.8% for H3, 25.7% for S1, 26.8% for S2 (all p<0.041), but not significantly to 36.2% 

for S3 (p = 0.293). Reduction in the LVs contributed to 49.2% for H1, 44.8% for H2, 

45.5% for S1, 53.4% of S2 in reduction of the RVs, and played an approximately equal 

role with reduction in the CVs. There was no significant difference in the reduction of the 

RVs, CVs and LVs between H1, H2, S1 or S2 (all p>0.148). 



Texas Tech University, Kailiang Zhang, December 2018 

 

61 

 

Figure 4.2.2 An example of the (a)trans-mitral pressure and (b) flow rate in the asymmetric papillary muscle 

displacement before and after implantation of the H1 during a cardiac cycle. AP: asymmetric papillary muscle 

displacement. 

 

 

 



Texas Tech University, Kailiang Zhang, December 2018 

 

62 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.3 Box and whisker plots of mitral valve 

regurgitation: (a) the RV, LV and CV fractions and 

(b) their volumes of the mitral valves measured 

before and after implantation of the TCPs in the AP 

displacement under peak transmitral pressure 130 

mmHg. 

 

Figure 4.2.4 Box and whisker plots of mitral valve 

regurgitation: (a) the RV, LV and CV fractions and 

(b) their volumes of the mitral valves measured 

before and after implantation of the TCPs in the SP 

displacement under peak transmitral pressure 130 

mmHg. 
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Table 4.2.5. RV, LV and CV fractions and their volumes of the mitral valves measured before and after 

implantation of the TCPs in the AP displacement.  

 

 

 

 

 

 

 

Valve condition 

Systolic 

performance 

AP AP+ H1 AP+ H2 AP+ H3 

 Reduction  Reduction  Reduction 

Regurgitant 

volume 

(mL) 

43.1±9.1 27.9±11.1 15.2±16.8 31.9±8.3 11.1±8.9 41.9±9.5 1.1±10.6 

Regurgitant 

volume fraction 

59.1±13.3

% 

37.2±14% 

(p=0.021) 

20.8±22.6

% 

43.2±11.8% 

(p=0.006) 

15±11.7 

% 

 

56.1±12.9

% 

(p=0.312) 

1.7±14.2% 

 

Leakage volume 

(mL) 

15±4.4 7.5± 5.4 7.5±7.4 10±5.7 5±6.9 13.6±6.5 

 

1.4±5.7 

Leakage volume 

fraction 

20.6±6% 10±6.8% 

(p=0.014) 

10.3± 

10.4% 

13.6±7.9% 

(p=0.045) 

6.7±9.4 % 

 

18.2±8.9% 

(p=0.243) 

1.9±7.8% 

Closing volume 

(mL) 

28±6.8 20.3±6.1 7.8±11 21.7±4.1 6.3±8 28.2±5.7 -0.2±7.2 

Closing volume 

fraction 

38.6± 

10.1% 

27.2± 7.7% 

(p=0.001) 

10.5± 

14.4% 

29.3± 5.9% 

(p<0.001) 

8.5±10.6 

% 

 

37.8±7.8% 

(p=0.002) 

0±10 % 
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Table 4.2.6. RV, LV and CV fractions and their volumes of the mitral valves measured before and after 

implantation of the TCPs in the SP displacement. 

 

 

Figure 4.2.4 shows the RV, LV and CV values and their fractions in the symmetric PM 

displacement. The symmetric condition led to much better valve closure in comparison 

with the AP. The mean RV fraction was as low as 27.7% in which the mean LV fraction 

was only 1.8% before implantation of any TCP. There was no significant difference in the 

Valve condition 

Systolic 

performance 

AP AP+ S1 AP+ S2 AP+ S3 

 Reduction  Reduction  Reduction 

Regurgitant 

volume 

(mL) 

43.1±9.1 26.3±13.4 16.8±14 25.2±8.7 17.9±10.8 37.7±6 5.4±10.3 

Regurgitant 

volume fraction 

59.1±13.3

% 

35.9±19.5

% 

(p=0.013) 

21.9±18.5

% 

34.2±13.1

% 

(p=0.004) 

23.4±14.5

% 

 

49.6±9.4

% 

 

(p=0.067) 

7±13.6% 

 

Leakage volume 

(mL) 

15±4.4 7.4± 6.4 7.6±7.1 5.5±2.8 9.5±3.8 10.2±3.3 

 

4.8±5 

Leakage volume 

fraction 

20.6±6% 10.2±9.1% 

(p=0.02) 

9.9± 9.3% 7.4±3.7% 

(p<0.001) 

12.8±5% 

 

13.4±4.5

% 

(p=0.017) 

6.1±6.1% 

Closing volume 

(mL) 

28±6.8 18.9±7.5 9.1±7.9 19.7±7 8.3±9.3 27.5±3.2 0.6±7.8 

Closing volume 

fraction 

38.6± 

10.1% 

25.7± 

11.1% 

(p=0.013) 

12±10.6% 26.8± 

10.9% 

(p=0.041) 

10.7±13% 

 

36.2±5.7

% 

 

(p=0.293) 

0.9±10.9 % 
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RV, LV and CV fractions (all p>0.05) after implantation of H1, H2, S1 and S2. The 

TCPs of H3 and S3 actually aggravated regurgitation (p<0.038). 

 

4.3 3D bar design transapical coapatation plates measurements 

4.3.1 Hydrostatic Experiment 

Similar with the polyurethane TCPs study, for normal valve condition, the mean flows 

were controlled as the SL flow values with/without the TCPs under the AP and SP 

conditions with hydrostatic transmitral pressure 130 mmHg were very small. SL 

corresponding to the severe flow rate range under my controlling operation from 7 to 11 

L/min according to disease condition was large under the AP, and significantly reduced 

after insertion of the 3D TCPs. From table 4.3.1 and figures below, comparing with AP, 

the SL values of TCPs with straight bar decreased from 9.7±1.3 L/min to 4.1±0.6 L/min 

for 6-6-6, 3.9±0.5 L/min for 9-6-9, 3.1±0.6 L/min for 6-6-6(W) and 2.1±0.8 L/min for 9-

6-9(W). And all of plates were significant deference (p<0.001) with AP between ten 

groups of data. According to angle bar TCP data, SL values reduced from 4.4±1.0 L/min 

to 4.7±0.2 L/min for 6-6-6(A), 3.9±0.2 L/min for 9-6-9(A), 2.9±0.6 L/min for 6-6-6(A, 

W), and 3.1±0.3 L/min for 9-6-9(A, W). Most of the TCPs’ SL values also significantly 

reduction (p≤0.011) with SP except 6-6-6 plate (p=0.082). 
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Table 4.3.1 The static Leakage (L/min) from AP, SP and insertion of TCPs conditions. And comparison of 

asymmetric or symmetric PM displacement with insertion of TCPs. 

