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a b s t r a c t

Ischemic mitral regurgitation is mitral insufficiency caused by myocardial infarction. Recent

studies suggest that mitral leaflets have the potential to grow and reduce the degree of

regurgitation. Leaflet growth has been associated with papillary muscle displacement, but role

of annular dilation in leaflet growth is unclear. We tested the hypothesis that chronic leaflet

stretch, induced by papillary muscle tethering and annular dilation, triggers chronic leaflet

growth. To decipher the mechanisms that drive the growth process, we further quantified

regional and directional variations of growth. Five adult sheep underwent coronary snare and

marker placement on the left ventricle, papillary muscles, mitral annulus, and mitral leaflet.

After eight days, we tightened the snares to create inferior myocardial infarction. We recorded

marker coordinates at baseline, acutely (immediately post-infarction), and chronically (five

weeks post-infarction). From these coordinates, we calculated acute and chronic changes in

ventricular, papillary muscle, and annular geometry along with acute and chronic leaflet

strains. Chronic left ventricular dilation of 17.15% ðpo0:001Þ induced chronic posterior

papillary muscle displacement of 13.49 mm (p¼0.07). Chronic mitral annular area, commis-

sural and septal–lateral distances increased by 32.50% (p¼0.010), 14.11% (p¼0.007), and 10.84%

(p¼0.010). Chronic area, circumferential, and radial growth were 15.57%, 5.91%, and 3.58%,

with non-significant regional variations (p¼0.868). Our study demonstrates that mechanical

stretch, induced by annular dilation and papillary muscle tethering, triggers mitral leaflet

growth. Understanding the mechanisms of leaflet adaptation may open new avenues to

pharmacologically or surgically manipulate mechanotransduction pathways to augment

mitral leaflet area and reduce the degree of regurgitation.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Mitral regurgitation, the inability of the mitral valve to close

properly, is associated with increased morbidity and mortality

(Yiu et al., 2000). Functional mitral regurgitation, as seen in

patients with ischemic or idiopathic dilated cardiomyopathy, is

a result of annular and subvalvular alterations secondary to left

ventricular remodeling (Komeda et al., 1997; Otsuji et al., 1997).
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A recent study has shown that mitral leaflets of patients with

ischemic or idiopathic dilated cardiomyopathy are significantly

larger than leaflets of normal patients (Chaput et al., 2008). The

same study demonstrated that patients with enlarged leaflets

display a smaller degree of regurgitation than patients with

normal leaflets. These findings motivate the hypothesis that

adaptive mitral leaflet growth might be a compensatory mech-

anism for left ventricular remodeling.

In a controlled ovine model of tachycardia-induced dilated

cardiomyopathy, mitral leaflets elongated chronically in the

radial direction (Timek et al., 2006). In an ovine model with

inferior myocardial infarction, the entire leaflet area

increased in response to left ventricular remodeling (Chaput

et al., 2009). In an ovine model of isolated apical papillary

muscle displacement, not only leaflet area but also leaflet

thickness increased chronically in response to elevated

mechanical stresses induced by papillary muscle tethering

(Dal-Bianco et al., 2009). The same study reported significant

changes in cell phenotype, secondary to the reactivation of

embryonic gene profiles. Taking advantage of mechanotrans-

duction is a powerful approach to endogenously engineer

new tissue (Jaalouk and Lammerding, 2009; Zöllner et al.,

2012). This concept has been applied successfully to induce

controlled in situ growth of thin biological membranes in

plastic and reconstructive surgery (Buganza Tepole et al.,

2011; De Filippo and Atala, 2002). The potential to manipulate

leaflet area by stretch would open exciting new avenues for a

pharmacologically or surgically targeted reduction in the

degree of mitral regurgitation.

While recent technologies enable the precise characteriza-

tion of leaflet area in vivo using three-dimensional echocar-

diography (Dal-Bianco et al., 2009), these methods are not

suited to quantify chronic regional and directional leaflet

growth on a local level. Since leaflet valves display strong

regional and directional variations (Prot et al., 2010; Smuts

et al., 2011), this regional and directional information could

provide valuable insight into the mechanistic origin of leaflet

growth. Here, rather than using global information from

standard imaging technologies, we follow discrete anatomic

landmarks over an extended period of time (Bothe et al., 2011;

Kvitting et al., 2010). This allows us to precisely quantify

regional and directional growth across the entire anterior

mitral leaflet (Göktepe et al., 2010). Using a chronic infarct

ovine model, we test the hypothesis that chronic leaflet

stretch, induced by papillary muscle tethering and annular

dilation, triggers a chronic increase in leaflet area. We further

hypothesize that this leaflet area growth is a result of both

circumferential and radial leaflet elongation.

