
UCSF
UC San Francisco Previously Published Works

Title
Effect of mitral annuloplasty device shape and size on leaflet and myofiber stress following 
repair of posterior leaflet prolapse: a patient-specific finite element simulation.

Permalink
https://escholarship.org/uc/item/89054881

Journal
The Journal of Heart Valve Disease, 23(6)

ISSN
0966-8519

Authors
Morrel, William G
Ge, Liang
Zhang, Zhihong
et al.

Publication Date
2014-11-01
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/89054881
https://escholarship.org/uc/item/89054881#author
https://escholarship.org
http://www.cdlib.org/


Effect of mitral annuloplasty device shape and size on leaflet 
and myofiber stress following repair of posterior leaflet 
prolapse: A patient-specific finite element simulation

William G. Morrel, BS1, Liang Ge, PhD2,4, Alison Ward5, Zhihong Zhang, MS4, Eugene A. 
Grossi5, Julius M. Guccione, PhD1,2,4, and Mark B. Ratcliffe, MD2,3,4

1School of Medicine, University of California, San Francisco, California

2Department of Surgery, University of California, San Francisco, California

3Department of Bioengineering, University of California, San Francisco, California

4Veterans Affairs Medical Center, San Francisco, California
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Abstract

Background—Mitral annuloplasty (MA) devices have different shapes and sizes. However, the 

preferred shape and size are unclear.

Methods—A previously described and validated finite element (FE) model of the left ventricle 

(LV) with mitral valve (MV) based on MRI and 3D echo images from a patient with posterior 

leaflet (PL; P2) prolapse was used. FE models of MA devices with different shapes (flat partial, 

shallow saddle, pronounced saddle) and sizes (36–30) were created. Virtual leaflet resection + MA 

with each shape and size were simulated. Leaflet geometry, stresses in the leaflets and base of the 

LV, and forces in the chordae and MA sutures were calculated.

Results—All MA shapes increased mitral coaptation length, reduced the elevated PL stress at 

end-diastole (ED) and end-systole (ES) that occurred after leaflet resection, and reduced anterior 

leaflet (AL) stress at ES. Reduction in MA size for each MA shape further decreased PL stress at 

ED and ES and AL stress at ES. MA devices of all shapes and sizes modestly reduced myofiber 

stress at the LV base in ED and ES. In general, saddle-shaped devices had the greatest effect.

Conclusions—All MA shapes increased coaptation length and reduced mitral leaflet stress and 

myofiber stress in the base of the LV. Additional reduction in MA size further increased coaptation 

length and reduced leaflet and myofiber stress. In general, saddle-shaped devices had the greatest 

effect.
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Introduction

A common mitral valve (MV) repair for mitral prolapse is leaflet resection combined with 

mitral annuloplasty (MA). MV repair for severe mitral regurgitation (MR) is indicated in 

patients with symptoms, patients with systolic dysfunction, and asymptomatic patients in 

whom repair is likely to succeed. (1) Operative mortality and initial correction of MR are 

excellent after MV repair for degenerative disease. The addition of an annuloplasty device 

strongly enhances repair durability. (2)

On the other hand, recurrent 2–4+ MR after MV repair may occur at a rate of 2.6% per year 

even after exclusion of patients with Barlow’s syndrome. (3) Freedom from reoperation 

progresses more slowly but can reach 20% at 19.5 years. (4) Results from low volume 

centers are probably worse.

One significant problem is that mitral repair techniques are not standardized. (5) For 

instance, a variety of MA devices are available, many of which are designed to recreate the 

normal valve saddle shape (6, 7) while others opt for a flat shape. (8) Stiffness ranges from 

flexible to semi-rigid to stiff, and in each case a range of sizes is available. (5) Repair 

durability and the low likelihood of mitral repair in this country (41–69% (9, 10)) may be 

partially due to this lack of standardization and experience with significantly low individual 

surgeon/center volume.

