
        
            
                
            
        

    
	CHAPTER 37  FOUR BALLOONS

	 

	In this chapter, we metaphorically characterize the mitral leaflets as segments of four inflated balloons pressed together on the ventricular side of the mitral annulus in such a geometric configuration as to preclude their crowding through the mitral annulus into the left atrium.  The greater the inflation pressure (LVP), the more firmly the balloon interfaces press together, the more impossible it becomes to crowd this assemblage through the annulus. This concept, visualized schematically in Figures 37.1 and 37.2, makes the closed valve almost self supporting, requiring very little chordal force to maintain its closed configuration. The resulting stiffness of this assemblage could contribute significantly to the remarkable ability of these very thin leaflets to withstand the large systolic pressures generated by the contractile forces from the thick-walled left ventricular myocardium.

	

	Figure 37.2. Mitral valve geometry as viewed from the left atrium (top panel) and LFT to RFT (bottom panel). ANT=anterior leaflet; P1,2,3= posterior leaflets P1, P2, P3. Arrows represent left ventricular pressure pressing on balloon interfaces.
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	Figure 37.1. Four balloon mitral valve analogy. ANT=anterior leaflet balloon; P1,2,3=posterior leaflet P1, P2, P3 scallop balloons. Mitral annulus (black) and anterior leaflet (color coded) from ovine data.

	 

	The contact regions of the balloons exhibit three geometric configurations: folding near the annulus; 2-curve coaptation further from the annulus (in the 5 regions where 2 balloons intersect); and 3-curve coaptation further still from the annulus (in the 2 leaflet regions where 3 balloons intersect). Figure 37.3 illustrates a hypothetical sequence of folding, 2-curve coaptation, and 3-curve coaptation accompanying valve closure for a hypothetical P2-P3 region model. Experimental data supporting this sequence is provided in Chapters 24, 25, and 26 and Appendix E). 

	 

	The three-dimensional geometry of the mitral leaflets in the closed valve is difficult to describe with two-dimensional media, such as this page. As suggested in Chapter 27, however, the best way to visualize this geometry is to create a wrap-around model based on actual leaflet anatomy such as that shown in Figure 27.1. Figures 37.4-37.9 are photographs of such a model from six angles. Note that the fold-regions produced from the wide inter-scallop regions in the actual anatomic dissections are more pronounced than those produced in the relatively narrow “V-shaped” inter-scallop region in the hypothetical model shown in Figure 37.3.
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	Figure 37.3. Model illustrating the hypothetical transition of adjacent P2 and P3 leaflet scallops from their  fully open configuration (panel A) to a nearly closed configuration (panel D). Folding occurs in the region indicated by the dashed line in Panel A. 2-curve coaptation occurs between P2 and P3 in the regions indicated by the blue lines in Panel A. 3-curve coaptation occurs between P2, P3, and ANT in the regions indicated by the red lines in Panel A.2-curve coaptation is resumed in the regions where P2 alone meets ANT and P3 alone meets ANT. ANT is at top and mitral annulus at bottom of each panel. RFT=approximate location of right fibrous trigone. LAT=approximate location of lateral mitral annulus.

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

	These pronounced inter-scallop folds (e.g. like those produced at the dashed line in Figure 37.3A and labeled as F1-F4 in Figures 37.4-37.9, with F1 and F4 being commissural folds) could serve a number of important functions:

	
		They would allow the valve to open widely (as shown in Chapter 24), yet not offer significant resistance to leaflet rotation toward closure by the almost negligibly small diastolic pressure gradients following the E-wave. This would allow rapid but gentle closure at the moment LVP began to increase.

		They would prevent leakage between adjacent leaflets near the annulus when the valve was closed.

		Left ventricular systolic pressure on each side of each fold would help prevent mitral annular regional perimeter expansion during systole of the P1-P2 and P2-P3 annular interface (possibly accounting for the findings in Figure 15.3). Such annular expansion would be further resisted by translation of the left and right fibrous trigones towards the left ventricular septum driven by expansion of outflow tract by left ventricular pressure increase that further tenses the annulus, as discussed in Chapter 17. Annular expansion throughout systole would also be resisted by the inward forces associated with left ventricular systolic pressure acting on the ventricular surfaces of the posterior leaflets, as discussed in Chapter 16. During isovolumic relaxation, the decreasing left ventricular pressure would reduce all three of these forces, drawing the annulus inwards and thereby allowing annular expansion in preparation for rapid early diastolic filling.

		They would help align and position adjacent leaflet coapting surfaces precisely at the moment of valve closure.

		They would help prevent shear of adjacent leaflets from unequal forces acting on the leaflets in the closed valve.

		They would provide a rigid skeleton-like scaffold in each region to help minimize leaflet displacement in response to systolic left ventricular pressure.



	 

	All the data and analysis in this book point to the fact that initial leaflet geometry at the moment of valve closure is crucial to systolic valve mechanics. If the initial geometric conditions are set properly at this moment (i.e., the complex anterior leaflet curvatures are set precisely and all leaflet edges are positioned precisely with respect to one another and the LV chamber at this time), the resulting leaflet assemblage is nearly self-supporting, becoming nearly a rigid body whose geometry is virtually independent of subsequent flow and pressure throughout systole. This concept is supported by the small papillary forces measured at the moment of valve closure, as discussed in Chapters 21 and 22, and the beat-to-beat repeatability and leaflet systolic positional stability discussed in Chapters 9, 13 and 18. Such initial leaflet shape and positioning is achieved by positioning the papillary tips at precise 3D locations at the moment of valve closure, as discussed in Chapters 3, 4, and 19, with all the chordae distributed from these tips to the many leaflet attachment sites having exactly the right lengths to place the leaflet edges to within a millimeter of their closed positions at the moment of closure, as discussed in Chapter 13. In this view, the papillary muscles and chordae act primarily to keep the anterior leaflet out of the outflow tract during diastole and to gently and precisely position the leaflets into a precise geometric configuration at the moment of closure; exerting only about 10% of ejection force during the last half of systole, as described in Chapter 22. As left ventricular pressure just begins to rise during the ECG R-wave, the slightest regurgitant pressure gradients will force the large-area anterior leaflet and P1, P2, and P3 scallops inward relative to the smaller areas exposed in the clefts between these leaflet regions, thereby assuring proper folding geometry, similar to the sequence shown in Figure 37.3. The precise initial positioning associated with all of these mechanisms also prevents the leaflet from colliding forcefully at the beginning of each beat, allowing gentle closing mechanics that spares both valve and blood components from damage.