2. Materials and methods

All animals received humane care in compliance with the

Principles of Laboratory Animals Care formulated by the

National Academy of Sciences and published by the National

Institute of Health. This study was approved by the Stanford

Medical Laboratory Research Animals Review Committee and

conducted according to Stanford University policy.

2.1. Surgical preparation

We premedicated five Dorsett hybrid sheep (7175 kg) with

ketamine (25 mg/kg intramuscularly), anesthetized them intra-

venously with sodium thiopental (6.8 mg/kg IV), and maintained

anesthesia with inhalational isoflurane (1–2.5%). Through a left

thoracotomy, we established access to the heart. We placed eight

markers onto the epicardial surface of the left ventricle along

four equally spaced longitudinal meridians and added a ninth

marker at the apex. To induce controlled myocardial infarction,

we placed polypropylene 2-0 sutures around the second and

third obtuse marginal branches of the left circumflex coronary

artery and snared them loosely (Llaneras et al., 1993).

On cardiopulmonary bypass with the heart arrested, we

sewed additional markers onto the tips of both papillary

muscles, two markers each, to the anterior, lateral, and poster-

ior portions of the endocardium in the equatorial plane. Last,

we sewed a total of 17 markers to the mitral valve, 8 to the

annulus, 5 to the anterior leaflet, and 4 to the posterior leaflet,

see Figs. 1 and 2. To measure the left ventricular pressure, we

used a micromanometer pressure transducer (PA4.5-X6, Konigs-

berg Instruments Inc., Pasadena, CA). Once the animals were

weaned off cardiopulmonary bypass, we externalized the

tourniquets for the coronary artery snares through the fifth

intercostal space and buried them in a subcutaneous pocket.

2.2. Experimental protocol

After 872 days, we took the animals to the cardiac catheteriza-

tion laboratory, where we sedated them intravenously with

ketamine (1–4 mg/kg/h) and diazepam (5 mg), and maintained

sedation with inhalational isoflurane (1–2.5%). With the animal

in the right decubitus position, we acquired baseline marker

coordinates via biplane videofluoroscopy at a sampling fre-

quency of 60 Hz (Philips Medical Systems, Pleasanton, CA).

Simultaneously, we recorded aortic pressure, left ventricular

pressure, and ECG signals. Following medication with lidocaine

(100 mg IV), bretylium (75 mg IV), and magnesium (3 g IV), we

tightened the coronary snares and verified complete vessel

occlusion angiographically. Immediately post-infarction, we

Fig. 1 – Intraoperative photograph of the mitral annulus

with the anterior mitral leaflet. Biplane videofluoroscopic

imaging allows a precise spatial and temporal

reconstruction of mitral valve dynamics both acutely and

chronically.
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acquired acute condition marker coordinates via biplane video-

fluoroscopy along with the left ventricular pressure. After 571

weeks, the animals returned to the cardiac catheterization

laboratory to record chronic condition marker coordinates via

biplane videofluoroscopy along with hemodynamic measure-

ments. After the animals were sacrificed, we verified proper

marker attachment. Off-line, we extracted four-dimensional

marker coordinates from the biplane videofluoroscopic images

(Niczyporuk and Miller, 1991; Timek et al., 2002).

2.3. Data analysis

For the analysis, we distinguished three conditions: baseline,

prior to myocardial infarction; acute, immediately post-

infarction; and chronic, 571 weeks post-infarction.

2.3.1. Hemodynamics
From the recorded left ventricular pressure curves, we deter-

mined characteristic time points of the cardiac cycle. We

defined end diastole (ED) as the time point immediately prior

to left ventricular pressure upstroke and end systole (ES) as

the time point of peak negative rate of left ventricular

pressure drop. We calculated left ventricular end diastolic

volume (LVEDV) and left ventricular end systolic volume

(LVESV) by approximating the left ventricle as a prolate

ellipsoid using the left ventricular and annular markers.