 

 

 

Valve 

condition 

Static 

leakage(L/min) 

Valve 

condition 

Static 

leakage(L/min) 

AP 9.7±1.3 SP 4.4±1.0 

6-6-6 4.1±0.6 

(p<0.001) 

6-6-6 3.1±1.1 

(p=0.082) 

9-6-9 3.9±0.5 

(p<0.001) 

9-6-9 1.9±0.4 

(p=0.003) 

6-6-6(W) 3.1±0.6 

(p<0.001) 

6-6-6(W) 1.4±0.3 

(p<0.001) 

9-6-9(W) 2.1±0.8 

(p<0.001) 

9-6-9(W) 1.6±0.4 

(p<0.001) 

6-6-6(A) 4.7±0.2 

(p=0.002) 

6-6-6(A) 2.1±0.5 

(p=0.011) 

9-6-9(A) 3.9±0.2 

(p<0.001) 

9-6-9(A) 2.1±0.6 

(p=0.011) 

6-6-6(A, W) 2.9±0.6 

(p<0.001) 

6-6-6(A, W) 2.2±0.5 

(p=0.007) 

9-6-9(A, W) 3.1±0.3 

(p<0.001) 

9-6-9(A, W) 2.1±0.7 

(p=0.008) 



Texas Tech University, Kailiang Zhang, December 2018 

 

67 

 

                           Figure 4.3.1 Static leakage value with/without TCPs in AP displacement. 

 

 

 

                           Figure 4.3.2 Static leakage value with/without TCPs in SP displacement 

 

SL was much lower in SP comparing with AP condition without TCPs. Some group data 

were even less than the normal dilated annulus flow rate value. 
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4.3.2 Hydrodynamics measurements 

The example of pressure distribution curve exhibited in Fig. 4.3.3 showed that the 

transmitral pressure with/without TCPs for one cardiac cycle (857 ms) for AP condition. 

For healthy heart, the duty cycle is 0.667 for diastolic phase, and the pressure is negative 

value approximate from 0 to -5 mmHg. That means in this phase, the pressures in atrium 

were larger than ventricle’s, and the blood direction was from left atrium to the ventricle. 

 

 

       Figure 4.3.3 Transmitral pressure curve with/without CPs for AP condition during one cardiac cycle 

 

During systolic phase, the pressure in left atrium increased rapidly. However, the atrium 

pressure associated with pressure in pulmonary reservoir increased slowly. After the 

leaflets fully closing, the trans-mitral pressure value would reach to approximate 130 to 

140 mmHg under the flow loop control. And the trans-mitral pressure also reduced 

rapidly during mid-systolic phase to the end-systolic phase. 
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In the duration of pressure hump (systolic phase) of the transmitral curve was wider after 

the TCPs inserted than before the CPs inserted in the mitral valve orifice. And Fig.4.3.4 

showed an example of the mitral flow rates with/without the TCPs during a cardiac cycle 

for asymmetric PM displacement. Area underneath the curve was flow volume during a 

cardiac cycle. And the negative (backward flow) flow area was the regurgitation volume, 

which was smaller after the CPs inserted for the asymmetric PM displacement conditions.  

 

 

            Figure 4.3.4 Flow rate curve with/without CPs for AP condition during one cardiac cycle 

 

 

4.3.2 Dynamic fraction parameters in pulsatile experiment comparison under AP 

condition with/without TCPs 

For all identical pathological condition experiments, the mean cardiac output flow rate 
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respectively. And the stroke volume was similar and usually controlled according to 

cardiac output.  

The fractions of RV, LV and CV were shown as bar charts for comparison in Fig. 4.3.5 

and 4.3.6 in AP displacement. The RV and LV significantly reduced after TCPs insertion. 

6-6-6(A, W) and 9-6-9(A, W) had more reduction with AP compared with other TCPs. 

For CV fractions, 6-6-6 and 9-6-9 had no large change than AP, on the contrary, other 

plates reduced larger.  

   

Figure 4.3.5 Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

straight bar TCPs in AP condition. 
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Figure 4.3.6 Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

straight bar TCPs in AP condition. 

 

 

All tables below show the detail results of the RV, LV and CV and their fractions in the 

AP displacement. 
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Table 4.3.2. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(A), and 9-6-9(A) TCPs in asymmetric PM displacement. (*) denotes p<0.05 in the comparison of 

symmetric or symmetric PM displacement and normal PM positions. 

 

 

 

 

Valve 

condition 

 

Systolic 

performance 

AP 6-6-6 9-6-9 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

34.2±3.5 23.8±1.3 10.4±3.2 26±1.6 8.2±2.7 

Regurgitant 

volume 

fraction 

44.2±4.8% 31.7±1.7 %* 

(p<0.001) 

13.9±4.4 % 34.3±1.8 %* 

(p<0.001) 

10.8±3.5 % 

Leakage 

volume 

(mL) 

12.4±1.7 5.1 ± 0.9 7.3±1.2 5.2±0.9 7.2±1.6 

Leakage 

volume 

fraction 

16.1±2.1 % 6.8±1.3 %* 

(p<0.001) 

9.8±1.5 % 6.9±1.2 %* 

(p<0.001) 

9.5±2.2 % 

Closing 

volume 

(mL) 

21.8±2.9 18.7±1.1 3.1±3.2 20.8±0.8 1.0±2.5 

Closing 

volume 

fraction 

28.2±4.1 % 24.9±1.4 % 

(p=0.065) 

4.1±4.3 % 27.5±0.9 % 

(p=0.386) 

1.3±3.2 % 
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Table 4.3.3. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(W), and 9-6-9(W) TCPs in asymmetric PM displacement. (*) denotes p<0.05 in the comparison of 

symmetric or symmetric PM displacement and normal PM positions. 

 

 

 

Valve 

condition 

 

Systolic 

performance 

AP 6-6-6(W) 9-6-9(W) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

34.2±3.5 17.8±1.4 16.4±4.6 16.0±2.4 18.2±2.2 

Regurgitant 

volume 

fraction 

44.2±4.8% 23.3±1.7 %* 

(p=0.017) 

21.5±6.1 % 20.8±2.8 %* 

(p=0.012) 

23.6±2.6 % 

Leakage 

volume 

(mL) 

12.4±1.7 7.1 ± 1.4 10.1±6.8 8.9±1.4 8.3±5.2 

Leakage 

volume 

fraction 

16.1±2.1 % 7.0±0.7 %* 

(p<0.001) 

9.2±1.8 % 4.7±1.1 %* 

(p=0.001) 

11.5±1.7 % 

Closing 

volume 

(mL) 

21.8±2.9 12.4±1.6 9.4±4.4 12.4±2.6 9.4±2.3 

Closing 

volume 

fraction 

28.2±4.1 % 16.3±2 %* 

(p<0.001) 

12.3±5.9 % 16.1±3.1 %* 

(p<0.001) 

12.1±2.9 % 
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Table 4.3.4. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(A), and 9-6-9(A) TCPs in asymmetric PM displacement. (*) denotes p<0.05 in the comparison of 

symmetric or symmetric PM displacement and normal PM positions. 

