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INTRODUCTION

	 

	The goal of this book is to develop a working hypothesis for mitral valve function in the beating heart. We have been studying the 4-D dynamics of the heart using biplane radiography of surgically implanted radiopaque markers for the past forty years,1 with emphasis on the mitral and aortic valves during the past 20 years,2-16 and dense leaflet and annular marker arrays during the past several years.17-27 Data from the control runs in these studies comprise the substrate for this book.

	 

	The data files described in the Appendices and provided in the Repository are the most important parts of this book. We present our interpretations of these data in the following chapters, but our interpretations may be wrong. It is our hope that readers will challenge and/or build on these ideas, all the while using (and constrained by) these data. 

	 

	We wish to make this material freely available and shareable, thus, it can be accessed directly by clicking on the MITRAL VALVE MECHANICS  footer at bottom of each page. Readers should feel free to download this material, use it in any way they wish, and distribute it to anyone who might be interested in this subject.

	 

	In this brief introduction, we cannot individually recognize and thank each of the many individuals who have participated in these studies. This would require another book.  Instead, we recognize them by listing some of their authored publications below, with each publication acknowledging and thanking the supporting individuals for that study. Without the superb interdisciplinary skills and almost miraculous collaborative efforts of all these individuals in conducting these intricate studies, these data would not exist.

	 

	Three individuals, however, have devoted more than 30 years to these studies and we must thank them individually; D. Craig Miller, in whose Stanford Laboratories these studies were conducted and without whom none of this would have been possible; George Daughters, who was crucially and fully engaged in all aspects of this work; and Carol Mead, who performed an invaluable role in both data acquisition and analysis. 
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	CHAPTER 01  ANATOMY AND MARKER SITES

	 

	Figure 1.1 is a view from a 3-D rendering of systolic geometry for the left ventricle, mitral valve, and aortic valve, computed as a composite from two experiments involving precise measurement of 83 marker sites. The methods used to obtain this 3-D dataset, including the full dataset file, are outlined in Appendix B. Note that in this systolic rendering, the aortic valve is open and the mitral valve is closed.


[image: S:\MyWorks\MITRAL BOOK CHAPTER 01 ANATOMY & MARKER SITES\Figure 1.1 cropped copy.jpg]

	Figure 1.1 Anatomical relationships between the mitral valve, aortic valve, and left ventricle. View is from the right fibrous trigone toward the left fibrous trigone, i.e., from the posterior LV towards the anterior LV. Gridlines are 10 mm apart.

	 

	 

	 

	Figure 1.2 is an enlarged view from the 3-D rendering of diastolic geometry using the composite technique described in Appendix B and used to produce Figure 1.1. The Figure caption and labels define the nomenclature that will be used in this book to describe the left ventricle, mitral valve, and aortic valve. Note that in this diastolic rendering, the aortic valve is closed and the mitral valve is open.

	

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 01 ANATOMY & MARKER SITES\Figure 1.2 cropped copy.jpg]

	 

	Figure 1.2 Nomenclature: LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; MA=Mitral Annulus;

	AML=Anterior Mitral Leaflet; PML=Posterior Mitral Leaflet; APT=Anterior Papillary Tip; PPT=Posterior Papillary Tip; LAT=Lateral LV; SEP=Septal LV; ANT=Anterior LV; POST=Posterior LV; LAC=Left Aortic Cusp; RAC=Right Aortic Cusp; NCAC=Non Coronary Aortic Cusp. Gridlines are 10 mm apart.

	 

	 

	 


 

	 

	 

	Figures 1.3 and 1.4 show the numbered sites where radiopaque markers were located in the left ventricle, mitral annulus, papillary muscles, and mitral anterior and posterior leaflets for the six hearts H1-H6 (see Appendix A).

	 

	 

	 

	

	[image: S:\MyWorks\MITRAL BOOK FIGURES\FIG02            Marker Schematic.png]

	 

	Figure 1.3 Numbered left ventricular and mitral annular marker sites. APM=Anterior Papillary Muscle Tip; PPM=Posterior Papillary Muscle Tip. Marker #29 at the Left Fibrous Trigone, Marker #24 at the Right Fibrous Trigone, Marker #22 at the Annular “Saddlehorn”, Marker #18 at the Lateral Annulus, Marker #16 at the Anterior Commissure, Marker #20 at the Posterior Commissure.

	[image: S:\MyWorks\MITRAL BOOK FIGURES\FIG01            Marker Schematic Leaflet only.png]

	 

	Figure 1.4 Numbered anterior mitral leaflet marker sites. Marker 37 is at central posterior leaflet scallop edge.

