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Secondary mitral regurgitation occurs when a left ventricular problem causes leaking of the mitral valve. The altered left ventricular geometry changes the orientation of the subvalvular apparatus, thereby affecting the mechanical stress on the mitral valve. This in turn leads to active remodeling of the mitral valve, in order to compensate for the ventricular remodeling. In this study, a biomechanical analysis was performed on eight human mitral valves with secondary mitral regurgitation and ten healthy human mitral valves to better understand this pathophysiology and its effect on the mechanical properties of these tissues. Samples were obtained from the anterior and posterior leaflet and used for planar biaxial mechanical experiments. Uniaxial experiments were performed on four groups of mitral valve chords: anterior basal, anterior marginal, posterior basal and posterior marginal chords. The mechanical response of the mitral valve leaflets was fitted to the May-Newman and Yin constitutive model, whereas the material parameters of the third order Ogden model were determined for the chord samples. Next, stiffnesses calculated at low and high stress levels were statistically analyzed. Leaflet samples with secondary mitral regurgitation showed a small thickness increase and a change in anisotropy index compared to healthy control valves. Diseased leaflets were more compliant circumferentially and stiffer radially, resulting in anisotropic samples with the radial direction being stiffest. In addition, chord samples were slightly thicker and less stiff at high stress in secondary mitral regurgitation, when grouped per leaflet type and insertion region. These results confirm mechanical alterations due to the pathophysiological valvular changes caused by left ventricular remodeling. It is important that these changes in mechanical behavior are incorporated into computational models of the mitral valve.
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1. INTRODUCTION

The mitral valve (MV) apparatus is a complex structure ensuring unidirectional blood flow between the left atrium and left ventricle during diastole. It consists of an annulus, two valve leaflets, two papillary muscles, and multiple chords. Insufficient leaflet coaptation during systole leads to leakage of the mitral valve or mitral valve regurgitation (MR) (1). MR is the most frequent valvular disease, with an estimated prevalence of 2% in US adults, which increases with age (2).

MR is classified as either primary when organic mitral valve disease is to blame or secondary in the setting of left ventricular disease. Secondary MR is often observed in patients with cardiomyopathy (CMP). The left ventricular remodeling causes papillary muscle displacement, which tethers the mitral valve leaflets and restricts normal leaflet closure (3).

Although this definition suggests a structurally normal mitral valve apparatus in secondary MR, studies show leaflets and chords actively adapt to this ventricular remodeling. Rausch et al. (4) showed with a chronic infarct ovine model that leaflet area can grow in both circumferential and radial direction due to chronic leaflet stretch as a result of papillary muscle tethering and annular dilation. Also Dal-Bianco et al. (5) reported active valve remodeling in response to mechanical stresses: larger and thicker MV leaflets and chords were observed in sheep after leaflet tethering. Further, Grande-Allen et al. (6) found thicker and longer MV leaflets with a higher concentration of collagen, glycosaminoglycans and cells and a lower water concentration in MR valves compared to healthy human valves. These compensatory mechanisms are however two-fold. Leaflet tethering stimulates leaflet growth, facilitating leaflet coaptation, but it also stimulates counterproductive thickening, thereby further impairing leaflet coaptation. A better understanding of these disease mechanisms is required to provide adequate treatment strategies.

Numerical modeling of the mitral valve apparatus is a helpful tool to investigate the mechanics of secondary MR and to improve the understanding of the disease mechanisms. This requires an accurate behavior description of both healthy and diseased mitral valves. Multiple studies reported biaxially derived properties of healthy animal (7–11) and human (12, 13) mitral valve leaflets, whereas healthy human chord properties were determined by Zuo et al. (14). Mechanical properties of human mitral valves with secondary MR on the other hand were determined by Grande-Allen et al. (15) and Prot et al. (16) based on uniaxial experiments of leaflets and chords. Further, Howsmon et al. (17) investigated the biaxial properties of ovine anterior leaflets with secondary MR.

Although several studies have tried to capture the mitral valve mechanical behavior, material parameters of human mitral valve leaflets with secondary MR derived from biaxial testing are still lacking. Biaxial testing of leaflets is required to capture their anisotropy for more reliable results. Therefore, this article presents an in-depth biomechanical characterization of healthy human mitral valves and mitral valves with secondary MR, using planar biaxial testing of leaflets and uniaxial testing of chords. The following sections explain the sample preparation and mechanical characterization process, then the results are presented and discussed.



2. MATERIALS AND METHODS


2.1. Harvesting

Eighteen human mitral valves were collected from multi organ donors and heart transplant recipients from the European Homograft Bank: eight valves originating from patients with cardiomyopathy (CMP) showing mitral regurgitation (MR) and ten healthy control (HC) valves. Only patients without known medical history affecting the microstructure and mechanical properties of the valves were included. The mean age of the HC and MR group was 52.80±9.33 years and 51.88±11.19 years, respectively. Clinical details of the valve donors are presented in Table 1. The use of human tissue was approved by Comité d'Ethique Hospitalo-Facultaire Saint-Luc-UCL (CEHF).