2.3.2. Cardiac remodeling
To elucidate potential mechanisms that trigger mitral leaflet

growth, we quantified acute and chronic changes in cardiac geo-

metry in response to myocardial infarction. We calculated

annular, ventricular, and papillary muscle changes, both between

baseline and acute conditions (acute) and between baseline and

chronic conditions (chronic). To characterize annular changes, we

followed a method previously described by Rausch et al. (2011,

2012), and calculated percentage changes in septal–lateral dis-

tance (SL, distance between markers 1 and 5), commissure–com-

missure distance (CC, distance between markers 3 and 7), mitral

annular area (MAA, area enclosed by the marker polygon 1–8),

saddle height (SH, average distance between marker 1 and

markers 3 and 7 projected onto the normal of the best fit plane

through all annular markers), anterior perimeter (AP, sum of the

distances between markers 8 and 2), and posterior perimeter (PP,

sum of the distances between markers 2 and 8), see Fig. 2A. To

characterize ventricular changes, we calculated changes in left

ventricular volume, enclosing both the left ventricular cavity and

the myocardium. To characterize papillary muscle changes, we

calculated apical, lateral, and posterior components of the vectors

pointing from the saddlehorn marker 1, to the posterior and ante-

rior papillary muscles. We defined the apical direction along the

long axis of the left ventricle, i.e., the direction pointing from the

geometric center of the annular markers 1–8 to the apex marker.

We defined the posterior and lateral directions using markers 3

and 7 and using markers 1 and 5, respectively, see Fig. 2A.

2.3.3. Mitral leaflet growth
To characterize mitral leaflet growth, we quantified acute and

chronic mitral leaflet strains in response to myocardial infarction.

We calculated area, circumferential, and radial strains, both

between baseline and acute conditions (acute strains) and

between baseline and chronic conditions (chronic strains). Since

sensitivity studies have demonstrated that strain profiles are

relatively insensitive to the choice of reference configuration

(Rausch et al., 2011), we selected minimal left ventricular pressure

(LVPmin) as time point of comparison to minimize effects of

possible additional elastic strains, see Fig. 3. From five markers on

the leaflet and three markers on the septal region of the annulus,

we created a mesh consisting of eight nodes and eight triangular

elements, see Fig. 2. We characterized the leaflet as a thin

membrane (Prot et al., 2007), and quantified its strain state

exclusively in terms of its membrane strains (Bothe et al., 2011;

Rausch et al., 2011). For each three-noded membrane element,

nnod ¼ 3, we interpolated the reference configuration under base-

line conditions Xðy1; y2
Þ and the current configuration under

acute and chronic conditions xðy1; y2
Þ in terms of the reference

and current marker coordinates XI and xI (Tsamis et al., 2012)

Xðy1; y2
Þ ¼

Xnnod

I ¼ 1

NIðy
1; y2
ÞXI and xðy1; y2

Þ ¼
Xnnod

I ¼ 1

NIðy
1; y2
ÞxI ð1Þ

Here, NI are the linear shape functions parameterized in terms of

the local curvilinear coordinates ya, with a¼ 1; 2. From their

partial derivatives with respect to the curvilinear coordinates

@NI=@ya, we calculated the sets of covariant base vectors in the

reference configuration Ga and in the current configuration ga

Gaðy
1; y2
Þ ¼

Xnnod

I ¼ 1

@NI

@ya
XI and gaðy

1; y2
Þ ¼

Xnnod

I ¼ 1

@NI

@ya
xI ð2Þ

From the scalar product between the individual covariant base

vectors, we calculated the covariant surface metrics of the

reference configuration Gab and of the current configuration gab

Gab ¼Ga � Gb with gab ¼ ga � gb ð3Þ

Fig. 2 – Mitral annulus with anterior mitral leaflet. (A)

Marker locations and triangular mesh for regional strain

analysis. (B) Leaflet regions: free edge (FE), central belly (CB),

anterior annulus (AA), posterior commissure (PC), and

anterior commissure (AC).
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Using the contravariant spatial surface metric gab ¼ ½gab�
�1, i.e.,