To the best of our knowledge, only our lab has developed finite element (FE) models of the 

left ventricle (LV) and MV. (11, 12) With those models, we have studied MA device shape in 

the setting of ischemic mitral regurgitation. (11) Most recently, we built a patient-specific 

finite element model of the human LV + MV with posterior leaflet (PL; P2) prolapse type 

degenerative MR. Finally, we performed virtual MV repair surgery to mimic the surgery the 

patient received and showed that it matched patient data on several key metrics. (13)

In the present study, we used our validated FE model of the LV + MV with P2 prolapse to 

calculate the effect of annuloplasty device shape and size on leaflet stress and myofiber 

stress in the LV. We tested the hypothesis that a saddle-shaped annuloplasty device is best 

able to increase leaflet coaptation and reduce leaflet and LV myofiber stresses and that 

reduction in annuloplasty device size is associated with further improvement in coaptation 

and reduction in stress.

Methods

FE model of mitral valve repair

Overview—Briefly, a finite element mesh including LV, mitral valve, and chordae 

tendineae based on pre and intra-operative imaging data from a patient with posterior leaflet 

prolapse was created as previously described. (14) The diastolic and systolic material 

parameters of the LV in the pre-repair model were manually adjusted so that the model’s LV 

volumes at end-diastole (ED) and end-systole (ES) were within 5% of LV volumes measured 

with MRI. (14) Virtual triangular resection of the P2 region of the posterior leaflet and MA 
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were sequentially performed using the virtual suture method as previously described. (11, 

14) Resection was modeled on videoscopic recording of the actual operation.

Virtual annuloplasty—Flat partial, shallow saddle, and pronounced saddle shaped MA 

devices were digitized by scanning physical samples using microCT (Scanco µCT 50). 

Device shapes are shown in Figure 1 and properties are summarized in Table 1. The exterior 

fabric portion of the devices was excluded from the FE model. Contours were created to 

represent the devices in three dimensions using Rapidform XOR2 SP1 (3D Systems, Rock 

Hill, SC, USA). A mesh of each device was created using beam elements. The devices were 

assumed to be rigid in our simulation (*MAT_RIGID, LS-DYNA, Livermore, CA). MA 

device meshes were scaled to match the diameters of the 2 MA devices produced by 

Medtronic (Table 2). For instance, all size 36 MA device meshes had a transverse diameter 

of 38.45 mm.

Each annuloplasty device mesh was placed near the center of the mitral valve. Virtual 

sutures were added to pull the mitral annulus towards the annuloplasty device as previously 

described. (11) Simulation of LV diastole and systole then proceeded as previously 

described. (12)

Measurement of leaflet geometry—Overlap of the anterior and posterior mitral leaflets 

(coaptation length) was calculated from each FE model. Leaflets were considered to be 

overlapping if the distance between them in the FE model results was less than 1.5 mm. 

Slices were taken every 1.43 mm.

Stress and force calculations—The LV was divided equally into basal, middle, and 

apical regions. Mitral leaflets were each divided into A1 (left anterior), A2, and A3, and P1 

(left posterior), P2, and P3 scallops. LV fiber stress, mitral leaflet von Mises (effective) 

stress, and uniaxial forces in the virtual sutures were calculated. Strain was computed with 

ED as the reference configuration.

Statistical analysis—Stress and strain were averaged over all elements of each LV or 

leaflet region and presented as the average ± the standard deviation in each region. The FE 

model was based on a single patient. The results obtained are not stochastic and statistical 

tests were therefore not appropriate. P values are therefore not reported.

Results

Leaflet geometry

The effects of annuloplasty device shape and size on coaptation length at end-systole are 

seen in Figure 2. All shapes increased leaflet coaptation length. Also, within each shape, a 

reduction in device size was associated with an increase in coaptation length. The 

pronounced saddle shape device was associated with the greatest increase in coaptation 

length and the greatest increase in coaptation length with size reduction. For instance, peak 

coaptation length in the P3 region increases from 5.4 mm pre-op (Figure 2A) to 11.3 mm 

with a size 36 pronounced saddle MA device and to 14.3 mm with a size 30 (Figure 2D).
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Leaflet stress

All MA shapes reduced the elevated stress in the posterior leaflet that occurred after 

triangular resection of the posterior leaflet (Figures 3A and B). Also, within each shape, a 

reduction in device size was associated with a further reduction in stress such that posterior 

leaflet stress at end-systole was lower than pre-op after application of both flat and saddle-

shaped 30 mm devices (Figure 3C). Finally, the pronounced saddle shape was associated 

with the greatest reduction in end-systolic stress in the posterior leaflet although the 

difference between pronounced saddle and the other devices was small.