 

 

 

Valve 

condition 

 

Systolic 

performance 

AP 6-6-6(A) 9-6-9(A) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

34.2±3.5 11.2±4.5 20.4±14.2 12.4±3.7 16.2±8.9 

Regurgitant 

volume 

fraction 

44.2±4.8% 30.2±3.4 %* 

(p<0.001) 

14.6±5.8 % 29.2±1.5 %* 

(p<0.001) 

16.6±5.2 % 

Leakage 

volume 

(mL) 

12.4±1.7 6.6 ± 1.4 5.9±2.4 6.2±1.0 6.2±1.8 

Leakage 

volume 

fraction 

16.1±2.1 % 8.6±1.9 %* 

(p=0.001) 

7.6±3.1 % 8.3±1.2 %* 

(p<0.001) 

8.4±2.5 % 

Closing 

volume 

(mL) 

21.8±2.9 16.5±1.8 5.3±4.1 15.7±1.3 6.1±3.8 

Closing 

volume 

fraction 

28.2±4.1 % 21.6±2.3 %* 

(p=0.025) 

7±5.4 % 20.9±1.5 %* 

(p=0.011) 

8.2±5.2 % 
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Table 4.3.5. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(A, W), and 9-6-9(A, W) TCPs in asymmetric PM displacement. (*) denotes p<0.05 in the 

comparison of symmetric or symmetric PM displacement and normal PM positions. 

 

 

Valve 

condition 

 

Systolic 

performance 

AP 6-6-6(A, W) 9-6-9(A, W) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

34.2±3.5 14.1±1.4 20.1±2.8 17.1±0.9 17.2±3.7 

Regurgitant 

volume 

fraction 

44.2±4.8% 18.5±2.3 %* 

(p<0.001) 

26.4±4.1 % 22.3±1.4 %* 

(p<0.001) 

22.5±5.2 % 

Leakage 

volume 

(mL) 

12.4±1.7 3.1 ± 1.4 9.4±1.1 3.0±0.6 9.4±1.4 

Leakage 

volume 

fraction 

16.1±2.1 % 4 ±1.8 %* 

(p=0.003) 

12.3±1.6 % 3.9±0.8 %* 

(p<0.001) 

12.4±2.1 % 

Closing 

volume 

(mL) 

21.8±2.9 11.0±1.2 10.8±2.1 14.1±0.7 7.7±2.8 

Closing 

volume 

fraction 

28.2±4.1 % 14.5±1.8 %* 

(p<0.001) 

14.1±3 % 18.4±1.1 %* 

(p=0.001) 

10.1±3.8 % 
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RVs were decreased from 34.2±3.5mL to less than 26mL after insertion of the 6-6-6 

(23.8±1.3 mL), 9-6-9 (26±1.6 mL), 6-6-6(W) (17.8±1.4 mL), 9-6-9(W) (16.0±2.4 mL), 6-

6-6(A) (11.2±4.5 mL) 9-6-9(A) (12.4±3.7 mL), 6-6-6(A, W) (14.1±1.4 mL) and 9-6-9(A, 

W) (17.1±0.9 mL) in AP condition. And the fractions were reduced significantly from 

44.2±4.8% to below 35% after insertion of the 6-6-6 (31.7±1.7%), 9-6-9 (34.3±1.8%), 6-

6-6(W) (23.3±1.7%), 9-6-9(W) (20.8±2.8%), 6-6-6(A) (30.2±3.4%) 9-6-9(A) 

(29.2±1.5%), 6-6-6(A, W) (18.5±2.3%) and 9-6-9(A, W) (22.3±1.4%), because all p 

values were less than 0.017. 

Similar as RVs, LVs were also reduced from 12.4±1.7mL to below 9 mL. And LV 

fractions were significantly reduced from 16.1±2.1% to below 9% (All p≤0.001), while 

CV fractions were reduced from 28.2±4.1% to below 28% for all TCPs. For CV 

fractions, there were significant differences between AP and TCPs (p<0.025) except 6-6-

6, 9-6-9 (p=0.065, p=0.386). 

The reductions of the RV fractions were 13.9±4.4% (6-6-6), 10.8±3.5% (9-6-9), 

21.5±6.1% (6-6-6(W)), 23.6±2.6% (9-6-9(W)), 14.6±5.8% (6-6-6(A)), 16.6±5.2% (9-6-

9(A)), 26.4±4.1% (6-6-6(A, W)) and 22.5±5.2% (9-6-9(A, W)) respectively. The 

reductions of the LV fractions were 9.8±1.5% (6-6-6), 9.5±2.2% (9-6-9), 9.2±1.8% (6-6-

6(W)), 11.5±1.7% (9-6-9(W)), 7.6±3.1% (6-6-6(A)), 8.4±2.5% (9-6-9(A)), 12.3±1.6% 

(6-6-6(A, W)) and 12.4±2.1% (9-6-9(A, W)) respectively. The reductions of the CV 

fractions were 4.1±4.3% (6-6-6), 1.3±3.2% (9-6-9), 12.3±5.9% (6-6-6(W)), 12.1±2.9% 

(9-6-9(W)), 7±5.4% (6-6-6(A)), 8.2±5.2% (9-6-9(A)), 14.1±3% (6-6-6(A, W)) and 

10.1±3.8% (9-6-9(A, W)) respectively. 
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If reductions in the LVs were larger than CVs in reductions of RVs for the TCPs, that 

means they played primary roles. Otherwise, the CVs’ reductions played important roles. 

 

4.3.3 Dynamic fraction parameters in pulsatile experiment comparison under SP 

condition with/without TCPs 

When it comes to the SP condition, we can see the fraction values as shown in Fig. 4.3.7 

and 4.3.8 were the cases similar with AP. 

 

 

Figure 4.3.7 Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

straight bar TCPs in SP condition. 
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Figure 4.3.8 Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

straight bar TCPs in SP condition. 

 

The reductions were obverse with/without TCPs insertion, sometime aggravated the 

fraction value which increased. And most TCPs were effective for leakage repairing than 

CV while the RVs were so small. 

Comparing with AP displacement condition, the RV was 16.9±2.7 mL which was much 

smaller than 34.2±3.5 mL. So were other fraction parameters. These values were even 

similar with the healthy heart volumes. That means there was less influence with small 

number of the RV for the TCPs. 

Generally, this small leakage could also be confirmed from the static experiment flow 

rate data and indicates relative better valve closure with minor leakage.  

In the tables below, the RVs were decreased from 16.9±2.7 mL to 15.0±4.2 mL, 11.2±1.5 

mL, 15.8±2.0 mL, 15.2±1.8 mL, 15.3±3.1 mL, 15.0±1.5 mL, or 14.2±2.0 mL after 
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insertion of the 9-6-9, 6-6-6(W), 9-6-9(W), 6-6-6(A), 9-6-9(A), 6-6-6(A,W), or 9-6-9(A, 

W) in the SP condition except increasing to 17.6±5.2 mL after 6-6-6 insertion. And 

similar as AP conditions, the fractions were also changed significantly from 22.3±3.6% 

to 22.9±6.4% (6-6-6), 19.9±5.6% (9-6-9), 14.9±2.1% (6-6-6(W)), 21.2±2.2% (9-6-9(W)), 

20.2±2.5% (6-6-6(A)), 20±4.1% (9-6-9(A)), 19.7±1.8% (6-6-6(A, W)), and 18.5±2.4% 

(9-6-9(A, W)) (All p<0.001). 