the inverse of the covariant spatial surface metric gab, we

mapped the covariant base vectors gb onto their contravariant

counterparts ga

ga ¼ gabgb with gab ¼ ga � gb ¼ ½gab�
�1 ð4Þ

We then calculated the Euler–Almansi membrane strains e as

the differences between the contravariant current and refer-

ence surface metrics gab and Gab in terms of the contravariant

spatial base vectors ga

e¼ eabg
a � gb with eab ¼ 1

2½gab�Gab� ð5Þ

To determine the circumferential strains ecirc and stretches lcirc,

we mapped the Euler–Almansi strain e onto the circumferential

directions ncirc generated as the unit vector between markers 2

and 8 in the current configuration, see Fig. 2A

ecirc ¼ ncirc � e � ncirc and lcirc
¼ ½1�2ecirc��1=2 ð6Þ

To determine the radial strains erad and stretches lrad, we

mapped the Euler–Almansi strain e onto the radial direction

nrad generated as the unit vector between markers 1 and 9 in

the current configuration, see Fig. 2A

erad ¼ nrad � e � nrad and lrad
¼ ½1�2erad��1=2 ð7Þ

Finally, we calculated the Euler–Almansi area strains earea and

stretches larea as the relative changes in triangular area, where

dA and da are the areas of each triangular element in the

reference and current configurations

Fig. 3 – Left ventricular pressure curves under baseline, acute,

and chronic conditions. Acute strains are calculated for three

consecutive cardiac cycles at minimum left ventricular

pressure (LVPmin) between baseline and acute conditions.

Chronic strains are calculated for three consecutive cardiac

cycles at LVPmin between baseline and chronic conditions.

Fig. 4 – Acute and chronic area, circumferential, and radial

strains in different leaflet regions: free edge (FE), central

belly (CB), anterior annulus (AA), posterior commissure (PC),

and anterior commissure (AC). t-tests compare regional

strains versus zero and acute and chronic strains. Anova

compares strains between different regions.
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earea ¼
da�dA

da
and larea

¼
da
dA
¼

1
½1�earea�

ð8Þ

We averaged all strains and stretches for three consecutive

cardiac cycles, see Fig. 3. In the following, we interpret the

resulting circumferential strains ecirc, radial strains erad,

and area strains earea as measures for acute and chronic

growth (Göktepe et al., 2010; Rausch et al., 2011). In Fig. 4,

we report means and standard deviations of acute and

chronic area, circumferential, and radial strains, grouped

into five regions, free edge (FE), central belly (CB), anterior

annulus (AA), posterior commissure (PC), and anterior

commissure (AC), see Fig. 2B. In Fig. 5, we report chronic

area, circumferential, and radial strains for all five animals

on a smoothed and refined leaflet geometry using the

method of subdivision surfaces (Göktepe et al., 2010).

Systematic sensitivity studies have demonstrated that

subdivision surface techniques can be used for smoothing

and refinement of leaflet geometries without affecting the

underlying strain profiles (Rausch et al., 2011).

2.4. Statistical analysis

We report all data as mean 71 standard deviation. In Table 1,

we compared hemodynamic data for baseline, acute, and

chronic conditions using repeated-measure-Anova. In the case

were the sphericity assumption was violated according to the

Mauchlys test, we applied the Greenhouse–Geisser correction.

In Table 2 and in Fig. 4, we tested changes in annular and

ventricular geometry and strain components in all the five

regions, respectively, for being larger than zero, both acutely

and chronically, using one-sided student t-tests. In Table 2, we

compared papillary muscle displacements to zero using two-

sided student t-tests. To test whether these metrics were larger

chronically than acutely, we applied one-sided paired student t-

tests. In Fig. 4, we compared strains between different regions

using One-Way Anova or Welch test, where the equal variance

assumption was violated according to the Levenes test. We

performed multi-comparison using the Bonferroni post hoc test

unless equal variance assumption was violated for One-Way

Anova, in which case we performed the Games–Howell post

hoc test. For all statistical tests, we defined the level of

statistical significance as 0.05.

3. Results

We successfully acquired hemodynamic data and four-

dimensional marker coordinates for all five sheep under

baseline conditions, acutely immediately post-infarction,

and chronically 571 weeks post-infarction.

Fig. 5 – Mitral annulus with anterior mitral leaflet. Normal annulus with leaflet at baseline conditions, first row. Chronic area

strains earea and stretches karea, second row. Chronic circumferential strains ecirc and stretches kcirc, third row. Chronic radial

strains erad and stretches krad, fourth row. Strains and stretches are calculated between baseline and chronic conditions at

minimum left ventricular pressure. Blue regions chronically decreased their area, and their circumferential and radial

dimensions. Red regions chronically increased their area, and their circumferential and radial dimensions. (For

interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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3.1. Hemodynamics

Table 1 summarizes baseline, acute, and chronic hemo-

dynamics. We found statistically significant differences

between conditions for heart rate (p¼0.027) and dP/dt

(p¼0.012) using repeated-measure-Anova. Heart rate under

chronic conditions was significantly smaller than under

normal conditions (p¼0.026). Multi-comparison did not

show differences between the means of the groups

for dP/dt.