	 

	 

	 

	 



        
            
                
            
        

    
	CHAPTER 02 FIBROUS MITRAL ANNULUS

	

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 02 TRIGONES\Mitral-Aortic Curtain I.jpg]

	Figure 2.1. Diagram of the mitral valve and its neighbors, viewed from the left atrium.  A fibrous curtain of variable length separates the aortic and mitral annuli.  From the Cardiovascular Research and Training Center, Cardiac Imaging Research Lab, University of Washington, Seattle, Washington. Figure drawn by Starr Kaplan.

	A fibrous collagen wedge, pointing toward the left ventricle, separates the mitral valve and left atrium from the aortic valve. The portion of this wedge between the mitral and aortic valves is known as the aortic mitral curtain or the intervalvular fibrous curtain. The fibrous mitral annulus (Figure 2.1), at the point of this wedge, serves as the hinge for the anterior mitral leaflet. In our studies, seven markers are spaced along this hinge (Figure 2.2), from the left fibrous trigone (LFT, Marker#29), through Markers #15 and #30, to the annular “saddlehorn” (SH, Marker #22), then on through Markers #23 and #21, to the right fibrous trigone (RFT, Marker#24).

	 

	The length of the fibrous mitral annulus for the six hearts (Figure 2.3), obtained by summing the length of segments D2915, D1530, D3022, D2223, D2321, and D2124, ranged from 28 to 39 mm and this length varied from 6 to 10% during the cardiac cycle. Fibrous mitral annular length was minimum during diastole, rose steadily during ejection, then fell abruptly immediately after mitral valve opening, in concert with LV contraction, not LV pressure.

	 

	The fibrous mitral annular angle for the six hearts (Figure 2.3), defined from the LFT (Marker #29) to the SH (Marker #22) to the RFT (Marker #24), i.e., 29-22-24, ranged from 116 to 145°, and varied from 7 to 11% during the cardiac cycle. The fibrous mitral annular angle was maximum at end diastole, fell abruptly as LVP increased during IVC, continued to fall (but more slowly) during ejection, then increased in a manner similar to LV filling during and after IVR.

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 02 TRIGONES\TRIGONE MARKER DETAIL.jpg]

	 

	Figure 2.2 Fibrous Mitral Annulus (red), the hinge region for the anterior mitral leaflet (gray), as delineated by radiopaque markers from the left fibrous trigone (LFT, Marker#29), through Markers #15 and #30, to the “Saddlehorn” (SH, Marker #22), through Markers #23 and #21, to the right fibrous trigone (RFT, Marker#24).

	

	[image: S:\MyWorks\MITRAL BOOK FIGURES\FIG67 SIX HEART TRIGONE PERIMETER AND ANGLE ORIGIN FIGURES.png]

	 

	Figure 2.3 LFT-SH-RFT Fibrous mitral annular length and angle for hearts H1-H6.

	 



        
            
                
            
        

    
	CHAPTER 03 FIBROUS ANNULUS-PAPILLARY TIP-LV RELATIONSHIP

	 

	Figure 3.1 illustrates the geometric relationships between the LFT (Marker#29), APT (Marker#31), SH (Marker#22), RFT (Marker#24), and PPT (Marker#33) for diastole (left panel) and systole (right panel).

	

	Figure 3.1 Geometric relationship between the LFT (Marker#29), APT (Marker#31), SH (Marker#22), RFT (Marker#24), and PPT (Marker#33) during diastole (left panel) and systole (right panel). 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	Figures 3.3a and 3.3b plot, for hearts H1-H6, the distance between the APM tip and the fibrous annulus from the LFT to the SH (D2931, D1531, D3031, D2231), the distance between the PPM tip and the fibrous annulus from the RFT to the SH (D2433, D2133, D2333, D2233), the distance between the papillary tips (D3133), LVP, and identify the time of mitral valve opening (MVO) and closing (MVC).

	 

	Note, in Figures 3.3a and 3.3b, that the distances from the APT to the fibrous annulus (D2931, D1531, D3031, and D2231) and the distances from the PPT to the fibrous annulus (D2433, D2133, D2333, D2233) are relatively constant throughout the cardiac cycle, in spite of the wide variation in the distance between the papillary tips (D3133, greatest at end diastole, decreasing during ejection, then increasing during filling).