And we also can see that LV fractions were reduced significantly from 4.4±2.4% to 

below 4% by TCPs’ insertions (All p<0.025), while CV fractions were changed 

significantly from 17.9±3.8% to 19±5.1% (6-6-6), 17.6±5.2% (9-6-9), 18.9±2.8% (9-6-

9(W)), 18.9±2.4% (6-6-6(A)), 18.3±3.9% (9-6-9(A)), 17.7±2% (6-6-6(A, W)) and 

17±2.3% (9-6-9(A, W)) (p>0.183) except 6-6-6 (W) (12.6±1.9%) (p=0.005). 
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Table 4.3.6. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6, and 9-6-9 TCPs in symmetric PM displacement. (*) denotes p<0.05 in the comparison of symmetric 

or symmetric PM displacement and normal PM positions. 

 

 

 

 

Valve 

condition 

 

Systolic 

performance 

SP 6-6-6 9-6-9 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

16.9±2.7 17.6±5.2 -0.7±7.3 15.0±4.2 1.9±6.0 

Regurgitant 

volume 

fraction 

22.3±3.6 % 22.9±6.4 %* 

(p<0.001) 

-1±10 % 19.9±5.6 %* 

(p<0.001) 

2.6±8 % 

Leakage 

volume 

(mL) 

3.4±1.9 3.0 ± 1.2 0.4±2.4 1.8±0.6 1.6±1.5 

Leakage 

volume 

fraction 

4.4±2.4 % 3.9±1.5 %* 

(p=0.016) 

0.5±3 % 2.3±0.8 %* 

(p=0.012) 

2.1±2 % 

Closing 

volume 

(mL) 

13.6±2.8 14.7±4.2 -1.1±5.4 13.2±4.0 0.3±5.4 

Closing 

volume 

fraction 

17.9±3.8 % 19±5.1 % 

(p=0.647) 

-1.3±7.1 % 17.6±5.2 % 

(p=0.888) 

0.4±7.1 % 
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Table 4.3.7. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(W), and 9-6-9(W) TCPs in symmetric PM displacement. (*) denotes p<0.05 in the comparison of 

symmetric or symmetric PM displacement and normal PM positions. 

 

 

 

Valve 

condition 

 

Systolic 

performance 

SP 6-6-6(W) 9-6-9(W) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

16.9±2.7 11.2±1.5 5.8±2.6 15.8±2.0 1.2±2.3 

Regurgitant 

volume 

fraction 

22.3±3.6 % 14.9±2.1 %* 

(p<0.001) 

7.7±3.5 % 21.2±2.2 %* 

(p<0.001) 

1.5±3 % 

Leakage 

volume 

(mL) 

3.4±1.9 1.7 ± 0.4 1.6±1.8 1.7±1.3 1.6±1.9 

Leakage 

volume 

fraction 

4.4±2.4 % 2.3±0.6 %* 

(p<0.001) 

2.2±2.4 % 2.3±1.8 %* 

(p=0.025) 

2.2±2.5 % 

Closing 

volume 

(mL) 

13.6±2.8 9.4±1.3 4.1±2.1 14.1±2.3 -0.5±0.8 

Closing 

volume 

fraction 

17.9±3.8 % 12.6±1.9 %* 

(p=0.005) 

5.5±2.9 % 18.9±2.8 % 

(p=0.183) 

-0.7±1.1 % 
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Table 4.3.8. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(A), and 9-6-9(A) TCPs in symmetric PM displacement. (*) denotes p<0.05 in the comparison of 

symmetric or symmetric PM displacement and normal PM positions. 

 

 

 

Valve 

condition 

 

Systolic 

performance 

SP 6-6-6(A) 9-6-9(A) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

16.9±2.7 15.2±1.8 1.7±2.6 15.3±3.1 1.6±2.2 

Regurgitant 

volume 

fraction 

22.3±3.6 % 20.2±2.5 %* 

(p<0.001) 

2.3±3.5 % 20±4.1 %* 

(p<0.001) 

2.1±2.9 % 

Leakage 

volume 

(mL) 

3.4±1.9 1.0 ± 0.3 2.4±1.8 1.3±0.3 2.1±1.8 

Leakage 

volume 

fraction 

4.4±2.4 % 1.3±0.3 %* 

(p<0.001) 

3.2±2.4 % 1.7±0.4 %* 

(p<0.001) 

2.7±2.4 % 

Closing 

volume 

(mL) 

13.6±2.8 14.2±1.7 -0.7±2.9 14±2.9 -0.4±2.5 

Closing 

volume 

fraction 

17.9±3.8 % 18.9±2.4 % 

(p=0.597) 

-0.9±3.8 % 18.3±3.9 % 

(p=0.706) 

-0.6±3.4 % 



Texas Tech University, Kailiang Zhang, December 2018 

 

83 

Table 4.3.9. Fractions of regurgitation volume, dynamic leakage volume and closing volume with/without 

6-6-6(A, W), and 9-6-9(A, W) TCPs in symmetric PM displacement. (*) denotes p<0.05 in the comparison 

of symmetric or symmetric PM displacement and normal PM positions. 

 

 

Valve 

condition 

 

Systolic 

performance 

SP 6-6-6(A, W) 9-6-9(A, W) 

 Reduction  Reduction 

Regurgitant 

volume 

(mL) 

16.9±2.7 15.0±1.5 2.0±3.3 14.2±2.0 2.7±2.1 

Regurgitant 

volume 

fraction 

22.3±3.6 % 19.7±1.8 %* 

(p<0.001) 

2.6±4.3 % 18.5±2.4 %* 

(p<0.001) 

3.5±2.8 % 

Leakage 

volume 

(mL) 

3.4±1.9 1.5 ± 0.4 1.9±2.2 1.2±0.3 2.2±2.0 

Leakage 

volume 

fraction 

4.4±2.4 % 2±0.5 %* 

(p<0.001) 

2.4±2.9 % 1.5±0.4 %* 

(p<0.001) 

2.8±2.6 % 

Closing 

volume 

(mL) 

13.6±2.8 13.5±1.7 0.1±3.6 13.1±1.9 0.5±3.3 

Closing 

volume 

fraction 

17.9±3.8 % 17.7±2 % 

(p=0.947) 

0.2±4.7 % 17±2.3 % 

(p=0.715) 

0.7±4.3 % 
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4.4 Myocardium apex force measurements under hydrostatic experiment 

All apex force values were measured by the force transducer which connected with end 

of TCPs’ bars under plates insertion conditions. These values for us to evaluate maximum 

force situation of the TCP fixtures on myocardium under systolic phase. All force values 

in AP condition showed in table4.4.1 and 4.4.2 below were collected under the valve 

fully close condition with the transmitral pressure controlled as 120 mmHg. 

Table 4.4.1. Apex force for straight bar TCPs in AP condition. 

 6-6-6 9-6-9 6-6-6(W) 9-6-9(W) 

Apex force (N) 1.77±0.07 1.92±0.06 2.20±0.12 2.35±0.07 

 

Table 4.4.2. Apex force for angle bar TCPs in AP condition. 

