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Figure 21.1 Marker site schematic (repeat of Figure 19.1). 

CHAPTER 21 PAPILLARY FORCES 
 
In Chapter 19 we showed that the distance from each half of the mitral annulus to its associated 
papillary tip (anterior, posterior) was roughly constant throughout the cardiac cycle and that papillary 
length changes (contraction during systole and stretch during diastole) were associated with this 
invariance. In Chapter 20 we showed that the long axis of the posterior papillary muscle is aligned with 
the region near the right fibrous trigone and the anterior papillary muscle is aligned with the region near 
the anterior commissure. Because papillary muscle fibers are roughly parallel to this long axis, it is likely 
that this is the principle direction of force development for each papillary muscle. In this chapter, we 
combine the geometric data from our hearts F1-F11 (see Appendix F) with direct measurements of 
papillary and chordal forces by Salisbury et al.1, Nielsen et al.2, and Askov et al.3, to offer a general 
proposal concerning the role of these forces in the valvular-ventricular complex.  Our speculation is 
based on the simplifying assumption of a single anterior and single posterior papillary muscle, 
recognizing that the actual situation, with multiple papillary tips, will be considerably more complex. 
 
Figure 21.1 schematically depicts the relationship 
of a selection of the markers in the F1-F11 series 
as viewed from the anterior toward the posterior 
commissure. The nomenclature for this figure has 
been provided in Chapter 19. The papillary basal 
markers (#32, 34) in the F-Series, as depicted in 
Figure 21.1, were sewn directly to each papillary 
base during the pump run. 
 
Figures 21.2A and B identify the marker locations 
for the F1-F11 hearts. These are the same 
locations and marker numbers as in hearts H1-H6, 
but four additional markers were added in the F-
series, one at the endocardial base of each 
papillary muscle (#32 anterior, #34 posterior) and 
one at the mid-point of each strut chord 
associated with the anterior leaflet (#35 anterior, 
#36 posterior). 
 
Figures 21.3A-F plot inter-marker distances for 
three consecutive beats in each of the F1-F11 
hearts. Distance d3738 between the central edges 
of the anterior and posterior leaflets was used to 
establish the time of valve opening and closing. 
Distances d3144 between the anterior papillary 
tip and an anterior leaflet anterior edge marker, and d3345 between the posterior papillary tip and an 
anterior leaflet posterior edge marker, suggest a small buckling of leaflet edge chords during the E-wave, 
as already noted and discussed in Chapter 7. 

                                                            
1 Salisbury PF, Cross CE, Rieben PA. Chorda tendinea tension. Am J Physiol. 1963;205:385-392. 
2 Nielsen SL, Timek TA, Green GR, Dagum P, Daughters GT, Hasenkam JM, Bolger AF, Ingels NB, Miller DC. Influence 
of anterior mitral leaflet second-order chordae tendineae on left ventricular systolic function. Circulation. 
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Figure 21.2A Anterior-side lengths analyzed for hearts F1-F11.  From 
anterior papillary tip marker (#31) to: anterior mitral annular 
markers (#29, 16, 28, 17, 27, 18, blue); to edge markers on the 
anterior half of the anterior leaflet (#29, 42, 43, 44, 38, red); and to 
the anterior papillary basal marker (#32). Marker #37 (open circle) 
shows marker location on the edge of the central posterior leaflet 
scallop in this closed valve. Unlabeled vertical line at lower right 
displays posterior papillary tip and base markers for reference. 

 
Figure 21.2B Posterior-side lengths analyzed for hearts F1-F11.  
From posterior papillary tip marker (#33) to: posterior mitral 
annular markers (#24, 20, 25, 19, 26, 18, blue);  to edge 
markers on the posterior half of the anterior leaflet (#24, 47, 
46, 45, 38, red); and to posterior papillary basal marker (#34). 
Marker #37 (open circle) shows marker location on the edge of 
the central posterior leaflet scallop in this closed valve. 
Unlabeled vertical line at lower left delineates anterior 
papillary tip and base markers for reference. 