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 03 FIBROUS ANNULUS-PAPILLARY TIP RELATIONSHIP\FIBROUS ANNULUS-PAP TIP MIN MAX DISTANCES.png]

	Table 3.1 Group MAX%, MIN%, and MEAN%  length changes throughout the cardiac cycle for H1-H6. 

	 

	Table 3.1 quantifies the changes in all these distances throughout the cardiac cycle. The data in this table were obtained by first analyzing 130 consecutive samples for the 3 beats in each individual heart, finding the maximum and minimum values for this dataset in that heart, then computing the percent change for that heart as 100*((max-min)/min). The maximum change observed for the 6 hearts analyzed is shown as MAX%, the minimum change observed as MIN%, and the mean change for the 6 hearts is MEAN%. As can be seen, even with these very stringent criteria, changes in the distances from the papillary tips to their respective half of the fibrous annulus were small, ranging from 2-7%, while the distance between the papillary tips (D3133) ranged from 32-60%.

	 

	These nearly constant papillary tip to fibrous annulus distances suggest rather tight coupling between the papillary tips and the fibrous annulus. The material basis for this coupling can be observed anatomically (Figures 3.2a, 3.2b, and 3.2c) as relatively thick, so-called “strut” chordae, emanating from the papillary tips, inserting into the belly of the anterior leaflet, continuing on as somewhat diffuse structures on the ventricular side of the anterior leaflet to insert with the leaflet into the fibrous annulus and chordae from the papillary tips to the trigones. The differences between Figure 3.2a and 3.3b suggest anatomical differences between ovine and human chordae, although both species have chords from the papillary tips to the anterior leaflet belly and from the papillary tips to the trigones that could result in this constant-distance behavior.

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 01 ANATOMY & MARKER SITES\MISC STUFF\Antunes MITRAL VALVE REPAIR Figure 2_10 copy.jpg]

	Figure 3.2b. Anterior leaflet and papillary muscles. Paramedial (pm), strut (s), and paracommissural (pc) chordae tendineae of the anterior leaflet (AL). APM =anterior papillary muscle; PPM=posterior papillary muscle. From Antunes, MJ, MITRAL VALVE REPAIR, 1989, Verlag R.S. Schulz.

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 01 ANATOMY & MARKER SITES\MISC STUFF\Antunes MITRAL VALVE REPAIR Figure 2_7 copy.jpg]

	Figure 3.2c Ventricular view of the anterior mitral leaflet showing the typical insertion of chordae tendineae into the free edge and rough zone of the leaflet. From Antunes, MJ, MITRAL VALVE REPAIR, 1989, Verlag R.S. Schulz.

	[image: S:\MyWorks\MITRAL BOOK CHAPTER 03 FIBROUS ANNULUS-PAPILLARY TIP RELATIONSHIP\Mitral valve postop leaflet picture DSC_0075.JPG]

	Figure 3.2a Ventricular surface of postoperative excised ovine anterior leaflet from one of our studies. Note two prominent chordae from papillary tips that may provide the constant annular-papillary tip distances discussed in this chapter. Note also the radiopaque markers sewn to all aspects of the valve complex, particularly those at the papillary tips and mid-strut chord, allowing assessment of strut chord length changes throughout the cardiac cycle as discussed in Chapter 21. Photo by Eleazar Briones.

	 

	 

	 

	 


Such relatively constant distances between the papillary tips and the fibrous annulus have potentially important implications. If, to a crude first approximation, we model the fibrous annulus-APT and -PPT connections as chordal threads, capable of supporting tension, but buckling in compression, then the only way to maintain these constant distances is to rotate the papillary tips around axes defined on the fibrous annulus. We define two such axes for each heart in Figures 3.4a, b, and c. 

	
		The first axis, for the APT (#31), has its origin at the SH (#22) and extends through the LFT (#29). A plane 22-29-1 (blue) anchors this axis to the LV apex (#1). Another plane 22-29-31 (red) contains the chordal threads to the APT (#31).

		The second axis, for the PPT (#33), has its origin at the SH (#22) and extends through the RFT (#24). A plane 22-24-1 (green) anchors this axis to the LV apex (#1). Another plane 22-24-33 (red) contains the chordal threads to the PPT (#33).



	We further define: 

	
		“pat” as the projection of the APT (#31) on the 22-29-1 plane and “qa” is the point on the 22-29 axis where a normal to this axis passes through the APT (#31).

		31 as the 29-22-pat angle in the 22-29-1 plane.

		31 as the APT angle 31-qa-pat with respect to the 22-29-1 plane, with positive angles toward the lateral annular marker (#18).