 6-6-6(A) 9-6-9(A) 6-6-6(A, W) 9-6-9(A, W) 

Apex force (N) 1.65±0.09 1.80±0.04 1.96±0.12 2.26±0.07 

 

We can see, the apex forces were no significant different between the same size plates 

with different bar design such as 1.77±0.07 N (6-6-6) and 1.65±0.09 N (6-6-6(A)). And 

the forces’ values were little larger if the width of plate wider as comparison between 9-

6-9 (1.92±0.06 N) and 9-6-9(W) (2.35±0.07 N). 

Similar with AP conditions, the apex forces values as table 4.4.3 and 4.4.4 had the same 

comparing situation with the bar design and plate width size. 
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Table 4.4.3. Apex force for straight bar TCPs in SP condition. 

 6-6-6 9-6-9 6-6-6(W) 9-6-9(W) 

Apex force (N) 1.82±0.06 2.09±0.13 2.22±0.07 2.43±0.10 

 

Table 4.4.4. Apex force for angle bar TCPs in SP condition. 

 6-6-6(A) 9-6-9(A) 6-6-6(A, W) 9-6-9(A, W) 

Apex force (N) 1.60±0.10 1.86±0.06 1.98±0.10 2.31±0.13 

 

And comparing with AP conditions, we also can find the apex force were not change 

significantly for same TCP in SP. That mean the static leakage case by ischemic valve 

controlling had no large influences with the apex force acing on myocardium apical. 

 

4.5 Effective orifice area measurements under hydrostatic experiment 

The aim of analyzing the EOA values was to judge the forward flow influence of 

different geometry TCPs in diastolic phase.  According to the equation of EOA showed 

in third chapter, I always used the 0.9 % saline which density approximate equal to 1.03 

𝑔/𝑚3 at 20℃. 

For different bar design and size TCPs, the EOAs showed in table 4.5.1 were calculated 

by flow rates and transmitral pressures. 
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Table 4.4.5 Effective orifice area calculation with Forward flowrate and Pressure drop with hydrostatic 

forward flow in all PM displacement. 

 AP 6-6-6 9-6-9 6-6-6(W) 9-6-9(W) 

Forward 

flowrate 

(L/min) 

3.15±0.72 2.62±0.44 2.47±0.63 2.10±0.36 1.99±0.41 

Transmitral 

pressure  

(mm of saline) 

5.3±0.2 7.5±1.1 8.4±0.8 9.4±0.6 10.9±1.4 

EOA  

(𝑐𝑚2) 

1.65±0.13 1.16±0.33 1.03±0.17 0.83±0.28 0.73±0.43 
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Chapter 5  

Discussion 
 

5.1 Fluid–structure interaction and coapatation line mechanism 

After former test on the novel coaptation mechanism of the mitral valve based on the first 

CP study. The mechanism differs from the traditional mitral valve coaptation mechanism 

which is based on leaflet contact and alignment, and requires neither touch nor alignment 

between leaflets, but induces leaflets to contact the CP as an intermediate bridge between 

leaflets. MV leaflet coaptation is simplified from fluid– structure interaction of two super-

elastic leaflets to that of a relatively rigid CP and either super-elastic leaflet. The CP 

device also suggests a simple repair method on the annulus only and thus does not need 

to correct PM displacement, but compensate for leaflet tethering due to PM displacement. 

Our last study proves that CP repair is feasible to prevent mitral regurgitation. The 

promising results may lead to development of a new mitral valve repair method for mitral 

regurgitation. 

Annular dilation is a primary lesion causing functional mitral regurgitation. Recurrence 

of mitral regurgitation after annuloplasty repair indicates that leaflet tethering due to PM 

displacement needs to be addressed in the valve repair. However, PM repositioning 

sometimes affects left ventricle function. This issue inspired us to improve mitral repair 

without PM repair. Our current study has proven that CP is a simple and effective 

procedure on the mitral annulus only to prevent functional mitral regurgitation. The 

underlying mechanism is that CP compensates for leaflet tethering due to annulus 

dilatation and PM displacement. CP does not even require undersized annuloplasty which 
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may cause systolic anterior leaflet motion. On the contrary, a larger annulus may be better 

for left ventricle filling if normal mitral valve effective orifice area is maintained in CP 

repair. Our experiment represented an extreme condition of CP repair as an independent 

procedure while the dilated annulus was left untreated, and thus demonstrated 

conservative results which can be improved if concurrent annuloplasty is used. One of 

potential problem for CP repair is mitral stenosis under annuloplasty. A pressure drops of 

1–2 mmHg due to CP in the dilated annulus during forward flow in the saline experiment 

suggested a pressure drop of 3–5 mmHg for the more viscous blood experiment, which 

should not be a problem because edge-to-edge repair, as a similar repair, causes up to a 

pressure drop of 8 mmHg without clinical issues [45,46,47]. Annulus size should be 

determined based on optimized three-dimensional CP geometry, leaflet tethering and 

valve coaptation quality. 

Fluid–structure interaction between the mitral valve and CP is important in understanding 

of the coaptation mechanism based on CP. CP bears transmitral pressure force in the 

apical direction and leaflet contact force in the transverse direction. Transmitral pressure 

force is a product of the CP cross-section area, and it is transferred to annular or 

myocardium apical. CP should be so thin as to minimize the pressure force as well as 

potential of stenosis although CP should be thick enough as a plug to block regurgitant 

gap. The transverse leaflet contact force on the CP play a self-adaptable role in CP 

positioning to fit in the regurgitant gap which is usually less than 3 mm and can be 

anywhere along the coaptation line [48,49]. One of the important features of the CP 

design is the flexible installation in a cantilever style. According to our observation in the 

experiment, the transverse leaflet contact force always balanced the CP in the coaptation 
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line between the leaflets and played a stabilizing role in CP positioning. We did not feel 

much transverse force when holding the CP with a hand in the coaptation except the 

apical transmitral pressure force [50]. Since these leaflet contact and pressure forces 

affect CP geometry and/or position, detailed relationship between CP mechanical 

properties, thickness and flexibility will be investigated to optimize the CP design. 

 

5.2 Effective of material hardness 

In our former experiments, the hardness of CPs showed no difference in reduction of the 

mitral regurgitation even though we assumed that the elastic CP was supposed to deform 

to fit the leaflet coaptation and thus better than the rigid CP. Based on our results, CP 

mechanical property seemed to be less crucial than the CP flexibility. Better CP design 

depends on understanding of relationship of leaflet contact force vs. CP elasticity and 

flexibility. The flexibility and elasticity of the CP should be further investigated to find 

the best design. Possible materials used for the CP can be pericardium, polymer, metal, or 

combination of them to meet requirements of blood compatibility and structural strength. 

Material fatigue of the connection parts should be considered in prototype development. 

The regurgitant volume is a backward flow volume in a cardiac cycle and is split into the 

closing and leakage volumes. The closing volume is necessary to close the leaflets 

depending on excursion of the leaflets during passive mitral valve closing, and measures 

how fast the mitral valve closes. The larger annulus usually requires more closing volume 

during the valve closure. The closing volume cannot be zero. The leakage volume is 

incurred by the gap in the closed mitral valve, and measures coaptation quality. The 
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leakage volume was greatly reduced by the CP in the asymmetric PM displacement, 

which means the CP effectively blocked the leakage when the valve was closed. CP also 

shortened excursion of the closing leaflets and thus reduced the closing volume if the PM 

tethering remains the same. However, the closing volume fractions remained 20–26% 

after the CPs were implanted. These closing volumes were still large as compared to that 

of the normal valve, but actual not large allowing for the untreated dilated annulus. 