Table 1 – Hemodynamics. Heart rate (HR), dP/dt, maximum left ventricular pressure (LVPmax), left ventricular end diastolic
pressure (LVEDP), left ventricular end systolic pressure (LVESP), end diastolic volume (EDV), and end systolic volume (ESV).
Reported are mean71 standard deviation. Repeated-measure Anova was used to compare baseline, acute, and chronic
hemodynamics.

Hemodynamics Baseline Acute Chronic p

mean71 SD mean71 SD mean71 SD

HR (1/min) 106.579.0 126.0724.6 81.076.3 0.027

dP/dt (mmHg/s) 1188.27369.1 1879.67848.2 862.37313.0 0.012

LVPmax (mmHg) 99.6710.9 97.0711.7 90.1711.5 0.528

LVEDP (mmHg) 19.676.5 23.4710.6 17.2710.0 0.118

LVESP (mmHg) 86.7714.7 75.275.6 78.478.9 0.272

EDV (cc) 217.37122.2 220.67119.0 262.4797.7 0.340

ESV (cc) 155.57102.8 155.97118.8 179.0782.4 0.395

Table 2 – Acute and chronic changes in cardiac geometry. Percent increases in annular dimensions and ventricular
dimensions, and in anterior papillary muscle (APM) displacements and posterior papillary muscle (PPM) displacements,
acutely and chronically in comparison to baseline conditions. Each first line compares changes at End Diastole (ED), each
second line compares changes at End Systole (ES). Reported are mean71 standard deviation (SD). Student t-tests were
performed to test whether acute and chronic changes are larger than zero, whether chronic changes are larger than acute
changes, and whether papillary muscle displacements are different from zero, acutely and chronically. Student t-test was
employed to test whether papillary muscle displacements were different chronically from acutely.

Annular changes Acute Chronic

mean71 SD p40 mean71 SD p40 p4acute

Mitral annular area (%) ED �5.05712.12 0.800 þ32.50719.66 0.010 0.002

ES þ2.65712.30 0.328 þ18.34712.17 0.014 0.020

Commissural distance (%) ED �4.3675.43 0.963 þ14.1177.48 0.007 o0:001

ES þ2.0275.46 0.227 þ9.5275.53 0.009 0.002

Septal–lateral distance (%) ED �3.7275.63 0.893 þ10.8476.48 0.010 0.006

ES þ0.7674.54 0.364 þ5.5777.88 0.095 0.098

Saddle height (%) ED �39.537127.78 0.736 �12.79733.58 0.221 0.182

ES �39.61716.02 0.003 �32.38738.48 0.067 0.691

Anterior perim. (%) ED �4.6375.56 0.315 þ15.3275.15 0.003 0.007

ES þ2.1176.01 0.534 þ6.9375.85 0.008 0.008

Posterior perim. (%) ED �0.9176.50 0.882 þ14.2277.04 0.007 0.001

ES þ0.1970.29 0.382 þ9.9377.06 0.011 0.014

Ventricular changes Acute Chronic

mean71 SD p40 mean71 SD p40 p4acute

Ventricular dilation (%) ED �0.6773.83 0.641 þ17.1574.56 o0:001 0.002

ES �1.9272.29 0.933 þ15.4875.81 0.002 0.001

Papillary muscle changes Acute Chronic

mean71 sd pa0 mean71 sd pa0 paacute

Apical PPM displ. (mm) ED �0.2770.70 0.443 �1.4574.65 0.523 0.570

ES �1.2071.42 0.132 �0.8874.93 0.710 0.886

Lateral PPM displ. (mm) ED þ0.4870.96 0.325 þ0.0874.34 0.969 0.855

ES þ2.8271.71 0.021 þ4.2173.76 0.067 0.459

Posterior PPM displ. (mm) ED þ4.3678.36 0.308 þ13.49712.31 0.070 0.012

ES þ2.0676.14 0.494 þ11.89711.30 0.078 0.016

Apical APM displ. (mm) ED þ0.0070.75 0.979 �3.2971.37 0.006 0.013

ES þ0.8270.41 0.011 �0.7671.37 0.284 0.070

Lateral APM displ. (mm) ED þ0.0370.93 0.945 þ0.7071.10 0.227 0.461

ES þ1.0770.68 0.024 þ2.1472.49 0.126 0.370

Posterior APM displ. (mm) ED þ0.1171.35 0.862 �0.4972.13 0.623 0.566

ES �1.4870.91 0.022 �1.7673.22 0.288 0.814
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3.2. Cardiac remodeling