 
Note, in Figures 21.3A-F, the small variation in distance throughout the cardiac cycle from the anterior 
papillary tip to markers on the anterior half of the mitral annulus (d2231, d3129, d3116, d3118) and the 
posterior papillary tip to markers on the posterior half of the mitral annulus (d2233, d3324, d3320, 
d3318). These findings from F1-F11 are consistent with those from H1-H6 (illustrated in Figures 19.3A-
C), incorporated into Tables 19.1A-B, as well as those from H1-H6 that provided the basis for the trigonal 
coordinate system described in Chapter 3.  Note also that the strut chords exhibit near-zero strains 
throughout the cardiac cycle, as evidenced by the virtually unchanging values of d2231, d3135, d2233, 

and d3336 in Figures 21.3A-F. This strongly suggests that the strut chords are either quite stiff, 
experiencing little force, or both. Salisbury et al.1 found that strut chords were always in tension, with 

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


CHAPTER 21 PAPILLARY FORCES  21-3 

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

HEART D3132 D3334 
F1 19 18 
F2 17 14 
F3 13 18 
F4 13 17 
F5 19 17 
F6 14 11 
F7 20 16 
F8 19 20 
F9 12 16 

F10 21 21 
F11 12 12 

   MEAN 16 16 
SD 3 3 

MAX 21 21 
MIN 12 11 

Table 21.1 Papillary Shortening 
100*(dmax-dmin)/dmax (%) 

values up to 0.15N in diastole and 1N in mid-systole. Nielsen et al.2 found that strut chord tension was 
near zero during IVC and end IVR, with a maximum of 0.7N in mid-systole. These are very small forces. 
 
As previously described by Rayhill et al.4 and Marzilli et al.5, these 
directly-measured papillary muscle lengths (d3132 and d3334 in 
Figures 21.3A-F) exhibit length changes that are virtually identical to 
left ventricular volume — shortening during systole and lengthening 
during diastole, with little length change during IVR and (particularly) 
almost none during IVC. Percent shortening values for the F1-F11 
papillary muscles are shown in Table 21.1 
 
This relative invariance of chordal lengths during IVC, particularly no 
abrupt increase in these directly-measured hinge chord lengths as left 
ventricular pressure rises, leads to a potentially important conclusion. 
Askov et al.3 directly measured anterior and posterior papillary muscle 
force with a gauge inserted in series with each papillary muscle tip and 
found very little papillary force development during IVC. At end-IVC, 
however, the valve is closed and the leaflets are experiencing near-
maximum left ventricular systolic pressure, thus one would predict 
that both chordal stretch and papillary force would be near-maximum 
at end IVC – but they aren’t.  Askov et al.3 found that papillary force 
isn’t maximum until near mid-systole, about 150 ms after LV 
excitation, with a rise-time similar to that observed by Holmes et al.6 in 
isolated rabbit ventricular papillary muscle at 37°C. 
 
Cronin et al.7 have written: “It has been generally assumed that the papillary muscles are activated very 
early in the cardiac cycle so that during the sudden rise in pressure associated with isovolumic 
contraction, the papillary muscles are thought to be already in a state of increased tension and prepared 
to support the forces acting upon the atrioventricular valves. Careful examination of the simultaneous 
recordings of force and pressure development do not support this reasoning. Rather, it is clearly evident 
that intraventricular pressure frequently rises considerably in advance of the development of increased 
tension in the papillary muscle”. So, how can this be? A provisional (and rather startling) conclusion is 
that the leaflets in the closed valve are nearly self-supporting, without requiring significant tension in 
the chordae to maintain their closed configuration. In support of this notion, direct measurements by 
Nielsen et al.8 have shown that leaflet edge chords exhibit a maximum tension of about 0.3N, even less 
than the strut chords maximum tension of about 0.7N, both being very small forces. Also in support of 
this notion, Guo et al.9 found that “ablation of the posterior papillary muscle of the left ventricle by 
                                                            