Table 1. Details of the mitral valve donors, including weight, age, sex (female/male), and heart related disease.

[image: Table 1]

After harvesting, the valves were transferred to the European Homograft Bank in saline (0.9%) at 4°C. After dissection and morphological evaluation, they were decontaminated with a cocktail of three antibiotics (Lincocin, Vancocin, and Polymyxin B) in 250mL of RPMI 1640 (Roswell Park Memorial Institute, Buffalo, New York, USA) for 20–48 h, followed by controlled cryopreservation in Planer 560-16 (Planer LTD, Sunbury-On-Thames, UK), using 10% dimethyl sulfoxide (DMSO) (WAK-Chemie Medical GmbH, Steinbach, Germany) as a cryoprotecting medium. Subsequently, the valves were stored in the vapors of liquid nitrogen at −179°C and transferred to the lab in a Dry Shipper (below −135°C), where they were stored at −80°C until their use for the experiments.



2.2. Sample Preparation

The mitral valves were thawed before testing according to the protocol of the European Homograft Bank by immersing the pouch consecutively in water and saline at a temperature of 37°C. The DMSO was diluted by rinsing the homografts with saline, decreasing progressively its concentration from 10% to 0% in four steps.

After thawing, square samples of 10mm × 10mm were excised from the mitral valve anterior (AL) and posterior (PL) leaflet for planar biaxial testing as seen in Figure 1A. Samples were chosen from the middle region of the leaflet with the edges along the circumferential, i.e., parallel to the annulus, and radial, i.e., perpendicular to the annulus, directions. A graphite powder speckle pattern was applied to the atrial surface of the sample to calculate its deformation during testing and a marker was attached to the top right corner to track the sample orientation.


[image: Figure 1]
FIGURE 1. Overview of the different steps in the mechanical experiments on human mitral valves. (A) Square samples were excised from the anterior (AL) and posterior (PL) leaflet of a human MV with the edges aligned to the circumferential and radial direction. (B) Four types of chord samples were tested: anterior basal (AB), anterior marginal (AM), posterior basal (PB), and posterior marginal (PM) chords. (C) ZwickRoell planar biaxial tester used for the experiments. Samples were immersed in saline at a temperature of 37°C. (D) Leaflet samples were mounted in the device with the edges aligned to the circumferential and radial directions using rakes. l11 and l22 represent the distance between the opposing rakes in the circumferential and radial direction, respectively. (E) Mounted chord sample. Clamps were lined with sandpaper to prevent slipping of the samples. The distance between the clamps is indicated by l. (F) Thickness map of a leaflet sample obtained by 3D image stitching. (G) Diameter distribution of a chord sample obtained by 3D image stitching. Data of the annulus and papillary muscle were removed in the diameter analysis. (H) Linearized stiffness moduli were calculated as slope of the first Piola-Kirchhoff model stress at both low (LS) and high (HS) stress for each sample.


After leaflet sample preparation, four chord samples were excised from each mitral valve for uniaxial testing as shown in Figure 1B. The mitral valve chords were categorized according to their leaflet type, anterior (A) or posterior (P), and insertion region, basal (B), or marginal (M). Basal chords insert close to the annulus, whereas marginal chords insert at the tip of the leaflet. Parts of the leaflet or annulus and papillary muscle were included in the chord samples to facilitate clamping.

All tissue samples were conserved in saline at a temperature of 4°C prior to testing and were tested within 10h after thawing.



2.3. Thickness Measurement

A height map of each leaflet and chord sample was obtained by 3D image stitching with a Keyence VHX 6000 3D Digital Microscope (Keyence Corporation, Osaka, Japan) (magnification ×50) as shown in Figures 1F,G, respectively. After processing in MATLAB2019B (The Mathworks Inc., Natick, Massachusetts, USA), the mean value of the height map and its standard deviation were obtained, representing the mean thickness or mean diameter of a leaflet and chord sample, respectively, and the thickness or diameter variation within the sample.



2.4. Mechanical Testing


2.4.1. Planar Biaxial Testing

The leaflet samples were mounted in a ZwickRoell planar biaxial tester (ZwickRoell Testing Systems GmbH, Fürstenfeld, Austria) using four sets of rakes as shown in Figures 1C,D. Each rake consisted of four needles with diameter 0.3mm, spacing 1.25mm and puncture depth of 1mm. The circumferential and radial direction of the samples were aligned with the two test axes of the ZwickRoell tester. The samples were loaded with a displacement-controlled protocol and the resulting forces in the sample were measured by two load cells on each axis at a sample rate of 20Hz. The sample deformation was captured by a G917 Manta camera (Allied Vision, Stadtroda, Germany) mounted perpendicularly to the sample at a frequency of 20Hz. All samples were immersed in saline at a temperature of 37°C during testing.

