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Figure 20.1 Definition of angle θ used to establish 
the orientation of each papillary muscle long axis 
(Anterior,31-32; Posterior,33-34) with respect to 
each mitral annular marker (AMi).  

 
Figure 20.3. Distribution of a minimum angle site on the mitral 
annulus (sites #15-30) for each of the 11 hearts (F1-F11). The 
diameter of each colored symbol indicates the frequency of 
that location being a minimum angle site for the anterior (red) 
and posterior (blue) papillary muscles. Anterior papillary 
muscle tip (#31), posterior papillary muscle tip (#33). 

CHAPTER 20 PAPILLARY VECTORS 
 
In Chapter 19 we estimated the length changes of the papillary muscles from papillary tip and adjacent 
subepicardial ventricular markers. In this chapter (and the next) we analyze papillary mechanics for the 
F-series of experiments (See Appendix F), where papillary tip 
and base markers were placed inside the ventricle under direct 
visualization during cardiopulmonary bypass, allowing better 
measurement of papillary muscle lengths. In these hearts (F1-
F11) the anterior papillary tip was assigned Marker #31, its base 
#32; the posterior papillary tip #33, its base #34. Muscle fibers 
are aligned along the long axes of papillary muscles, thus 
papillary muscle contractile force is exerted primarily along 
these axes. In this chapter, because the papillary muscle tips are 
connected via hinge chordae to the mitral annulus, we explore 
the orientation of these axes with respect to sites around the 
mitral annulus. 
 
Figure 20.1 illustrates how these orientations were quantified. 
For each sample frame, angles θ (in 3-space) were computed 
between vectors from each annular marker (AMi)to the tip (#31) 
and base (#32) of the anterior papillary muscle and from the tip 
(#33) and base (#34) of the posterior papillary muscle. Clearly, 
the closer θ is to 0°, the closer the long axis of a papillary muscle 
(red line in Figure 20.1) is directed towards that particular AMi site.  
 
Figures 20.2 A, B, and C show the behavior of these 
angles through 3 complete cardiac cycles in each of the 
hearts (F1-F11) for both the anterior and posterior 
papillary muscles. Note that minimum directions can be 
discerned, having θ<10° that vary little throughout the 
cardiac cycle. 
 
Figure 20.3 graphically illustrates a distribution on a 
mitral annulus schematic of one site exhibiting minimum 
angle and minimum variation for each heart (this is not 
unique - other histograms can be drawn). Note, in this 
illustration, the posterior-anterior asymmetry with the 
long axis of the posterior papillary muscle directed 
almost exclusively toward sites (blue) between the 
saddlehorn (#22) and right fibrous trigone (#24) and the 
long axis of the anterior papillary muscle is directed 
primarily toward sites (red) near the left fibrous trigone 
(#29) and anterior commissure (#16). Papillary muscle 
force, of course, will be distributed among all chords on 
that respective half of the valve, but the greatest force component would be expected to be in line with 
this long axis. This analysis, of course, is only a first approximation as it assumes papillary muscle 
linearity and will be increasingly in error to the extent that each papillary muscle curves between its tip 
and base.  
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In Chapter 03 we found that the papillary tips swing around their respective trigonal axes within the left 
ventricle throughout the cardiac cycle, but In Chapter 19 we showed that the lengths of the annular 
(hinge) chordae were nearly constant throughout the cycle. Thus, although the annular-papillary tip 
complex rotates as a whole within the ventricle, the papillary tips maintain a constant geometric 
relationship with respect to the mitral annulus during both systole and diastole. Figures 20.3A-F 
illustrate this relatively fixed geometric relationship in each of the hearts F1-F11 by clamping, in each 
frame of each heart, the best-fit annular plane to the X-Y axis, setting the origin at the projection of the 
annular saddlehorn marker (#22) on the best-fit annular plane in that frame, and constraining the 
projection of the lateral annular marker (#18) on this best-fit annular plane to the X-Z plane in that 
frame, then creating a point cloud by superimposing annular and papillary tip marker 3-D positions 
throughout three consecutive cardiac cycles at 60 frames/second. These graphs show that papillary tip 
positions with respect to the mitral annulus are maintained constant to within a few millimeters in 
three-dimensional space throughout the entire cardiac cycle. In many respects, the papillary tips can be 
considered as suspended, parachute-like, below an annular “canopy” by rather stiff chordal “suspension 
lines”, while the papillary bases accommodate left ventricular wall motion with papillary muscle length 
changes. 
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Figure 20.2A. Left ventricular pressure (LVP/4) and angles related to the anterior papillary muscle (left 
column) and posterior papillary muscle (right column) for hearts F1-F4. Papanglexxyyzz is the angle formed 
by the papillary tip (xx), the mitral annular site (yy), and the papillary base (zz). 
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Figure 20.2B. Left ventricular pressure (LVP/4) and angles related to the anterior papillary muscle (left column) 
and posterior papillary muscle (right column) for hearts F5-F8. Papanglexxyyzz is the angle formed by the 
papillary tip (xx), the mitral annular site (yy), and the papillary base (zz). 
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Figure 20.2C. Left ventricular pressure (LVP/4) and angles related to the anterior papillary muscle (left column) and 
posterior papillary muscle (right column) for hearts F9-F11. Papanglexxyyzz is the angle formed by the papillary tip 
(xx), the mitral annular site (yy), and the papillary base (zz). 