		LAC31 as the #22 to qa distance.

		RAC31 as the #qa to APT(#31) distance

		“ppt” as the projection of the PPT (#33) on the 22-24-1 plane and “qp” is the point on the 22-24 axis where a normal to this axis passes through the PPT (#33).

		33 as the 24-22-ppt angle in the 22-24-1 plane.

		33 is the PPT angle 33-qp-ppt with respect to the 22-24-1 plane, with positive angles toward the lateral annular marker (#18).

		LPC33 as the #22 to qp distance.

		RPC33 as the #qp to PPT(#33) distance



	 

	Note that LAC31, RAC31, and 31 describe the APT (#31) in a cylindrical coordinate system (defined by 22-29-1), and LPC33, RPC33, and 33 describe the PPT (#33) in another cylindrical coordinate system (defined by 22-24-1). 

	 

	An important finding demonstrated in Figures 3.5a and 3.5b is that RAC31 and RPC33, the radial components of their respective cylindrical coordinate systems, are nearly constant. This indicates that the two coordinate systems just constructed (using 22-29-1 and 22-24-1) provide axes of symmetry around which the papillary tips exhibit almost pure rotation. This tends to justify our chordal thread assumption used to derive these coordinate systems. Further, whether or not this assumption is valid, these coordinate systems reduce the very complex papillary tip dynamics in 3D space to simple rotations around anatomically definable LV axes. This is important to allow us to gain a greater understanding of the role of these papillary muscles with respect to the mitral valve within the LV chamber.

	 

	 


We next explore some of the implications of the data in Figures 3.5a and 3.5b, observing that:

	 

	
		Papillary tip motions can be almost completely characterized as a rotation around their respective trigone axes (31 around 22-29 and 33 around 22-24, both plotted in red). This rotation follows LV flow (actually, more properly, EDV), not pressure, becoming increasingly positive during LV filling and increasingly negative during LV ejection.

		The rotation of the papillary tips (31, 33) is least at mitral valve opening (MVO), but always  > -7° (i.e., very near the fibrous annular -LV planes), increases rapidly during diastolic filling to ≥ 0° during diastole, and is always positive at mitral valve closure (MVC). This is important and will be discussed in subsequent chapters, but for now we only point out that large, negative ’s would place the papillary tips into LV outflow tract territory.

		Because papillary tip motions can be almost completely characterized as a rotation around their respective trigone axes, and their chordal distances to the fibrous annulus vary so little (without buckling), this implies that the strut chords are always in tension and that this tensile force is exerted:



	
		 by the anterior papillary muscle in the APT-LFT-SH plane (shown in red in Figures 3.4a, b, and c), directed in the narrow range between the force vectors labeled as F1 and F2 in Figures 3.4a, b, and c, and

		by the posterior papillary muscle in the PPT-RFT-SH plane (shown in red in Figures 3.4a, b, and c) and directed in the narrow range between the force vectors labeled as F3 and F4 in Figures 3.4a, b, and c.



	
		 We know something about this force. Salisbury, et al.1, implanted force transducers in series with canine strut chordae and showed that strut chordal force was always tensile throughout the cardiac cycle, with a maximum of 25-75 gm and a minimum during diastole of about 12 gm.  Van Rijk-Zwikker et al.2 showed that strut chordae remain under tension throughout the cardiac cycle. Nielsen, et al.3, also implanted force transducers in series with ovine strut chordae and showed that maximum force was about 0.5-0.9 N (50-90 gm), in agreement with Salisbury, et al.1  It is important to emphasize that these are very small forces, approximately an order of magnitude less than the force produced by systolic pressure on the surface of the anterior leaflet. So, at this point, we have a good estimate of the magnitude of strut-chordal force component and now have a fairly precise estimate of its vector orientation throughout the cardiac cycle, as well.