The test protocol consisted of different loading cycles, consisting of a stretch and recover phase and determined by a strain level and ratio circ:rad by which the strain level was applied in circumferential and radial direction. Samples were stretched in both directions at a speed of [image: image] until a preload of 0.01N was reached to avoid sagging of the sample. Next, the actuators moved at a strain rate of [image: image] to the predefined strain level in the stretch phase and moved back to their preload position in the recovery phase. This loading cycle was repeated ten times to take care of the hysteresis between loading and unloading, also referred to as preconditioning. Only the highest reached stretch phase was used in further analysis. An overview of the applied strain levels and ratios in the biaxial test protocol is given in Table 2 and the biaxial test protocol is visualized for one strain level in Figure 2.


Table 2. Overview of the different strain levels, ratios, and preconditioning cycles in the biaxial and uniaxial test protocol.
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[image: Figure 2]
FIGURE 2. Displacement-controlled protocol of a biaxial test. This part consists of five loading ratios with each ten preconditioning cycles and is repeated for several strain levels. The relative displacement in both circumferential and radial direction is defined with respect to the position at which preload has been reached and is given as a fraction of the imposed strain level.




2.4.2. Uniaxial Testing

The chord samples were mounted in a ZwickRoell planar biaxial tester using clamps with manual control, as shown in Figure 1E. The clamps were lined with sandpaper to avoid slipping of the samples. Samples were immersed in saline at a temperature of 37°C and loaded with a displacement-controlled protocol. The test protocol consisted of ten preconditioning cycles and twelve different strain levels as presented in Table 2. Samples were stretched at a speed of [image: image] until a preload of 0.03N was reached to avoid sagging of the sample. In the stretch phase, the actuators moved at a strain rate of [image: image] to the predefined strain level after which they moved back to their preload position in the recovery phase. The stretch part of the last cycle was used in further analysis.




2.5. Constitutive Models

The stretch phase of the tenth loading cycle with the highest reached strain level was used as an input for constitutive modeling. Both the leaflets and the chords were considered incompressible. The constitutive models discussed in this section are therefore isochoric.


2.5.1. Leaflets

The mechanical response of the mitral valve leaflets was fitted to the May-Newman and Yin (MN) constitutive model (18). This hyperelastic, incompressible and transversely isotropic material model is given by the strain energy density function Ψ in Equation (1).

[image: image]

The right Cauchy Green tensor C is given by the deformation gradient tensor F, C = FTF. The first invariant I1 of the right Cauchy Green tensor C depends on the principal stretches λi,

[image: image]

and the fourth pseudoinvariant I4 of the right Cauchy Green tensor C depends on the fiber angle α w.r.t. the circumferential direction,

[image: image]

with

[image: image]

The order of the axes is given as circumferential, radial and axial. The unknown material parameters c10, c1, and c2 and structural parameter α were determined based on the experimental results.



2.5.2. Chords

The stress-stretch curves of the mitral valve chords were fitted to the third order Ogden model for incompressible, hyperelastic, isotropic materials as given by Equation (2) (19). This constitutive model is expressed in the principal stretches λ1, λ2, λ3 and has six unknown parameters μi and ai (i = 1, 2, 3).

[image: image]

The shear modulus μ is given by [image: image] in the undeformed stress-free configuration. Hence, for a physically realistic response and material stability μiai > 0, for i = 1, 2, 3 (20).




2.6. Parameter Fitting

The constitutive model parameters were determined minimizing the difference between the model and experimental reaction forces RF in the experimental test directions according to objective function

[image: image]

with n the number of data points and ii the directions of the test, i.e., 11 and 22 for planar biaxial and 22 for uniaxial.

The experimental reaction forces RFexp were calculated as the average of the measured forces by the two load cells on the circumferential and radial axes for the biaxial experiments and as the average of the measured forces by the two load cells on the axial axes for the uniaxial experiments. For some samples, the measurements of only one of the load cells were used due to force recording problems. Data of the tenth stretch phase of ratio 1:1 of the highest reached loading cycle were used. The first data point of this loading cycle was set as the reference point for the undeformed state.

The model reaction forces RFmod were derived from the deformation gradient tensor and the constitutive model. First, the model second Piola-Kirchhoff stress Smod was calculated from the strain energy density function, [image: image]. The Lagrange multiplier p was determined such that σ33 = 0 with the Cauchy stress σ = J−1FSFT. The first Piola-Kirchhoff stress tensor P was calculated as P = FS. The model reaction forces RFmod were then finally obtained by multiplying the first Piola-Kirchhoff stress tensor P with the cross-sectional area of the undeformed sample Au, RFmod = PAu. In the paper, superscripts u, p and s refer to dimensions in the unloaded, preloaded and loaded configuration, respectively. For a more detailed description of the different configurations, the reader is referred to (21).

Since the reference point was set at the point preload was reached, the reference configuration was not completely stress-free. In order to find the stress-free configuration, the deformation gradient tensor F was decomposed multiplicatively into a preload part Fp and a stretch part Fs, F = Fs · Fp.