The effect of MA shape and size on stress in the anterior leaflet was more complex. First, 

triangular resection of the posterior leaflet reduces stress in the anterior leaflet (Figures 3B 

and D) rather than increasing stress as seen in the posterior leaflet. Compared to end-

diastolic stress after resection, the effect of MA shape on anterior leaflet stress at end-

diastole was variable: the flat band caused a reduction, the shallow saddle had little effect, 

and the pronounced saddle actually increased stress (Figure 3B). Further, MA size had 

minimal effect. It should be noted that this pattern is similar to the pattern seen when 

measuring forces in the chordae that attach to the anterior leaflet at end-diastole.

When compared to stress after resection, all MA shapes were associated with further 

reduction in anterior leaflet stress at end-systole (Figure 3D). Similar to the posterior leaflet, 

smaller device size was associated with further stress reduction, and the shallow and 

pronounced saddle shapes caused the greatest stress reduction. For instance, anterior leaflet 

stress at end-systole with the 30 mm flat band was 55.5 kPa but 43.1 with the shallow saddle 

(22% reduction).

Chordal force

The pattern in chordal force at end-diastole (Figures 4A and B) is similar to leaflet stress at 

end-diastole with saddle-shaped devices having the greatest reduction in the posterior leaflet 

but the greatest increase in force in the chords to the anterior leaflet.

With regard to chordal force at end-systole, the saddle-shaped devices were associated with 

the lowest chordal force to both the anterior and posterior leaflets (Figures 4C and D). The 

size of the flat band had no effect on anterior leaflet chordal force at end-systole (Figure 

4D). With that exception, within each group, a reduction in MA size was associated with a 

reduction in chordal force to both the anterior and posterior leaflets.

Myofiber stress

At end-diastole, the flat band and shallow saddle led to relatively unchanged myofiber stress 

in the basal region of the LV (98.7% and 100.5% of baseline, respectively), while the 

pronounced saddle reduced myofiber stress to 60.3% of baseline (Figure 5A). At end-

systole, saddle-shaped devices led to lower myofiber stress: flat band, shallow saddle, and 

pronounced saddle reduced stress to 88.4%, 80.3%, and 80.9% of baseline, respectively 

(Figure 5B).

With regard to device size, myofiber stress in the basal region of the LV at end-diastole was 

lowest at device size 30 for the flat band and shallow saddle but at size 36 for the 

Morrel et al. Page 4

J Heart Valve Dis. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pronounced saddle (Figure 5A). At end-systole, myofiber stress decreased consistently with 

decreasing device size for the flat band. For saddle-shaped devices, myofiber stress 

increased slightly from size 36 to size 34 and then steadily decreased as device size 

decreased. (Figure 5B)

Suture force

Figure 6 shows the average suture force at end-diastole (A) and end-systole (B). At both 

end-diastole and end-systole, the saddle-shaped devices were associated with the greatest 

force on sutures with the shallow saddle having the highest forces. With the flat band, 

reduction in size from 36 to 30 had little effect on suture force (ED: 1.19 N to 1.22 N; ES: 

1.63 N to 1.75 N), but with saddle-shaped devices size reduction led to an increase in suture 

force at end-diastole and end-systole (ED: 2.12 N to 2.37 N for shallow saddle and 1.67 N to 

2.02 N for pronounced saddle; ES: 2.43 N to 2.98 N for shallow saddle and 2.12 N to 2.46 N 

for pronounced saddle).

Discussion

The principal findings of the study are that 1) all MA shapes increased coaptation length and 

reduced mitral leaflet stress and myofiber stress in the base of the LV, 2) reduction in MA 

size further increased coaptation length and reduced leaflet and myofiber stress, and 3) 

saddle-shaped devices had the greatest effect.

Leaflet geometry and coaptation

Flattening of the normal saddle shape of the mitral annulus (15) occurs in patients with 

mitral valve prolapse and is associated with the development of significant MR. (16) Our 

findings support the hypothesis that recreation of the annular saddle shape in patients with 

mitral valve prolapse is best able to increase leaflet coaptation and reduce leaflet and LV 

myofiber stresses. With regard to leaflet coaptation, our findings are in agreement with a 

previous study by Vergnat et al. [8] who studied patients with posterior leaflet prolapse and 

found that post-operative leaflet coaptation area was significantly greater in those that 

received a saddle-shaped annuloplasty device.