Annuloplasty may be recommended to reduce the closing volume. Undersized 

annuloplasty is not recommended in CP repair because of potential stenosis risk. A 

normal or properly dilated annuloplasty may be suitable to repair functional mitral 

regurgitation with CP. The dilated annulus, if left untreated in CP repair, may lead to a 

large closing volume and thus regurgitant volume. 

 

5.3 Effective of polyurethane plate dimension and hardness 

Last study also found that the mitral regurgitation was just mild in the symmetric PM 

displacement. The mild regurgitation was already low and might not be further reduced 

by CP. Or rather, the CP was not needed to repair the mitral valve with small 

regurgitation. The fact that the regurgitant volume remained small with/out CP suggests 

that the CP did not aggravate mitral valve coaptation in case of CP repair. Hence, CP may 

be used as a preventive repair to enhance repair durability. 

After finishing the study of hardness of CPs, we proposed a novel TCP device to treat 

functional mitral regurgitation. Compared with the previous surgical coaptation plate 

which is supported by an annuloplasty ring [51], challenges of the current technique are 
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functionality, and delivery and anchoring of the TCP. Functionality is demonstrated by 

the regurgitation data of the device. Delivery is associated with a limited size of the 

coaptation plate which can be compressed into a catheter, and anchoring method requires 

appropriate stable anchorage of the TCP in the mitral valve orifice. These issues are 

coupled in the design of the device. To resolve these, we consider more on one than the 

other or both at the same time. Considering complexity and cost of problem solving, we 

sought to solve the functionality issue first but with some consideration in delivery in the 

current study. In the current design, the TCP was made of a super-elastic polyurethane 

sheet. Sutures were anchored slackly in the atrial and apical positions to stabilize the 

TCP. We proved that the TCP successfully reduced functional mitral regurgitation when 

TCP thickness was equal to or greater than 4.8 mm in the in vitro experiment [51, 55, 

56]. This study is a proof-of-concept and will lead to development of a minimally 

invasive strategy to treat functional mitral regurgitation. 

 

5.4 Effective of polyurethane plate’s hardness 

The TCP in the current study is a foldable design of a trapezoidal-shaped polyurethane 

sheet with its cross-section occupying potential regurgitant gap. The highly deformable 

TCP should be able to be compressed into a catheter based on its mechanical property 

and small volume. We did not test the delivery because the minimal functional TCP size 

was not determined yet and transapical catheter size is flexible. Therefore, the minimal 

functional TCP size was the objective of the current study and the various thickness of 

the TCP was tested. The normal mitral coaptation looks like a smiley face in which the 

coaptation line is the mouth. Mitral valve coaptation at the dilated annulus and PM 
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tethering had a long face due to the increased anterior-posterior diameter. There were 

small gaps in either the posteromedial and/or anterolateral sides of the mouth according 

to our experiment. The posteromedial gap was due to PM tethering and the anterolateral 

gap was due to a cleft between the posterior and anterior leaflets or among the multiple 

posterior leaflets. Regardless of the complicated geometry of the coaptation line or gaps 

in both corners of the mouth, we designed the TCP according to the central potential 

regurgitation gap. The TCP width across the annulus was a little smaller than the 

commissure-to-commissure diameter of the mitral valve allowing for commissure leaflet 

mobility. The TCP thickness should be greater than the maximal regurgitant gap of 3 mm 

[57, 58, 59]. The current selection of thickness was based on availability of polyurethane 

sheets. The thicker the TCP, the better it seals and the higher potential of mitral stenosis. 

Hence thickness is a tradeoff between mitral regurgitation reduction and stenosis. On the 

other hand, a limited transapical catheter size requires a small volume of the deformable 

TCP. The TCP length was determined based on the appropriate position of leaflet free 

edge and a range of TCP displacement due to apex motion in a cardiac cycle in order to 

make leaflet free edges touch the TCP. According to the observation, the anterior leaflet 

free edge was approximate 12 mm away from the annulus plane due to PM tethering. 

Considering chordal length, we designed the TCP length to be 27 mm to minimize TCP 

size, but with some degree of stability in the flow. The shorter apical width of the 

trapezoidal shape was determined for not intervening with the PMs. In addition, this 

design of the shorter apical length helped to reduce transverse force component from the 

apical suture in each side, which clamped the TCP and sometimes warped the thin TCP 

up without fitting regurgitation gap in systole. We used all these design criteria to achieve 
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the smallest functional TCP size. To achieve compressibility, an alternative design of 

TCP is an inflatable balloon and fits a small catheter [59, 60, 61]. 

Positioning of the TCP by the apical anchorage should be performed in systole, however, 

allows for motion of the apex anchoring the apical sutures, and PM contraction during a 

cardiac cycle in an in vivo experiment. The apical motion range in a healthy heart is 

within 20 mm as an extreme condition. PM contraction is minor. However, neither the 

apical motion nor PM contraction was simulated in our in vitro experiment, in which 

TCP position was assumed to be in systole. The apical suture length was adjusted so that 

the apical edge was approximated aligned with leaflet free edges in diastole and mitral 

leaflets coapted on the central part of the TCP. We did consider the TCP moved apically 

with apex motion by keeping the atrial sutures slack and a redundant length of ~10 mm 

allowing for TCP motion like in an in vivo experiment. Therefore, the TCP moved back 

and forth with flow in a cardiac cycle in our in vitro experiment. Clinically, a range of 

apical motion is reduced due to an ischemic heart or an anchor position between the PMs 

on the posterior wall other than the apex. This length control is similar to the Neochord 

technique in the mitral valve repair which has artificial chords anchored in the apical 

position [46]. Our results demonstrated that the TCP anchored by the sutures successfully 

maintained a flat shape in the mitral valve orifice without rolling and warping and mitral 

leaflets coapted on the TCP in systole. A longer TCP had a stable orientation in flow and 

mitral leaflets coapted reliably on the central part of the TCP. Therefore, this design is 

feasible. 
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5.5 Effective of polyurethane TCP’s apical force 

There is a striking difference in anchorage between the previous coaptation plate and 

current TCP. The apical anchor is crucial for the transapical delivery and function of 

TCP. Since TCP is a functional plug in the mitral valve orifice, TCP experiences a 

transmitral pressure force in the apical direction and a leaflet contact force in the 

transverse direction in systole. The apical force is minor in diastole due to a flow which 

washes the TCP into the left ventricle, and major in systole due to a high transmitral 

pressure which pushes the TCP into the atrium. Therefore, two groups of sutures were 

designed to anchor the TCP in the mitral valve orifice. One group was tied to the basal 

edge of the TCP with one suture anchored in each commissural position of the mitral 

annulus. In an in vivo experiment, these sutures could potentially be anchored by tissue 

hooks or coils implanted before the TCP delivery. Delivery of the hooks and coils in an 

in vivo experiment is beyond the scope of the study. In our in vitro experiment, the 

sutures were anchored in the annulus plate of the left ventricle model. The other group of 

3 sutures was tied to the apical edge of the TCP with other ends anchored in the apex in 

the left ventricle model. In order to simulate this apex position, we anchored the sutures 

to the tip of a rod fixed in our left ventricle model. Both groups of sutures were used to 

unfold the TCP fitting the potential mitral leaflet gap, and stabilized the TCP in the flow. 