The stretch part [image: image] of the deformation gradient tensor for the biaxial experiments on the leaflets was calculated based on digital image correlation (DIC) measurements on the atrial surface of the sample and is given by Equation (4). λ11 and λ22 are the stretches in the circumferential and radial direction, respectively, whereas λ12 and λ21 are shear stretches. All of them were obtained from the DIC strainmap using the VIC-2D 6 software (Correlated Solutions, Inc., South Carolina, US), integrated by isi-sys (isi-sys GmbH, Kassel, Germany). Incremental correlation was used with step size 7 and subset size 41. At each time point the mean stretch of the inner 50% central area enclosed by the rakes was used. λ33 was then determined assuming incompressibility of the tissue: [image: image].

[image: image]

The stretch part [image: image] of the deformation gradient tensor for the uniaxial tensile tests on the chords is given in Equation (5) and was calculated based on the displacement of the clamps. No DIC measurement or marker tracking was possible for these samples due to the small sample width. The stretch along the experimental test direction is given by the ratio of the distance between the clamps during the test ls and the initial distance between the clamps at preload position lp as indicated in Figure 1E, [image: image]. λ11 and λ33 are assumed equal and calculated based on the incompressibility condition [image: image].

[image: image]

The preload part [image: image] of the deformation gradient tensor is given in Equation (6) for the mitral valve leaflets. [image: image] and [image: image] are the prestretches in the circumferential and radial direction, respectively. [image: image] is calculated based on the incompressibility assumption [image: image].

[image: image]

Equation (7) shows the preload part [image: image] of the deformation gradient tensor for the uniaxial tests on the chords. [image: image] and [image: image] are assumed to be equal and are determined to meet the incompressibility condition.

[image: image]

These prestretches [image: image], [image: image] and [image: image] are unknown and are optimization variables determined in the parameter fitting as explained at the end of this section.

The initial cross-sectional area of the leaflets Au,leaflet was found by multiplying the measured sample thickness tu with the distance between the opposing rakes in the unloaded configuration lu as depicted in Figure 1D. For this, the measured distances at the moment of preload [image: image] and [image: image] needed to be corrected with the prestretches [image: image] and [image: image]. The resulting undeformed cross-sectional area of the leaflets is given in Equation (8). The cross-sectional area of the chord samples was calculated based on the measured diameter du, [image: image].

[image: image]

[image: image]

All calculations were performed in MATLAB2019B. The objective function given in Equation (3) was minimized using CasADi (22), an open-source tool for nonlinear optimization, taking into account the constraint of Equation (2) for the chord samples. To avoid ending up in a local minimum, 10 different sets of initial parameters were used. The parameter boundaries used during the fitting of the leaflet and chord samples are presented in Table 3. Due to the large difference in parameter boundaries, the parameters of the MN model were scaled between 0 and 1 to enhance numerical optimization.


Table 3. Upper and lower boundaries of the MN and third order Ogden constitutive model parameters used in the parameter fitting.

[image: Table 3]

The goodness of fit was evaluated using the normalized root mean square error (NRMSE) of the experimental and model reaction forces as given in Equation (9). The error is normalized as it scales with the observed range of experimental reaction forces.

[image: image]

To determine the unknown prestretch values [image: image] and [image: image] for the leaflets, the optimization procedure was performed for all prestretch values [image: image] from 1 to 1.1 with increments of 0.01. The prestretch and material parameters with the lowest NRMSE were then selected as optimized solution. Prestretch [image: image] of the chord samples was determined alike, with [image: image] ranging from 1 to 1.05 with increments of 0.001.



2.7. Data Analysis: Stiffness Moduli and Anisotropy Index

Linearized stiffness moduli were calculated as slope of the first Piola-Kirchhoff model stress as a function of stretch. Stress-stretch curves were generated in the experimental stress range based on the calibrated material parameters and an equibiaxial deformation gradient. The slopes of the stress-stretch curves of the chords at low (LS) and high stress (HS) were determined by fitting the first and last 21 data points with a first order polynomial. As shown in Figure 1H, only 11 data points were used to calculate the slope at high stress for the mitral valve leaflets due to the high nonlinearity of the MN model. To investigate the anisotropy of the mitral valve leaflets, an anisotropy index (AI) was defined as the ratio of the stiffness in circumferential and stiffness in radial direction for both low and high stress. All data processing was performed in MATLAB2019B.



2.8. Statistical Analysis

Standard statistical methods were used to analyze the mechanical data. Data were first tested for normality using the Lilliefors test at the 1% significance level. The p-value was calculated with a Monte Carlo simulation with a maximum Monte Carlo standard error of 0.001. Two-sample t-tests with (un)equal variances were performed for normal distributed data to compare the means between groups. A paired t-test was performed when data were compared from the same sample. Equality of the variances was tested on beforehand with the F-test for normal distributed data at the 1% significance level. When data were not normally distributed, a two-tailed Wilcoxon rank sum test or Wilcoxon signed rank test for paired samples was used to compare the medians of different groups. A Bonferroni correction was added to correct for the multiple comparisons and hence to control the family-wise error rate. A p-value less than 0.05 was considered statistically significant with p < 0.01 highly significant. All statistical analysis was performed in MATLAB2019B.