Table 2 summarizes acute and chronic changes in cardiac

geometry. Under acute conditions, changes in annular geome-

try were negligible. Only SH showed a significant decrease

(�39.61%716.02, p¼0.003), whereas acute alterations in all

other metrics remained statistically non-significant. Under

chronic conditions, we observed noteworthy annular remodel-

ing. At end-diastole, changes in SL (10.84%76.48, p¼0.010), CC

(14.11%77.48, p¼0.007), MAA (32.50%719.66, p¼0.010), AP

(15.32%75.15, p¼0.003), and PP (14.22%77.04, p¼0.007) were

significantly larger than zero. At end-systole, changes in CC

(9.52%75.53, p¼0.009), MAA (18.34%712.17, p¼0.014), AP

(6.93%75.85, p¼0.008), and PP (9.93%77.06, p¼0.011) were all

significantly larger than zero. Chronic changes were signifi-

cantly larger than acute changes at end-diastole for SL

(p¼0.006), CC ðpo0:001Þ, MAA (p¼0.002), AP (p¼0.007), PP

(p¼0.001) and at end-systole for CC (p¼0.002), MAA (p¼0.020),

AP (p¼0.008), and PP (p¼0.014). Under acute conditions,

there was no significant increase in ventricular volume.

Under chronic conditions, ventricular volume increased signifi-

cantly at end-diastole (17.15%74.56, po0:001) and at end-

systole (15.48%75.81, p¼0.002). Ventricular changes were sig-

nificantly larger under chronic conditions than under acute

conditions, both at end-diastole (p¼0.002) and end-systole

(p¼0.001).

Both papillary muscles were displaced under acute con-

ditions at end-systole. Under acute conditions, the post-

erior papillary muscle displaced in the lateral direction

(2.82 mm71.71, p¼0.021) and the anterior papillary muscle

displaced in the apical direction (0.82 mm70.41, p¼0.011),

in the lateral direction (1.07 mm70.68, p¼0.024), and in the

anterior direction (1.48 mm70.91, p¼0.022). Under chronic

conditions, the posterior papillary muscle displaced

in the lateral direction at end-systole (4.21 mm73.76,

p¼0.067) and in the posterior direction at both, end-

diastole (13.49 mm712.31, p¼0.070) and end-systole

(11.89 mm711.30, p¼0.078); however, we could not show

statistical significance. Under chronic conditions, the ante-

rior papillary muscle displaced in the apical direction at

end-diastole (�3.2971.37, p¼0.006). Chronic posterior

papillary muscle displacements were significantly larger

than acute posterior papillary muscle displacements in the

posterior direction, both at end-diastole (p¼0.012) and end-

systole (p¼0.016). Chronic anterior papillary muscle dis-

placements were significantly larger than acute displace-

ments only in the apical direction at end-diastole

(p¼0.013).

3.3. Mitral leaflet growth

Fig. 4 summarizes the area, circumferential, and radial strains

in all five regions, free edge, central belly, anterior annulus,

posterior commissure, and anterior commissure.

Under acute conditions, area strains were not significantly

larger than zero in any region. Under chronic conditions, area

strains were significantly larger than zero in the central belly

(20.92%713.91, po0:001), anterial annulus (13.25%712.23,

p¼0.004), and anterior commissure (13.50%710.15, p¼0.031)

regions. We found no significance in the free edge (14.35%7

25.69, p¼0.056) and posterior commissure (15.11%720.00,

p¼0.087) regions. Chronic area strain of all five regions on

average was 15.57%. For all five regions, area strains were

significantly larger chronically than acutely (free edge:

p¼0.038, central belly: po0:001, anterior annulus: p¼0.001,

posterior commissure: p¼0.043, anterior commissure:

p¼0.020). One-way Anova revealed no difference between

the five regions (p¼0.868).

Under acute conditions, circumferential strains were not

larger than zero in any region. Under chronic conditions,

circumferential strains were larger than zero in the central

belly (7.15%74.36, po0:001), anterior annulus (8.21%75.83,

po0:001), and anterior commissure (4.52%72.18, p¼0.005)

regions. We found no significance in the free edge (3.06%7

8.23, p¼0.135) and posterior commissure (5.83%75.90, p¼0.061)

regions. Chronic circumferential strain of all regions on average

was 5.91%. For all five regions, circumferential strains were

significantly larger chronically than acutely (free edge: p¼0.046,

central belly: po0:001, anterior annulus: po0:001, posterior

commissure: p¼0.040, anterior commissure: po0:001). One-

way Anova revealed no difference between the five regions

(p¼0.382).