Our findings also support the hypothesis that reduction in annuloplasty device size is 

associated with further improvement in coaptation and reduction in stress. In that regard, the 

only data that we are aware of relating annuloplasty size with coaptation comes from the 

experience with adjustable annuloplasty devices. (17) Maisano and colleagues implanted 

semi-rigid adjustable MA devices in patients with severe MR. Reduction of the posterior 

annulus perimeter was associated with an increase in coaptation length of 3 mm. (17) Our 

data are in general agreement where a change in device size from 36 to 30 in each device 

shape was associated with an increase in coaptation length between 2 and 4 mm.

Leaflet stress

The second area of benefit associated with recreation of the annular saddle shape is leaflet 

stress reduction. Specifically, our findings are in agreement with a previous study by Salgo 

et al. who used FE models of the mitral valve based on idealized leaflet geometry to show 
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that saddle shape (increase in the annular height to commissural width ratio) was associated 

with an increase in leaflet radius of curvature and a decrease in leaflet stress. (18) Also, in a 

study of patients with ischemic MR, Vergnat et al. (7) found that patients who received a 

saddle-shaped device had significantly greater leaflet curvature, an indirect measure of 

stress, in all leaflet regions compared with patients who received a flat device.

We also found that reduction in annuloplasty device size reduces stress in both leaflets at 

end-systole versus a true-sized device (size 36 in this model). Regardless of shape, a device 

undersized by 2–3 sizes decreased myofiber stress at end-systole. At end-diastole, 

undersizing decreased myofiber stress for the flat band and shallow saddle but increased 

myofiber stress for the pronounced saddle. To our knowledge, our study is the only one to 

look at the effect of annuloplasty size.

Our study simulated annuloplasty in conjunction with triangular resection of the posterior 

leaflet and the end effect on leaflet stress must be seen in relation to the effect of leaflet 

resection, which significantly increases stress in the posterior leaflet and decreases stress in 

the anterior leaflet. It is probable that other types of leaflet resection and plasty will have 

similar effects although of different magnitude. The addition of neochords is expected to 

reduce stress in the posterior leaflet but further work in this area is needed.

Chordal force

The one instance in which re-creation of the saddle-shaped annulus increased leaflet stress is 

in the anterior leaflet at end-diastole. The fact that force on the chords to the anterior leaflet 

at end-diastole is also increased with a saddle-shaped device suggests that the etiology is 

atrial displacement of the anterior annulus by the saddle-shaped device, effectively 

stretching the anterior leaflet and chords to the anterior leaflet between the device and the 

papillary muscles.

Our findings are at odds with those of Jimenez et al. who measured chordal force in vitro in 

human mitral valves mounted in the left heart simulator and found that a saddle-shaped 

annulus was associated with reduction in anterior strut chord tension but an increase in 

tension in the posterior intermediate and commissural chords. (19) We suspect the difference 

between our findings and those of Jimenez is due to the valve mounting method employed 

by Jimenez in which the anterior section of the annulus was fixed in place. Our method, on 

the other hand, allows the annulus to deform according to material properties of the annulus 

and base of the heart. Further experimental studies are warranted.

Basal myofiber stress

The pronounced saddle achieved the greatest reduction in end-diastolic myofiber stress 

(60.3% of baseline). End-systolic myofiber stress was minimized with the shallow saddle 

(80.3% of baseline) but the pronounced saddle achieved similar results (80.9% of baseline). 

Given the high end-diastolic myofiber stress with the shallow saddle (100.5% of baseline), 

the pronounced saddle achieved the best overall myofiber stress profile.
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Force on annuloplasty sutures

We found that forces on sutures that approximate the annulus to the annuloplasty device are 

greatest in the saddle-shaped devices. We also found that reduction in annuloplasty device 

size causes suture force to increase. Annuloplasty suture force has not been experimentally 

measured in animals or in humans. However, our findings are consistent with those of 

Jensen et al. who implanted flat and saddle-shaped annuloplasty devices instrumented with 

load cells in normal pigs and found that saddle-shaped devices were associated with 

decreased force perpendicular to the valve plane. (20) This is significant because high suture 

force is a surrogate for valve dehiscence.

Limitations

The study was based on a single patient and a follow-up study using multiple patient-

specific FE models is indicated.