A good analogy to explain the difference in anchorage between the previous device and 

TCP in the flow can be thought as a cellular phone held by a selfie stick and a kite held by 

strings. Which is easy to control in position and orientation? Our results show that these 

sutures, especially apical sutures, anchored the TCP in the appropriate position which 

functioned as a plug in systole and suggest the design was successful. It should be noted 
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that the apical suture force was very strong. This is where the current TCP differs from 

the previous coaptation plate. The apical force in systole was about 2N for the TCP of 

thickness of 6.4 mm estimated from the TCP cross-section area and transmitral pressure 

of 120 mmHg. This force would not cause overload in the apex of the left ventricle. 

Before TCP repair, the transmitral pressure force on mitral valve leaflets is on chords and 

proportional to the annulus area times transmitral pressure. Chords transfer the 

transmitral force to the PMs. After TCP repair, transmitral pressure force on TCP just 

replaces partial chordal force in systole before the repair since TCP occupies partial 

annulus area. Therefore, TCP relieves total chordal force and transfers transmitral 

pressure force on TCP to the apical suture and further to the apex. The total force on the 

apex and the PMs remains the same and thus does not cause any overload to the apex. On 

the contrary, this apical force improves mitral valve-left ventricle interaction by 

facilitating left ventricular contraction and even mitigating further dilation of the left 

ventricle. To contrast with TCP, the large transmitral pressure force on the previous 

coaptation plate is transferred to the annuloplasty ring. The force increases the load for 

the annuloplasty sutures along the annulus and may cause suture dehiscence. 

The transverse leaflet contact force on the TCP in systole always balanced the TCP in the 

coaptation line between leaflets and played a self-adaptive role in TCP positioning to fit 

the regurgitant gap position. The fluid–structure interaction between the leaflets and TCP 

facilitates the mitral valve coaptation. We assume that a soft TCP will be compressed by 

the leaflet contact force and squeezed into a leaky region without leaflet contact. This 

deformation and bending under leaflet contact force automatically matches the 

regurgitant gap size and shape like a smiley face. The function of the soft TCP is to 
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correct a deformable plug to fit the leaflet gap and avoid a square peg in a round hole. 

Hence, we tested the TCP to investigate effect of the hardness. The TCP hardness showed 

no difference in reduction of the mitral regurgitation. Therefore, current TCP hardness 

was not sensitive to leaflet contact force. 

 

5.6 Effective of polyurethane TCP’s dimensions 

Annular dilation is a primary lesion of functional mitral regurgitation. The 80% dilated 

annulus represented an extreme condition. This untreated annular dilation caused a large 

closing volume in our study. The closing volume fraction was 25.9% after the TCPs were 

implanted. This volume can be further reduced with a thicker TCP due to a shortened 

excursion of the leaflet closing predicted from the effect of TCP thickness. The leakage 

volume which measures coaptation quality, was greatly reduced by the TCP with 

thickness greater than 4.8 mm in the asymmetric PM displacement. This highlights that 

the TCP blocked the leaflet gap effectively. This study also found that mitral regurgitation 

was just mild in the symmetric PM displacement. The mild regurgitation was mainly due 

to the closing volume, not the leakage volume. A thicker TCP can potentially further 

reduce the closing volume, however, may cause mitral stenosis. The current TCP had a 

smaller cross-section as compared with the previous one and may not cause any stenosis. 

This was investigated in our previous paper [51]. A pressure drops of 1–2 mmHg across 

the coaptation plate in the forward flow in the saline experiment suggested a pressure 

drop of 3-5 mmHg for the more viscous blood experiment, which should not be a 

problem because edge-to-edge repair, as a similar repair of potential stenosis, causes up 

to a pressure drop of 8 mmHg without clinical issues [52,53]. The current untreated 
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dilated annulus leaves a room for TCP thickening. Optimal thickness of the TCP for 

various size of annulus will be investigated in the future. In addition to the thickness of 

the TCP, three-dimensional shape of the TCP and anchoring position are critical for TCP 

design. The underlying leaflet contact area and position in the TCP in the complicated 

fluid–structure interaction should be understood in order to optimize the TCP. Based on 

the principle of the TCP, TCP is possibly used to treat a prolapsed mitral valve and 

tricuspid regurgitation. 

For previous paper, the hardness was no decisive factor of TCP design, so we choose the 

hard plastic to make bar TCPs by 3D printing machine for testing. Comparing with our 

original intention of plate design for minimally invasive surgery, the test of hard TCPs 

also can reflect the fluid-structure interaction and mechanical properties of the foldable 

TCPs which introduced installation procedure in first chapter. The optimize thickness to 

use which should be larger than 4.8 mm along coapatation line in asymmetric PM 

displacement condition already discussed by previous study about thickness, so in this 

test, we conservative estimate to use thickness in range 6-9 mm and all TCPs with 

symmetric thickness geometry. 

When it comes to supporting force, in polyurethane TCPs study, we found the force 

caused by forward saline flow from atrium to ventricle in diastolic phase was balance 

with force from annular by the two wires. Because the transmitral pressure was less than 

45 mmHg, so the forces were less than 0.4 N, not large enough to damage the tissue of 

valve annular. The 3D bar TCPs had larger cross-section area than polyurethane TCPs, so 

force increased to approximate 0.6 N [62]. But for 3D bar TCPs, this force was balance 

with the force supplied by myocardium apical trough stiffness beam. We know that the 
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myocardium muscle tissue is much stronger than mitral annular muscle, so the force 

influence even could be ignored in diastolic phase. That’s why we didn’t test force values 

in diastole. In systolic phase, transmitral pressure was increase to 120 mmHg, the 3D bar 

TCPs’ force balance situations were similar with polyurethane TCPs, equal to deferential 

pressure value times plate cross-section area which balance with the force transfer by end 

support beam fixed on apical. By different cross-section areas, we had variable values of 

apex force in range of 1.8-2.3 N. In fact, by all force value’s standard deviations which 

were small, we could find the distribution of force values were concentrated in this small 

range. That’s a good prove for us to adjust thickness of support beam and TCPs’ fixture 

design easily and conveniently. 

 

5.7 Effective of polyurethane TCP’s apical force 

Similar situation as polyurethane TCPs positioning, the transverse leaflet contact force on 

the TCP surface in systolic phase. We can image the two leaflets clip the plate tightly in 

the coaptation line. The contact which supplied by transmitral pressure force on surface 

of leaflets still automatic played a self-adaptive role to fit the coapatation regurgitant gap 

position. The fluid–structure interaction between the leaflets and TCP facilitates the 

mitral valve coaptation. Although super-soft TCP will be compressed into a leakage 

region by the transverse leaflet contact, but because there is no deformation of hard TCP, 

that means the leaflet could close quicker than soft plate which could decrease the 

duration of diastolic phase. Comparing with the deformation and bending under leaflet 

contact force automatically matches the regurgitant gap size, for hard plate, the leaflet 

coapation would sharp as the plate cross-section geometry. The function of the hard TCP 
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is to block leaflet gap and make the leaflets touch on plate to avoid a square peg in a 

round gap.  