Under acute conditions, radial strains were not significantly

larger than zero in any region. Under chronic conditions,

radial strains were larger than zero only in the central belly

region (10.89%710.51, p¼0.005). We found no significance in

the free edge (�4.66%712.80, p¼0.860), anterior annulus

(3.73%79.02, p¼0.112), posterior commissure (3.31%79.10,

p¼0.225), and anterior commissure (5.27%710.74, p¼0.167)

regions. Chronic radial strain of all regions on average was

3.58%. In the central belly (p¼0.003), anterior annulus

(p¼0.012), and posterior commissure (p¼0.040) regions, radial

strains were significantly larger chronically than acutely.

One-Way Anova revealed significant difference between

groups (p¼0.047). Bonferroni post hoc showed a significant

difference between the free edge and central belly regions

(p¼0.025).

Fig. 5 shows the kinematic reconstruction of the anterior

mitral leaflet for all five animals under both baseline and

chronic conditions. To enhance orientation, we have overlaid

a smooth representation of the mitral valve annulus, fit

through the annular marker points (Rausch et al., 2011,

2012). The color code corresponds to the chronic leaflet strain

between baseline and chronic conditions at minimum left

ventricular pressure, which we interpret as a growth (Göktepe

et al., 2010; Rausch et al., 2011). Fig. 5, first row, displays the

five anterior mitral leaflets under baseline conditions. Fig. 5,

second row, illustrates the inter-subject variation in chronic

area strains, with animals 2 and 5 showing the largest area

growth, while animal 1 showed almost no growth. Chronic

area strains displayed significant regional variations and

were heterogeneous across the leaflets. Fig. 5, third row,

displays the chronic circumferential strains. Circumferential

growth seems to be largest in the posterior region of the

leaflet. However, these changes were statistically non-signifi-

cant, as confirmed in Fig. 4. Fig. 5, fourth row, shows the

chronic radial strains, which behave qualitatively similar to

the chronic area strains. Again, animals 2 and 5 showed the

largest radial growth, while animal 1 showed almost no

growth.
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4. Discussion

4.1. Summary

We have presented a regional and directional quantification

of mitral leaflet growth under acute and chronic ischemic

conditions. Using a four-dimensional imaging technology

that has been widely used in our laboratory, we were able

to show significant remodeling of the ovine heart following

an ischemic event. We have demonstrated that the anterior

mitral leaflet increases its area chronically compared to

both baseline and acute post-infarct conditions. Leaflet area

growth was homogeneous on average, with only minor

regional variations. Leaflet growth was anisotropic, with

slightly larger growth in the circumferential than in the radial

direction.

4.2. Growth stimuli

To induce controlled leaflet growth, it is critical to understand

the driving biochemical and mechanical stimuli that trigger a

compensatory area increase (Gillam, 2008). There is general

agreement that leaflet stretch beyond a physiological limit

may act as a mechanical stimulus for growth (Chaput et al.,

2008, 2009; Dal-Bianco et al., 2009). One way to stretch the

mitral valve leaflet is a controlled apical displacement of the

papillary muscles, which has been shown to induce leaflet

growth, even in the absence of ischemic events (Dal-Bianco

et al., 2009). However, because the mitral annuli remodeled as

well in this study, it remained unclear to which extent leaflet

growth could be attributed to papillary muscle tethering

alone. Other studies have demonstrated that the leaflet

area-to-annular area ratio remains constant, even under

significant infarct-induced annular dilation (Hueb et al.,

2002). In contrast to all the previous echocardiography-based

studies, our marker-based study allows us to precisely follow

discrete anatomic landmarks in time and space (Tsamis

et al., 2011, 2012). Four-dimensional marker coordinates

provide access to acute and chronic, regional and directional

strain profiles across the entire mitral leaflet (Bothe et al.,

2011; Rausch et al., 2011). Qualitatively, our chronic strain

contour plots in Fig. 5 suggest regional variations of leaflet

growth. Quantitatively, however, we were not able to show

statistically significant differences in chronic area, circumfer-

ential, and radial strains between the different leaflet regions

in Table 2. The lack of statistically significant regional and

directional variation in leaflet growth might be attributed to

the small number of study subjects, n¼5. Alternatively, lack

of regional variation might suggest mechanotransduction

pathways triggered by global stimuli such as stretch, which

could initiate a global rather than a local membrane growth

(De Filippo and Atala, 2002; Zöllner et al., 2012).