http://dx.doi.org/10.3384/book.diva-117057


CHAPTER 20 PAPILLARY VECTORS  20-6 

MITRAL VALVE MECHANICS   by Neil B. Ingels, Jr. and Matts Karlsson 

 
 
 
 
  

 

 
Figure 20.3A X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F1 (top 4 panels) and F2 (bottom 4 panels).  Annular saddlehorn (SEP #22, black), 
anterior commissure (ACOM #16, magenta), lateral annulus (LAT #18, green), posterior commissure 
(PCOM #20, cyan), anterior papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). 
Best-fit annular plane clamped to the X-Y plane. Origin at the projection of the annular saddlehorn 
(#22) projection on the annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane 
constrained to the X-Z plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 

http://dx.doi.org/10.3384/book.diva-117057


CHAPTER 20 PAPILLARY VECTORS  20-7 

MITRAL VALVE MECHANICS   by Neil B. Ingels, Jr. and Matts Karlsson 

 
 
  

 

 
Figure 20.3B X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F3 (top 4 panels) and F4 (bottom 4 panels).  Annular saddlehorn (SEP #22, black), 
anterior commissure (ACOM #16, magenta), lateral annulus (LAT #18, green), posterior commissure 
(PCOM #20, cyan), anterior papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). 
Best-fit annular plane clamped to the X-Y plane. Origin at the projection of the annular saddlehorn 
(#22) projection on the annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane 
constrained to the X-Z plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 
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Figure 20.3C X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F5 (top 4 panels) and F6 (bottom 4 panels).  Annular saddlehorn (SEP #22, black), 
anterior commissure (ACOM #16, magenta), lateral annulus (LAT #18, green), posterior commissure 
(PCOM #20, cyan), anterior papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). 
Best-fit annular plane clamped to the X-Y plane. Origin at the projection of the annular saddlehorn 
(#22) projection on the annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane 
constrained to the X-Z plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 
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Figure 20.3D X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F7 (top 4 panels) and F8 (bottom 4 panels).  Annular saddlehorn (SEP #22, black), 
anterior commissure (ACOM #16, magenta), lateral annulus (LAT #18, green), posterior commissure 
(PCOM #20, cyan), anterior papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). 
Best-fit annular plane clamped to the X-Y plane. Origin at the projection of the annular saddlehorn 
(#22) projection on the annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane 
constrained to the X-Z plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 
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Figure 20.3E X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F9 (top 4 panels) and F10 (bottom 4 panels).  Annular saddlehorn (SEP #22, black), 
anterior commissure (ACOM #16, magenta), lateral annulus (LAT #18, green), posterior commissure 
(PCOM #20, cyan), anterior papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). 
Best-fit annular plane clamped to the X-Y plane. Origin at the projection of the annular saddlehorn 
(#22) projection on the annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane 
constrained to the X-Z plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 
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Figure 20.3F X, Y, Z marker position pointcloud (mm) superimposing frames from 3 beats at 60 
frames/sec for F11.  Annular saddlehorn (SEP #22, black), anterior commissure (ACOM #16, 
magenta), lateral annulus (LAT #18, green), posterior commissure (PCOM #20, cyan), anterior 
papillary muscle tip (#31, red), posterior papillary muscle tip (#33, blue). Best-fit annular plane 
clamped to the X-Y plane. Origin at the projection of the annular saddlehorn (#22) projection on the 
annular  best-fit plane. Lateral annulus (#18) projection on this best fit plane constrained to the X-Z 
plane. LA=left atrium; LV=left ventricle. Mitral annular spline (red). 
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