3. RESULTS

The thickness of each leaflet sample is shown in Figure 3A. Data are represented as mean ± standard deviation of the height map obtained by the Keyence microscope. The standard deviation is a measure of the heterogeneity of the sample. The average sample thicknesses are also visualized in the boxplots of Figure 3B for each leaflet group. The diameters of the different chord samples are shown in Figure 4A for each chordal type and were further grouped per leaflet type in Figure 4B and per insertion region in Figure 4C. Data were checked for normality prior to testing. All data groups were normally distributed with the exception of the HC basal chord samples. Due to the large sample size of this group (n = 20), normal distribution was assumed and a two-sample t-test was performed for each category. The mean value and standard deviation of the leaflet thickness and chord diameter per group are given in Supplementary Tables 1, 4, respectively.


[image: Figure 3]
FIGURE 3. Thickness of the leaflet samples. (A) Bar chart of the thickness map of each leaflet sample: anterior leaflet (AL), posterior leaflet (PL). Data are represented as mean ± standard deviation of the height map obtained by the Keyence microscope. (B) Boxplot of the mean sample thickness of all leaflet samples per group. The mean value of each group is marked with •. *Indicates a statistically significant difference (p < 0.05) and ** a highly statistically significant difference (p < 0.01).



[image: Figure 4]
FIGURE 4. Boxplot of the diameter of all chord samples grouped (A) per chordal type (B) per leaflet type and (C) per insertion region. The mean value of each group is marked with •. *Indicates a statistically significant difference (p < 0.05) and ** a highly statistically significant difference (p < 0.01).


Five leaflet samples and eighteen chord samples were excluded from the mechanical analysis due to an insufficient amount of collected data, problems during force capturing, slipping of the sample or a poor fitting (visual interpretation). A visualization of the fitting to the experimental data is given in Figure 5 for a representative leaflet and chord sample. The model stress-stretch curves resulting from the parameter fitting are shown in Figures 6, 7 for the mitral valve leaflets and chords, respectively. Linearized stiffness moduli at both low and high stress were calculated from these curves and these boxplots are shown in Figures 8, 10 for each leaflet and chord group, respectively. The stiffness of the chord samples was also grouped per leaflet type and per insertion region. The AI of the leaflet samples at low and high stress is shown in Figure 9. A Wilcoxon rank sum test or Wilcoxon signed rank test was used to compare the stiffness and AI of different groups due to the different sample sizes. Statistically significant groups were indicated with * (p < 0.05) and high significance was indicated with ** (p < 0.01). The data supporting the boxplots, i.e., median ± interquartile range of the stiffness and AI are available in Supplementary Tables 2, 3, 5. A summary of the results for each leaflet and chord sample is available in Supplementary Tables 6–11.


[image: Figure 5]
FIGURE 5. (A) Experimental and model stress-stretch curves of leaflet sample HC 9 AL with a NRMSE of 0.50. (B) Experimental and model stress-stretch curves of chord sample MR 9 AM with a NRMSE of 0.21.



[image: Figure 6]
FIGURE 6. Equibiaxial first Piola-Kirchhoff stress versus stretch in the (A) circumferential and (B) radial direction of the different leaflet samples. The model stress was derived by parameter fitting to the MN constitutive model. The stretch range was defined based on the experimental data of the highest reached strain level for each sample.



[image: Figure 7]
FIGURE 7. First Piola-Kirchhoff stress versus stretch per chordal group for the (A) HC and (B) MR valves. The model stress was derived by parameter fitting to the third order Ogden constitutive model. The stretch range was defined based on the experimental data of the highest reached strain level for each sample.



[image: Figure 8]
FIGURE 8. Boxplot of the leaflet sample stiffness at (A) low and (B) high stress per group. **Indicates a highly statistically significant difference (p < 0.01).



[image: Figure 9]
FIGURE 9. Anisotropy index of the leaflet samples at (A) low and (B) high stress. **Indicates a highly statistically significant difference (p < 0.01).




4. DISCUSSION

Both healthy and diseased human mitral valves were mechanically characterized in this study to provide a thorough understanding of the adaptive changes seen in mitral valve leaflets and chords following left ventricular remodeling. The HC and MR valves originated from the same aged population, between 31 and 69 years old, making it possible to directly compare the results between the groups. Moreover, effects of aging can be neglected due to the relative young patient group. To our knowledge, this is the first time human mitral valve leaflets with secondary MR are tested biaxially and the first study to assess the changes in secondary MR for different chordal groups.

The analysis of the results is divided into four parts, discussing leaflet morphology, leaflet mechanics, chord morphology, and chord mechanics, respectively. Each time, regional valvular differences were analyzed first, after which a comparison was made between healthy and diseased valves. The discussion ends with the clinical relevance and limitations and future work of this study.