There is a tradeoff between MA device size and resistance to flow across the valve 

especially during exercise. For instance Mesana et al. found significant late elevation in 

mitral valve gradient and pulmonary pressure in patients who received either partial (average 

size 30.7 + 2.8) or complete (average size 30.4 + 2.1) annuloplasty devices for posterior 

leaflet prolapse. (21) Calculation of the gradient across the mitral valve in our models with 

computational flow dynamic methods is possible but beyond the scope of this study.

In order to isolate the effect of shape, the actually stiffness of the MA devices was ignored as 

was shape change. A follow-up study analyzing the effect of device stiffness would provide 

further insight into the optimal design for minimizing myofiber and leaflet stress. Because 

this study did not take device stiffness into account, it is not possible to conclude that one 

model of device is preferred over another, only that one shape or size may be preferred. 

Indeed, a semi-rigid device allows changes in the valvular orifice during the cardiac cycle, 

which may be beneficial with respect to post repair gradients. (22) This information may be 

useful for informing future MA device design, however.

This study assumed that device shape remained consistent as size was varied. In reality, this 

is not true as some devices (e.g. Physio II) have a more pronounced curvature at larger sizes. 

The sizes of the actual physical devices used to create the FE representations are listed in 

Table 2.

Last, there is a need for more and better leaflet material property data obtained either by 

inverse calculation of leaflet properties (probably by comparison with echo-measured shape) 

or by direct measurement of leaflet tissue stiffness obtained in the operating room on the 

biaxial stretcher. Barber and colleagues found that valve tissue from patients with 

myxomatous mitral valve disease is stiffer than normal during uniaxial stretching. (23) 

However, uniaxial stretching is generally thought to be indeterminate and further studies 

using a biaxial testing apparatus are warranted.
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Conclusion and Future Directions

The principal findings of the study are that 1) all MA shapes reduced mitral leaflet stress, 2) 

reduction in MA size increased the stress reduction, and 3) saddle-shaped devices had the 

greatest effect. Last, the FE method is able to quantitate the effect of MA shape and size on 

leaflet and myofiber stress.

Creation of FE models based on additional patients is on-going. Furthermore, future models 

could incorporate device stiffness and fluid-structure interaction. Also, material properties of 

the MV could be measured using a tissue stretcher and incorporated into the model to more 

accurately simulate MV movement. Finally, this method has the potential to calculate 

optimal MA device shape (beyond currently available designs) and to create a virtual 

training tool for surgical trainees.
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Figure 1. 
Comparison of the three annuloplasty devices analyzed: A) flat band, B) shallow saddle and, 

C) pronounced saddle
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Figure 2. 
Coaptation length at end-systole for A) Pre-operative, B) flat band, C) shallow saddle, and 

D) pronounced saddle. Normalized coaptation length is shown on the X axis extending from 

the left (0) to the right (100) commissure.
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Figure 3. 
Average von Mises leaflet stress at end-diastole in the posterior (A) and anterior (B) leaflets. 

Average leaflet stress at end-systole in the posterior (C) and anterior (D) leaflets. “Pre” 

refers to the pre-operative model. “Resect” refers to a model in which triangular leaflet 

resection was performed prior to mitral annuloplasty. 30, 32, 34 and 36 are annuloplasty 

device sizes.
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Figure 4. 
Chordal force at end-diastole in the posterior (A) and anterior (B) leaflets. Abbreviations are 

similar to Figure 2.
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Figure 5. 
Average myofiber stress in the LV base at end-diastole (A) and end-systole (B). 

Abbreviations are similar to Figure 2.
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Figure 6. 
Average suture force at end-diastole (A) and end-systole (B). 30, 32, 34 and 36 are 

annuloplasty device sizes.
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Table 1

Mitral annuloplasty device properties

Device Company Style Shape Size of Sample

CG Future Band Medtronic (Minneapolis, MN) Partial Flat band 36

Physio II Ring Edwards Lifesciences (Irvine, CA) Complete Shallow saddle 24

Profile 3D Ring Medtronic (Minneapolis, MN) Complete Pronounced saddle 32
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Table 2

Mitral annuloplasty device sizes and their corresponding transverse diameters when modeled

Listed Size Transverse Diameter (mm)

36 38.45

34 36.45

32 34.45

30 32.45
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