	 

	Frictional interactions between the “rough zones” in the coaptation regions at the edges of the anterior, P1, P2, and P3 leaflets (e.g., C1-C5 in Figures 37.4-37.9) lock the leaflet edges in place, thereby preventing the leaflet “balloons” from slipping past each another toward the left atrium. The folds and coaptation regions (F1-F4 and C1-C5, respectively, Figures 37.4-37.9) also form a structurally rigid supporting “skeleton” that resists displacement of the assembly towards the annulus. The higher the left ventricular pressure, the more these regions press together, and the stiffer and more extensive this structural support becomes, thereby further resisting the tendency of the leaflet assembly to displace towards the mitral annulus as LVP increases.

	 

	The shape and stiffness of the anterior leaflet allows its annular half to be virtually self-supporting, as discussed in Chapters 6, 8, 9, and 10, as well as allowing the anterior leaflet to support the radial compression (relative to its end-IVR geometry) associated with coaptation, as discussed in Chapter 11. The extra “twitch” stiffening of the annular half of the anterior leaflet, associated with atrial excitation (discussed in Chapter 29) helps maintain the self-supporting saddle-shape of this leaflet region during the sudden left ventricular pressure increase at the beginning of each beat. These additional factors help resist the tendency of the leaflet assembly to displace towards the annulus with increasing left ventricular pressure. The saddle-shape of the annular half of the anterior leaflet is also important to smooth left ventricular outflow, as described in Chapter 13.

	 

	Spreading coaptation over a large surface “rough zone” contact area reduces crushing forces below the threshold required to damage blood cells that may be trapped in the coaptation region, thus preventing blood cell damage, yet maintaining tight closure. Microscopic spaces distributed throughout the rough zone contact areas may also allow protected regions where the blood components would not be subjected to crushing forces associated with leaflet coaptation.

	 

	Near the trigones, the commissural folds (F1 and F4 in Figures 37.4-37.9) have a more restricted opening angle than F2 and F3 during LV filling. This is because F1 and F4 are at the vertices of the angle between the annular and anterior leaflet planes (see Chapter 8), allowing only limited space in that region for opening. In contrast, the posterior leaflet folds, F2 and F3, far from these vertices, exhibit opening angles of nearly 180 during diastolic filling as shown in Chapter 24. Such limited opening near the vertices, illustrated in Chapter 5, may also contribute to the limited opening of the annular half of the anterior leaflet.

	 

	The very wide opening of the posterior leaflets has flow consequences. This opening would squeeze almost all the blood out from behind them because they nearly contact the LV endocardium. This blood would flow in the same direction as, and contributes to, central LV inflow.  When the posterior leaflets close again, a fresh charge of blood would enter this space; a mechanism that could prevent stasis behind the posterior leaflets. In contrast, the anterior leaflet, when maximally open, leaves a large space behind itself in the outflow tract. Indeed, the anterior leaflet region near the annulus is like a drumhead, supported by the stiff trigone regions, which guides diastolic inflow away from the LV outflow tract. Even the anterior edge region is prevented from entering too far into the outflow tract by the strut chordae. As a result, the anterior leaflet may be thought of as a flow-guiding boundary for both LV inflow and outflow, while the posterior leaflets serve the primary role of offering a minimum impediment to LV inflow during filling, then closing against the anterior leaflet to prevent regurgitation, but having a lesser impact on flow during ejection.
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	Figure 37.4. View from Left Atrium towards Left Ventricle. SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; LAT=Lateral annulus; ANT=Anterior Leaflet; P1,2,3= Posterior Leaflet Scallops; F1,2,3,4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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	Figure 37.5. View from Lateral Annulus towards Annular Saddlehorn. SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; LAT=Lateral annulus; ANT=Anterior Leaflet; P1,2,3= Posterior Leaflet Scallops; F1,2,3,4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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	Figure 37.6. View from Left Ventricle towards Left Atrium. SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; LAT=Lateral annulus; ANT=Anterior Leaflet; P1,2, = Posterior Leaflet Scallops; F1,2,3,4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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	Figure 37.7. View from Left Ventricle towards Left Atrium. SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; LAT=Lateral annulus; ANT=Anterior Leaflet; P2= Posterior Leaflet Scallop; F1,2,3,4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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	Figure 37.8. View from Left Fibrous Trigone towards Right Fibrous Trigone . SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; ANT=Anterior Leaflet; P1= Posterior Leaflet Scallop; F1,2,4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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	Figure 37.9. View from Annular Saddlehorn towards Lateral Annulus. SH=Saddlehorn; LFT=Left Fibrous Trigone; RFT=Right Fibrous Trigone; ANT=Anterior Leaflet; F1, 4=Folds: C1,2,3=Two-Curve Coaptation Sites; C4,5=Three-Curve Coaptation Sites
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