4 Rayhill SC, Daughters GT, Castro LJ, Niczyporuk MA, Moon MR, Ingels NB, Jr., Stadius ML, Derby GC, Bolger AF, 
Miller DC. Dynamics of normal and ischemic canine papillary muscles. Circ Res. 1994;74(6):1179-1187. 
5 Marzilli M, Sabbah HN, Goldstein S, Stein PD. Assessment of papillary muscle function in the intact heart. 
Circulation. 1985;71(5):1017-1022. 
6 Holmes JW, Hunlich M, Hasenfuss G. Energetics of the Frank-Starling effect in rabbit myocardium: economy and 
efficiency depend on muscle length. Am J Physiol Heart Circ Physiol. 2002;283(1):H324-330. 
7 Cronin R, Armour JA, Randall WC. Function of the in-situ papillary muscle in the canine left ventricle. Circ Res. 
1969;25(1):67-75. 
8 Nielsen SL, Hansen SB, Nielsen KO, Nygaard H, Paulsen PK, Hasenkam JM. Imbalanced chordal force distribution 
causes acute ischemic mitral regurgitation: Mechanistic insights from chordae tendineae force measurements in 
pigs. J Thorac Cardiovasc Surg. 2005;129(3):525-531. 
9 Guo LS, Zhou X, Li YH, Cai J, Wei DM, Shi L, Yang G, Armoundas AA, Yang XC. Alcohol ablation at the posterior 
papillary muscle prevents ventricular fibrillation in swine without affecting mitral valve function. Europace. 
2010;12(12):1781-1786. 
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injection of dehydrated alcohol results in no new or worsening mitral regurgitation”. So, papillary muscle 
contraction may not be essential to hold the leaflet edges in their closed configuration. But how could 
these leaflets be self-supporting in the closed valve? In the next several chapters we develop a 
hypothesis addressing this question, but will simply note here that aortic valves placed upside down in 
the mitral position are clinically employed as mitral valve replacements – and these replacement valves 
can close and support left ventricular systolic pressure without chordal support. 
 
So if the mitral valve leaflets in the closed valve are nearly self supporting, requiring almost no chordal 
tension to remain closed, what is the role of the force of about 6N measured by Askov et al.3 during 
ejection in each papillary muscle? We propose (as did Askov et al.3) that this force is applied to the 
mitral annulus throughout systole primarily to contribute to LV ejection, a proposal that finds support in 
both basic studies10 and the finding, originally by Lillehei et al.11 but validated many times since, that 
clinical outcomes are improved by chordal preservation during mitral valve replacement. The 
importance of this 12N (2x6N) papillary muscle force measured by Askov et al.3 can be put into 
perspective. Considering that left ventricular systolic pressure is total left ventricular force divided by 
total left ventricular chamber area, a rough calculation shows that total left ventricular force during 
ejection is about 120N (90mmHg x 100 cm2). Thus the 12N from the two papillary muscles contributes 
about 10% to total left ventricular force, a small, but non-negligible, quantity, considering that it is 
applied to about 100,000 beats each day. 
 
In summary, then, we propose that the papillary tips are held in a precise and relatively fixed geometric 
relationship to the mitral annulus throughout the cardiac cycle by stiff chordae subjected to rather small 
forces. This fixed geometric relationship allows the leaflets to close gently during IVC, with almost no 
tension in the chordae or their associated papillary muscle, with leaflet shape and position established 
at the moment of closure in very nearly the geometry that will be maintained throughout systole. 
Subsequent papillary force development later in systole, transmitted through the hinge chords, 
contributes about 10% to the total force of contraction, particularly in mid-to-late systole. 
 