		Marker #3 is the closest LV marker to the anterior papillary tip marker (#31). Comparing D2203 in Figures 3.5a and 3.5b with D2231 in Figures 3.3a and 3.3b, note that the variation in distance (D2203) throughout the cardiac cycle from marker #3 to the SH (#22) is more than 4 times that of the variation in distance D2231 from the anterior papillary tip (#31). Likewise, Marker #9 is the closest LV marker to the posterior papillary tip marker (#33). Comparing D2209 in Figures 3.5a and 3.5b with D2233 in Figures 3.3a and 3.3b, note that the variation in distance (D2209) throughout the cardiac cycle from marker #9 to the SH (#22) is also more than 4 times that of the variation in distance D2233 from the anterior papillary tip (#33). This strongly suggests that the bodies of the papillary muscles must serve as springs with variable spring constants that couple the large movements of the LV myocardium relative to the SH (#22) to the almost invariant distances of the papillary tips (#31 and #33) from the SH. As the LV fills in diastole and the papillary tips rotate around their trigone hinges and thereby increase their inter-papillary tip distance (D3133, Figures 3.3a and 3.3b), these springs must stretch because D2203 and D2209 increase during filling, but D2231 and D2233 are constant. As the LV empties during systole, the springs must shorten because D2203 and D2209 are gradually shortening (and wall thickness is increasing, as well, throughout systole), but D2231 and D2233 remain constant.



	In summary, then, we can liken the papillary tips (#31 and #33) to the tips of chordal “wings” (the red triangles in Figures 3.4a, b, and c) flapping around their attachments to their individual trigonal axes (22-29 and 22-24), with a simple rotation toward the lateral mitral annulus (#18) during LV filling, and a simple rotation away from the lateral mitral annulus (#18) during LV ejection. Each wingtip is attached to a continuously stretched papillary spring anchored at one end in the LV wall and pulling to maintain tension in the strut chordae at the other, thereby maintaining the papillary tips at a constant distance from the central fibrous annulus saddlehorn (#22) as the LV myocardium stretches and contracts throughout the cardiac cycle. The criteria leading to these dynamics set rather stringent limits on the location of the papillary muscle tips within the LV chamber. This could have implications with regard to fetal heart development.

	 

	But what are these struts doing? Their weak tension, along with their orientation, just about precludes any role for these struts as important factors in generating LV pressure, reducing LV dimensions to aid ejection, or holding the anterior leaflet steady against high systolic pressures. We begin to address this question in the next chapter.
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	Figure 3.3a Distance between the APM tip (#31) and the fibrous annulus from the LFT to the SH (D2931, D1531, D3031, D2231) (left panels), the PPM tip and the fibrous annulus from the RFT to the SH (D2433, D2133, D2333, D2233) (right panels), ,distance between the papillary tips (D3133), LVP, and the time of mitral valve opening (MVO) and closing (MVC) for hearts H1-H3. 
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	Figure 3.3b Distance between the APM tip (#31) and the fibrous annulus from the LFT to the SH (D2931, D1531, D3031, D2231) (left panels), the PPM tip and the fibrous annulus from the RFT to the SH (D2433, D2133, D2333, D2233) (right panels), ,distance between the papillary tips (D3133), LVP, and the time of mitral valve opening (MVO) and closing (MVC) for hearts H4-H6.
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	Figure 3.4a. Two views of the papillary tip relationships to the fibrous annulus and LV for hearts H1 and H2. 
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	Figure 3.4b.  Two views of the papillary tip relationships to the fibrous annulus and LV for hearts H3 and H4.
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	Figure 3.4c.  Two views of the papillary tip relationships to the fibrous annulus and LV for hearts H5 and H6.
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	Figure 3.5a. Trigone-LV-Pap coordinate system results for hearts H1-H3. 
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	Figure 3.5b. Trigone-LV-Pap coordinate system results for hearts H1-H6. 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 



        
            
                
            
        

    
	CHAPTER 04 ANTERIOR LEAFLET TRAMPOLINES

	 

	In Chapter 03 we asked what the anterior and posterior strut complexes were doing. In this chapter, we explore one of their likely functions. In future chapters, we examine additional functions.

	 

	A trampoline is a device that stretches a material taut with forces from peripheral radial springs. Here, we suggest that one of the functions of the anterior and posterior strut complexes is to stretch two anterior leaflet regions into a specific taut configuration at a specific time in the cardiac cycle.

	 

	Figure 4.1 displays data from a representative beat from heart H1 to illustrate these two regions (contained within the red outlines superimposed on the anterior (ANTERIOR) and posterior (POSTERIOR) halves of the anterior leaflet) and the time interval (from the onset of rapid left ventricular pressure rise (LVPO, top row) to the time of mitral valve closure (MVC, bottom row)). Leaflet color coding shows the displacements (mm) above (red) or below (blue) the planes defined by the Saddlehorn (#22), LFT (#29), and APT (#31) for the ANTERIOR half of the leaflet (left column), and the Saddlehorn (#22), RFT (#24), and PPT (#33) for the POSTERIOR half of the leaflet (right column). Note that, in spite of the much greater displacements of the leaflet edges, the anterior leaflet regions associated with the strut chordae (approximated by the areas contained within the red line boundaries) are maintained within roughly ±1mm of these respective planes immediately before the onset of rapid left ventricular pressure rise.