4.1. Leaflet Morphology


4.1.1. Anterior vs. Posterior

All HC and almost all MR valves showed a thicker posterior than anterior leaflet sample as seen in Figure 3A. The thickness map variation was in general also larger for the posterior leaflet samples, suggesting this leaflet is less homogeneous in thickness. The mean sample thicknesses grouped per category are given in Figure 3B. The mean posterior leaflet thickness was significantly higher than the anterior leaflet thickness for both HC (p < 0.01) and MR valves (p < 0.05). Similar conclusions were found by Pham et al. (13) for aged healthy human mitral valve leaflets; showing posterior leaflets were significantly thicker than anterior leaflets, whereas other studies did not observe a thickness difference between the leaflets (11, 12, 15). Note that this difference could be related to the fact that the anterior leaflet thickness strongly depends on the region the sample was taken from. The anterior leaflet belly region is significantly thinner compared to the edge (12).



4.1.2. Healthy vs. Diseased

Both anterior and posterior leaflet MR samples were slightly thicker than the HC samples as shown in the boxplot in Figure 3B, but these differences were not statistically significant. Different conclusions are reported in literature. Grande-Allen et al. (6) found significantly higher thicknesses in MR valves as opposed to HC valves when thickness was derived from 2D echocardiographic measurements. However, in another study the same group found that MR valves were thinner than HC valves, measured with a digital caliper this time (15). The reported thickness values were also higher than the ones found in our study. This could be due to the location from which the sample was taken and the measurement technique.




4.2. Leaflet Mechanics


4.2.1. Anterior vs. Posterior

The MN constitutive model was capable of describing the nonlinear leaflet behavior as can be seen in Figure 5A. Although a large patient variability was observed in the mechanical leaflet response, the stress-stretch curves in Figure 6 show a clear difference between the anterior and posterior leaflet samples: the latter group was more compliant at low stress in both circumferential and radial direction compared to the anterior leaflet samples. This difference is quantified by the slopes of the stress-stretch curves at both low and high stress, as can be seen in Figure 8. The anterior leaflet samples were stiffer in circumferential and radial direction than the posterior leaflet samples for both HC (p < 0.01) and MR valves at both stress levels. These inter-leaflet differences were also observed in previous biaxial studies on human mitral valve leaflets (12, 13). Pham et al. (13) reported tangent moduli at high load of the anterior leaflet in the same range as our results, namely 12.82±3.96MPa and 6.89±2.26MPa for the circumferential and radial direction, respectively, and for the posterior leaflet 4.08±0.77MPa and 0.59±0.11MPa in the circumferential and radial direction, respectively. Previous studies on porcine mitral valve leaflets only observed significant differences in leaflet stiffness in the circumferential direction at low (11) and high load (7), respectively.

Further, Figure 8 also shows that the circumferential direction of the HC anterior leaflet samples was stiffer than the radial direction at both low and high stress, but this difference was not statistically significant. No directional difference could be observed for the HC posterior leaflet samples, suggesting the posterior leaflet samples to be more or less isotropic. This (an)isotropy is quantified for each sample separately by the AI showed in Figure 9 for both low and high stress. It can be seen that most of the HC posterior leaflet samples have an AI slightly smaller than one and hence these leaflets are close to isotropic with the radial direction being slightly stiffer than the circumferential direction. The HC anterior leaflet samples on the contrary, have an AI mainly larger than one, indicating the circumferential direction being the stiffest one. This difference in AI between the leaflet types is however not statistically significant. Previous biaxial studies on human and porcine mitral valve leaflets observed this anisotropic character with the circumferential direction being the stiffest one, in contrary to our results, for both anterior and posterior leaflets (7–13). Also May-Newman and Yin (7) found the posterior leaflet being more isotropic than the anterior leaflet, but no study reported a stiffer radial than circumferential direction in the posterior leaflet. Pham et al. (13) even found human anterior leaflets more isotropic than posterior leaflets: at high load, the circumferential response was two times higher than the radial response for the anterior leaflet, whereas it was seven times higher for the posterior leaflet.

The observed mechanical differences between anterior and posterior leaflet and the observed leaflet anisotropy can be explained by the valve's microstructure. Each leaflet contains a certain distribution of extracellular matrix proteins elastin and collagen, providing elasticity and strength to the tissue, respectively. Roberts et al. (23) investigated the distribution of collagen and elastin fibers in porcine mitral valve leaflets. Histological analysis showed a high concentration of circumferentially aligned collagen fibers in the anterior leaflet, whereas no or only few alignment was seen in the radial direction. The opposite was observed for the elastin fibers: the elastin fibers were predominantly aligned along the radial direction and there was little directionality in the circumferential direction. As a result, the circumferential direction of the anterior leaflet is the stiffest one, whereas the radial direction is more extensible. The posterior leaflet on the other hand showed a less pronounced directionality of the collagen and elastin fibers in the central region of the leaflet. Some circumferentially aligned collagen fibers were present in the posterior leaflet, but to a much lower extent than in the anterior leaflet.