4.3. Comparison with previous studies

A decade ago, an ex vivo study of mitral leaflets of patients

with dilated cardiomyopathy revealed larger leaflet areas

than those of patients without a known history of cardiac

disease (Hueb et al., 2002). In this cadaveric study, the authors

found a total increase in leaflet area of approximately 24% in

hearts with ischemic dilated cardiomyopathy and an increase

in approximately 50% in hearts with idiopathic dilated

cardiomyopathy in comparison to hearts without known

pathologic conditions. These findings motivated the hypoth-

esis that leaflet growth is a compensatory mechanism in

response to mitral valve insufficiency.

Subsequently, several groups began to study mitral leaflet

remodeling in humans in vivo using echocardiography

(Chaput et al., 2008; Grande-Allen et al., 2005). In the first

study, anterior and posterior mitral leaflets were 28 and 41%

longer in patients with congestive heart failure when com-

pared to normal patients (Grande-Allen et al., 2005). In the

second study, leaflet area was 33–38% larger leaflets of

patients with left ventricular abnormalities when compared

to normal patients (Chaput et al., 2008).

Our group was the first to provide evidence of remodeling

in a pre–post study under controlled conditions, in which

sheep with tachycardia-induced dilated cardiomyopathy dis-

played leaflet lengthening of 23% in the anterior leaflet and

24% in the posterior leaflet (Timek et al., 2006). Our findings

were confirmed by two follow-up studies, which reported an

increase in leaflet area similar to the previous findings, with

38% area increase in ischemic dilated cardiomyopathy and

17% area increase in response to leaflet stretching following

isolated papillary muscle displacement (Chaput et al., 2009;

Dal-Bianco et al., 2009).

In comparison to these previous studies, the area growth of

16% observed in our study is slightly smaller. This may be

attributed to the short duration of our study. With 571 weeks,

our growth and remodeling period is much shorter than the

other reported studies, which were several months long

(Chaput et al., 2009; Dal-Bianco et al., 2009). Our observation

that growth takes place in both circumferential and radial

directions, with slightly larger circumferential growth, agrees

qualitatively with reported observations (Gillam, 2008).

4.4. Limitations

First, this study used a chronic ovine model with interior

infarction, which is inherently different from human infarct

patients (Chaput et al., 2008). Second, prior to infarction, all

sheep had undergone opening of the pericardium and the

heart, cardiopulmonary bypass, and surgical manipulation for

marker placement. This implies that the surgical procedure

itself cannot be excluded as a cause for the remodeling

phenomena observed in the present study. Third, the duration

of the study was relatively short in comparison to the original

eight-week long Llaneras model of ischemic mitral regurgita-

tion in sheep (Llaneras et al., 1993) and in comparison to

chronic cardiac disease in humans (Chaput et al., 2008). This

implies that in our five-week long animal study, the remodel-

ing process of the annular and subvalvular apparatus might

have still been in progress. Fourth, leaflet geometries were

reconstructed from a discrete marker set. This implies that

potential leaflet wrinkles and folds between two markers are

invisible to the analysis. Characterizing growth through in

plane markers alone also limits our study to membrane

growth and does not allow us to quantify thickness changes,

which typically accompany leaflet area changes (Dal-Bianco
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et al., 2009). Last, we would like to point out that it would have

been valuable to collect data on the degree of regurgitation and

correlate it with the degree of leaflet growth. Unfortunately,

these data were not collected and these issues remain to be

addressed in future studies.

5. Conclusion

In this study we have, for the first time, quantified regional

and directional growth in the anterior mitral leaflet in the

beating heart under acute and chronic ischemic conditions.

On the annular level, chronic ischemia induced a significant

chronic increase in mitral annular area, commissure–com-

missure distance, and septal–lateral distance. On the leaflet

level, these events induced area growth, associated with

chronic circumferential and radial leaflet elongations. Our

observations suggest that mitral leaflets have the capacity to

actively adapt to ventricular remodeling, and that mitral

regurgitation may reflect a lack of this active adaptation.

Further research will be necessary to elucidate the mechan-

otransduction pathways of mitral leaflet growth and to

potentially correlate the leaflet’s inability to grow to a genetic

origin.
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