 

5.8 Movement and EOA of 3D bar TCP assessment 

Both material densities of polyurethane and 3D bar TCPs were larger than saline. The 

TCPs always sink to posterial leaflet and support by touching annular during diastolic 

phase with the atrium and ventricle chambers were place in horizontal direction. By the 

leaflets distributions introduced in first section, our flow loop was placed in the way as 

simulating the human lying down and facing to left side. The movement of polyurethane 

plate had three free degrees based on the identity of wire fixed on apical. It’s reasonable 

for myocardium move of heart beat. The 3D bar TCP also had three degrees’ freedoms. 

There were long distance movements in horizontal and vertical direction but less distance 

in apical direction. The apical motion range in a healthy heart is within 20 mm as an 

extreme condition. That means this apical motion distance was complement by the length 

of plate. 

Hydrodynamic testing shall be performed to provide information on the fluid mechanical 

performance of the surgical heart valve substitute and provide indicators of valve 

performance in terms of load to the heart and potential for blood stasis and damage [63]. 

From results, for similar cross-section area plate like 6-6-6 and 6-6-6 (A), the EOA were 

not significant different with each other. That means the bar angle had very small effect 

on blood flow in diastolic phase. The section area parallel with anulus orifice played 
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main role with the fluid–structure interaction. If the orifice flat vertical with the plate 

insertion direction, there would be minimum influence from medical device performance.  

The in vitro test results shall meet or exceed the minimum performance requirements 

which are given as a function of valve size [64]. But, in our test, all valve diameter 

already fixed as approximate 40 mm because the annular was sutured on mitral valve 

plate. Actually, the annular size was too large to find the minimum performance standard 

for this size valve. Porcine heart had larger mitral annulus size than human’s and the area 

was extend to 80 % dilated. It leaded the valve diameter exceed the human ischemia 

condition. Another issue was other paper’s test results were under the dynamic tests, so 

the flow rate was calculated by the root mean square forward flow during the positive 

differential pressure period. In my study, the flow value only used the maximum flow 

rate under static transmitral pressure. It’s also hard to refer the standard which gave in 

paper to explain the TCP’s applicability. Because of the above reasons, later I would try 

to find the method to judge the minimum performance requirements of large size annular, 

after that I would understand all TCPs were qualified for the disease repairing or not. 

 

5.9 Effective of 3D bar TCP’s dimension 

Although, from the minimum device performance requirements of mitral valve, I could 

not find the answer to analyze the effects of TCPs, but we still could discuss the fluid 

mechanism change after TCPs insertion. The results told us that plate blocking would 

decrease the EOA values and showed more reduction with larger geometry of plate. 
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Comparing with 3D bar TCP, the polyurethane’s results were not very stable detected by 

standard deviation distributions of data charts. The first reason was that the TCPs were 

thick enough to reduce the regurgitation obviously and efficiently. So, there were no 

significant leakage failure after cardiovascular repairing. The phenomenon frequently 

happened under SP displacement conditions. Because the LVs were already very small, 

even less than the normal condition, so the reductions of TCPs insertion were not evident 

change. According to the material properties, sometimes soft plates would curl by 

transverse leaflet contact when mitral valve fully closure. At this time, it might break the 

balance of coapatation line which already closed very well. Another reason was 

improvement of my techniques of mitral valve selection, leaflet size control and annulus 

suture after these several series experiments. Practice made perfect. That helped me to 

control the gaps evenly distributed along the coapatation line for these groups of data. 

After analyzing the TCPs’ results, similar with previous tests’ discussions, all 3D bar 

TCPs would effective with the regurgitation reduction. We also need to do vertical 

comparisons and found out the discrepancy of TCPs with similarity. In AP condition, all 

parameters were reduced significantly of wider plate which had same thickness condition 

than the narrow one except LV of 6-6-6(W). It’s easy to understand that CV would be 

small if the leaflets were easier to move to touch the plate surface with larger size cross-

section area of wider TCP.  

For same wide size plates, the thickness at two commissure positions were not played 

important role. Conversely, wider size group, the thicker plate was more effective with 

the regurgitation reduction because the LV decreased more clearly.  
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Chapter 6  

Limitations & Conclusions 
 

6.1 Study limitations 

The normal porcine mitral valves used in our experiment differed from the diseased 

mitral valve from the ischemic pathology. This difference might cause discrepancy in 

mitral regurgitation in our experiment. The current annulus was dilated by 80% as an 

extreme condition. Less severe annular dilation might lead to a thinner functional TCP. 

The TCP position and anchoring method may not be the same due to ischemic left 

ventricle pathology. There is an angle between the direction of apical suture pulling and 

the direction of papillary muscle pulling in the chords. The oblique angle may tilt the 

device towards the anterior leaflet and away from the posterior leaflet and compromise 

functionality of the TCP when it is implanted in a human heart.  

For 3D bar TCP, the beam could not move as the real heart had 20 mm apical direction 

back and forth motion. The move of myocardium even had rotary motion we didn’t 

simulate in the study. For EOAs’ values, there is no standard parameter reference of 

minimum device performance requirements for mitral valve with large annulus size. 

Furthermore, dynamic left ventricle motion and actual length of the sutures and support 

beam may affect TCP dynamics. Effect of leaflet contact on TCP on the mitral leaflet 

tissue is unknown. Saline used in the experiment had a different viscosity from blood. 

The leakage might be smaller in the blood under the same transmitral pressure. 
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6.2 Conclusions 

6.2.1 Both two TCP design were effective with functional mitral regurgitation 

Two types TCPs were successfully as a plug in the mitral valve coapatation gaps. The 

functional mitral regurgitation was reduced significant after repairing by this novel 

mothed which develop for minimally invasion surgery. Comparing the surgical 

procedures, I prefer the installation of 3D bar TCP which was simpler and convenient. 

And It’s more effective with reduction of regurgitation volume with ticker dimension in 

acceptable EOA range. 

6.2.2 Optimal size of TCP hardness and thickness selection 

The hardness influence of material choose is small. The TCP with thickness equal to or 

greater than 4.8 mm is effective to reduce functional mitral regurgitation. Thicker would 

be better, but it would increase the surgical difficulties and equipment requirements. The 

regurgitation volume control was already more severe than human ischemic disease 

condition. I consider that 4.8 mm would be effective for TCP design without mitral 

stenosis happen. 

6.2.3 Apical force assessment 

The range of peak apical force value is not large. It’s approximate between 1.8 to 2.3 N. 

Base on the result, it’s beneficial for us with plate material selection and dimension 

design which cause less influence fluid-structure of left ventricle.  
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6.2.4 Effective orifice area 

Although there were no human’s EOA parameter with the large dilated annulus to judge 

the experiment’s stenosis situation, but the results still have reference value like none-

linear relative with plate cross-section increasing. In future, we will pay more attention 

with EOA test to complete the datum. 
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