These microstructural findings agree well with our median mechanical results: anterior leaflet samples are highly anisotropic with the circumferential direction being the stiffest one, whereas the anisotropy is much less pronounced in the posterior leaflet samples. However, the boxplot of the experimental results in Figure 9B also shows anterior leaflet samples with an AI smaller than one and posterior leaflet samples with an AI much larger than one with a stiffness in the circumferential direction four to eight times higher than in the radial direction. Pham et al. (12) also found anterior leaflets with a stiffer radial than circumferential direction, but this reverse anisotropy was attributed to the calcifications observed on the aged human mitral valves and therefore excluded from the study. The valves considered in our study are originating from much younger donors (between 31 and 69 years old) and most valves showed only minor calcifications around the annulus.

The large variation in AI might be due to the positioning of the sample on the valve. The posterior leaflet samples covered mainly the whole leaflet, whereas samples were taken from the central region for the anterior leaflets. Depending on the leaflet size, the distance to the annulus and edge might slightly differ for the different samples. Laurence et al. (8) investigated how the mechanical properties varied along the porcine mitral valve anterior leaflet and observed a higher anisotropy for the central regions compared to the edge regions.



4.2.2. Healthy vs. Diseased

A shift is observed in the characteristic anisotropy for both anterior and posterior leaflets with secondary MR. Figure 9 shows that the AI at low and high stress of both anterior and posterior leaflet samples is lower than one for the MR group, indicating highly anisotropic samples with the radial direction being stiffer than the circumferential direction. Hence, the AI of the MR group is lower than the one of the HC group at both low and high stress and this difference is significant for the anterior leaflet samples (p < 0.01).

This difference in AI at both low and high stress is explained in Figure 8. A lower stiffness was observed in the circumferential direction of the MR anterior leaflet samples in contrast to the HC group, whereas a slightly higher stiffness was seen in the radial direction of the MR group compared to the HC group. As a result, the radial direction of the anterior leaflet is stiffer than the circumferential direction in the MR valves. The same trend was found for the posterior leaflet samples, but to a much lower extent.

Grande-Allen et al. (15) compared mitral valves of donors with dilated and ischemic CMP to healthy autopsy valves. In their study, the uniaxially tested anterior leaflet samples were significantly stiffer and had a lower extensibility in both circumferential and radial direction in the MR group compared to the HC group. An increase in stiffness in the MR group was also found for the circumferential direction of the posterior leaflet, but this difference was not significant. No radial samples were obtained from the HC posterior leaflets due to the small leaflet size and hence no comparison of the radial properties between MR and HC posterior leaflets could be made. Prot et al. (16) tested the anterior leaflet of a healthy human valve and a valve from a CMP heart uniaxially and found that the anterior leaflet from the CMP heart was more extensible in both directions than the HC valve. However, these results were both derived from uniaxial experiments on mitral valve leaflet strips in circumferential and radial direction, which is not representative for the in vivo biaxial loading situation. Furthermore, the tested circumferential and radial strips were each time originating from different valve leaflets due to the limited leaflet size. Previously, May-Newman and Yin (7) showed that porcine mitral valve leaflet properties derived from equibiaxial and strip biaxial tests did not differ significantly in the circumferential direction, but significant differences were observed in the radial direction. Hence, the interaction during loading between both directions cannot be neglected, which confirms the importance of planar biaxial testing over uniaxial testing.

Biaxial mechanical experiments were performed by Howsmon et al. (17) on ovine anterior leaflets showing low-grade ischemic MR eight weeks post myocardial infarction. Due to leaflet tethering, the anterior leaflet fibers were permanently stretched in the radial direction resulting in a higher radial stiffness at low stress and a decrease in radial extensibility compared to the healthy ones. Long-term effects were not investigated in this study. In our study, we mainly observed a decrease in stiffness in the circumferential direction of MR anterior leaflets and a slight increase in radial stiffness.




4.3. Chord Morphology


4.3.1. Basal vs. Marginal, Anterior vs. Posterior

A large variability in chord diameter was found between the different valves. Figure 4A shows the diameter differences between the chordal groups for HC and MR valves. HC AB chords were thicker than AM and PB chords, whereas AM and PB chords were thicker than PM chords. However, these differences were not statistically significant. Zuo et al. (14) found that AM and PM chords were significantly smaller than AB and PB chords, respectively, but also no significant differences were observed between AB and PB chords and between AM and PM chords. Note that anterior strut chords were classified as a separate group in most studies, whereas these chords were included in the AB group in this paper. Also for the MR valves similar diameter differences were found between the different chord types. AB chords were thicker than AM and PB chords, whereas AM and PB chords were thicker than PM chords.

Larger diameter differences were found when grouping the chords per insertion region, i.e., basal and marginal, and per leaflet type, i.e., anterior and posterior. Anterior chords were thicker than posterior chords (p < 0.01 for MR) and basal chords were thicker than marginal chords (p < 0.05 for HC) for both HC and MR valves as shown in Figures 4B,C, respectively. Liao et al. (24) found the same relation between the basal and marginal chords in their study, but no distinction was made between the anterior and posterior chords. Besides the difference in classification of the anterior chords, slightly larger diameters were found by Zuo et al., namely 0.71±0.18mm for the posterior chords compared to our 0.43±0.15mm. However, this can be related to the different methods (optical microscope vs digital camera) that were used in the different studies.