	 

	Figures 4.2a, b, and c show these same data for representative beats from hearts H1-H6 at the times of LV peak inflow (top row), onset of rapid LVP rise (second row), mitral valve closure (third row), and LV peak outflow (bottom row. As in Figure 4.1, in these hearts the two regions associated with their respective strut chordae are very little displaced from these respective chordal planes at the onset of rapid LVP rise and mitral valve closure.

	 

	These findings lead us to suggest that the strut chords, coupled with their trigone regions, serve to provide sufficient traction to guide these two regions of the anterior leaflet into prescribed geometric configurations immediately prior to the onset of the rapid LVP rise at the beginning of each beat.

	 

	Recall that Salisbury et al.1 showed that this traction is about 12 grams (0.12N) during diastole, with the struts never slacking. While this force is so small as to seem almost negligible, it is sufficient to pull these regions of the leaflet into these specific positions during diastasis when there are few other forces on the anterior leaflet; LVP is low, the valve is open (with nearly the same pressure on both anterior leaflet faces), and LV inflow is almost zero. The idea of such an “equilibrium” diastolic leaflet position associated with chordal traction is not new. It has been a classic subject of investigation, as summarized many years ago by Binkley et al.2  What is new here is the idea that this traction sets the geometry of specific regions of the anterior leaflet into a specific geometric configuration just before the valve closes. 

	 

	What is the significance of guiding these regions into this specific geometry? We explore an answer to this question in the next two chapters.
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	Figure 4.1. Anterior leaflet regions (within red outlines) that are stretched taut from the onset of LVP rise (LVPO) to mitral valve closure (MVC) for a representative beat from heart H1. Anterior leaflet color code is mm above (yellow-red) or below (green-blue) a plane defined by the saddlehorn marker (#22), LFT marker (#29), and APT (#31) for the Anterior half of the leaflet (left column), and a plane defined by the saddlehorn marker (#22), RFT marker (#24), and PPT (#33) for the Posterior half of the leaflet (right column). Black lines represent a first approximation of strut chord force vectors from the trigone region to the papillary tips (APT on the left, PPT on the right).
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	Figure 4.2a. Data from hearts H1 (left two columns) and H2 (right two columns). Anterior leaflet displacement (mm) above (yellow-red) or below (green-blue) planes defined by the saddlehorn marker (#22), LFT marker (#29), and APT (#31) for the Anterior half of the leaflet (first and third columns), and the saddlehorn marker (#22), RFT marker (#24), and PPT (#33) for the Posterior half of the leaflet (second and fourth columns). Black lines represent a first approximation of strut chord force vectors from the trigone region to the papillary tips (APT on the left, PPT on the right). Top row=time of peak LV inflow; second row=onset of rapid LV pressure rise; third row=time of mitral valve closure; bottom row=time of LV peak outflow.
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	Figure 4.2b. Data from hearts H3 (left two columns) and H4 (right two columns). Anterior leaflet displacement (mm) above (yellow-red) or below (green-blue) planes defined by the saddlehorn marker (#22), LFT marker (#29), and APT (#31) for the Anterior half of the leaflet (first and third columns), and the saddlehorn marker (#22), RFT marker (#24), and PPT (#33) for the Posterior half of the leaflet (second and fourth columns). Black lines represent a first approximation of strut chord force vectors from the trigone region to the papillary tips (APT on the left, PPT on the right). Top row=time of peak LV inflow; second row=onset of rapid LV pressure rise; third row=time of mitral valve closure; bottom row=time of LV peak outflow.
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	Figure 4.2c. Data from hearts H5 (left two columns) and H6 (right two columns). Anterior leaflet displacement (mm) above (yellow-red) or below (green-blue) planes defined by the saddlehorn marker (#22), LFT marker (#29), and APT (#31) for the Anterior half of the leaflet (first and third columns), and the saddlehorn marker (#22), RFT marker (#24), and PPT (#33) for the Posterior half of the leaflet (second and fourth columns). Black lines represent a first approximation of strut chord force vectors from the trigone region to the papillary tips (APT on the left, PPT on the right). Top row=time of peak LV inflow; second row=onset of rapid LV pressure rise; third row=time of mitral valve closure; bottom row=time of LV peak outflow.

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 



        
            
                
            
        

    