If this is the case, simple papillary passive elasticity, without the need for active papillary force 
development, could suffice for proper mitral valve leaflet opening and closing. The chords, attached to 
the papillary tips, serve to position and shape the leaflets during valve closure, not to forcibly hold them 
in position throughout systole. The leaflets, once closed, are virtually self-supporting. Because papillary 
force is so small at the instant of valve closure, the rigid annulus/leaflet structure must be held in place 
in the LV by its direct attachment to the myocardium via the S1 spring in Figure 21.1 and tertiary chords 
(dashed blue in Figure 21.1). Subsequent papillary force development, applied to the annulus, helps 
pump blood.  
Askov et al.3 suggested that this chordal arrangement “…allows a significant load [to be] transferred 
through the basal chordae and distributed toward the mitral annulus without pulling the leaflets apart in 
an apical direction.” But Askov et al.3 found continued papillary force development throughout IVR, and 
both Rayhill et al.4 and Marzilli et al.5 found that papillary muscle shortening also continues throughout 
IVR. This late papillary force and shortening, potentially supplementing the primary opening force 
associated with the reversal in the LVP/LA pressure gradient, may well play an active role to aid quick 
and reliable valve opening at end IVR. 
  

                                                            
10 Rodriguez F, Langer F, Harrington KB, Tibayan FA, Zasio MK, Cheng A, Liang D, Daughters GT, Covell JW, Criscione 
JC, Ingels NB, Miller DC. Importance of mitral valve second-order chordae for left ventricular geometry, wall 
thickening mechanics, and global systolic function. Circulation. 2004;110(11 Suppl 1):II115-122. 
11 Lillehei CW, Levy MJ, Bonnabeau RC, Jr. Mitral Valve Replacement with Preservation of Papillary Muscles and 
Chordae Tendineae. J Thorac Cardiovasc Surg. 1964;47:532-543. 
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Figure 21.3A. LVP and inter-marker distances for hearts F1 (top) and F2 (bottom). Anterior papillary tip 
(#31) to anterior mitral annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the 
anterior mitral leaflet (d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior 
papillary tip (#33) to posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to 
posterior half of the anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base 
(d3334). Anterior strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn 
(#22) to APT (d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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Figure 21.3B. LVP and inter-marker distances for hearts F3 (top) and F4 (bottom). Anterior papillary tip 
(#31) to anterior mitral annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the 
anterior mitral leaflet (d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior 
papillary tip (#33) to posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to 
posterior half of the anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base 
(d3334). Anterior strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn 
(#22) to APT (d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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Figure 21.3C. LVP and inter-marker distances for hearts F5 (top) and F6 (bottom). Anterior papillary tip 
(#31) to anterior mitral annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the 
anterior mitral leaflet (d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior 
papillary tip (#33) to posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to 
posterior half of the anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base 
(d3334). Anterior strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn 
(#22) to APT (d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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Figure 21.3D. LVP and inter-marker distances for hearts F7 (top) and F8(bottom). Anterior papillary tip 
(#31) to anterior mitral annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the 
anterior mitral leaflet (d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior 
papillary tip (#33) to posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to 
posterior half of the anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base 
(d3334). Anterior strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn 
(#22) to APT (d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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Figure 21.3E. LVP and inter-marker distances for hearts F9 (top) and F10(bottom). Anterior papillary tip 
(#31) to anterior mitral annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the 
anterior mitral leaflet (d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior 
papillary tip (#33) to posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to 
posterior half of the anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base 
(d3334). Anterior strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn 
(#22) to APT (d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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Figure 21.3F. LVP and inter-marker distances for heart F11. Anterior papillary tip (#31) to anterior mitral 
annulus (d3129, d3116, d3118). Anterior papillary tip (#31) to anterior half of the anterior mitral leaflet 
(d3144). Anterior papillary tip (#31) to anterior papillary base (d3132). Posterior papillary tip (#33) to 
posterior mitral annulus (d3324, d3320, d3318). Posterior papillary tip (#33) to posterior half of the 
anterior mitral leaflet (d3345). Posterior papillary tip (#33) to posterior papillary base (d3334). Anterior 
strut chord half-length (d3135). Posterior strut chord half-length (d3336). Saddlehorn (#22) to APT 
(d2231) and PPT (d2233). Anterior-posterior leaflet edge-edge distance (d3738). 
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