4.3.2. Healthy vs. Diseased

Larger chord diameters were observed in the MR group compared to the HC group as seen in Figure 4, but these differences were not statistically significant due to the large diameter variation within each category. Also when grouping the chords per insertion region and per leaflet type, an increase in chord diameter was found for all MR chord groups and this difference was significant for the marginal chords (p < 0.05).

Grande-Allen et al. (15) found the opposite trend in their study: chords of hearts with dilated and ischemic CMP had a slightly smaller cross-sectional area than HC chords. No distinction was however made between chordal types in their study and as supported by Figure 4A, clear diameter differences exist between the different chord types of both HC and MR valves. Hence, grouping all the chords together might cancel the difference between MR and HC chords. Also a different measuring technique was used in their study. The cross-sectional area was calculated from the assumed density of the chords and their measured length and weight after testing. To the best of the author's knowledge, this is the first study analyzing the differences between HC and MR chords, distinguishing between AB, AM, PB and PM chords.




4.4. Chord Mechanics


4.4.1. Basal vs. Marginal, Anterior vs. Posterior

A third order Ogden model was used to describe the nonlinear mechanical behavior of the chord samples. Figure 5B shows the fitting for a representative chord sample. The resulting stress-stretch curves of the HC and MR groups are given in Figures 7A,B, respectively. The posterior chord group (PB and PM) showed a smaller stiffness variance at low stress compared to the anterior group (AB and AM) for both HC and MR valves.

Also, for the chord samples, stiffness at low and high stress was calculated. The boxplots in Figures 10A,B show a large variance in stiffness and hence only insignificant stiffness differences between chordal types were found. At high stress, PB chords were stiffer than PM and AB chords for both HC and MR valves. Further, AM chords were stiffer than AB and PM chords for the HC valves, whereas they were more compliant than PM chords for the MR valves. The same differences were observed at low stress, but to a lower extent.


[image: Figure 10]
FIGURE 10. Boxplots of the chord sample stiffness at (A,C,E) low and (B,D,F) high stress. Chords are grouped (A,B) per chordal type, (C,D) per leaflet type and (E,F) per insertion region. *Indicates a statistically significant difference (p < 0.05).


Some general trends are seen when grouping the chords based on insertion region and leaflet type. Posterior chords were stiffer than anterior chords at high stress for both HC and MR valves and this difference was significant for the MR group (p < 0.05) as seen in Figure 10D. Figure 10C also shows the same trend for the MR group at low stress, but no difference was observed for the HC group. Further, marginal chords were slightly stiffer than basal chords at high stress, but no clear difference was observed at low stress as seen in Figures 10E,F.

These findings are in agreement with previous studies on human and porcine mitral valve chords: thinner marginal chords were stiffer and less extensible than thicker basal chords (11, 14, 24, 25). Liao et al. (24) attributed these chordal mechanical differences to a different collagen fibril crimp period and fibril configuration. Collagen fibrils in the thicker basal chords were more highly crimped than in the thinner marginal chords, increasing their extensibility. On the other hand, larger fibril diameters and a smaller average fibril density were found in basal chords compared to marginal chords, resulting in a lower amount of interfibrillar linkages and lower stiffness. Zuo et al. (14) also examined the difference in mechanical properties between human anterior and posterior chords. Similar as our results, posterior chords were stiffer than anterior chords at high load. One has to note that a different chordal classification was used compared to this article. We also included anterior strut chords in the anterior group, which were found to be the most compliant chords, whereas Zuo et al. only included basal and marginal chords in that group. Pokutta-Paskaleva et al. (11) did not find significant differences in mechanical properties between porcine anterior and posterior chords.



4.4.2. Healthy vs. Diseased

The boxplots in Figures 10A,B do not show significant stiffness differences between the MR and HC chord samples at both low and high stress. After all, there is a large variance in observed stiffness and the sample size is limited for some chordal groups due to exclusion of some samples. AM MR chords were less stiff than HC chords at low stress, whereas AB and PB chords were slightly stiffer in MR than HC. Larger differences were seen at high stress: MR AB and AM chords were more compliant than the HC groups, whereas MR PM chords were slightly stiffer than HC PM chords. No difference was observed between MR and HC PB chords.

A trend becomes more clear grouping the chords per insertion region or leaflet type. Diseased basal and marginal chords were less stiff than healthy ones at both low and high stress as shown in Figures 10E,F. Figures 10C,D show the same trend for the anterior chords at low stress and for the anterior and posterior chords at high stress; the MR chords were here also more compliant than the HC chords. The opposite was found for the posterior chords at low stress.

Similar as in this study, Prot et al. (16) reported more compliant chords in CMP compared to HC valves. However, this difference was only based on two valves. An opposite trend was observed by Grande-Allen et al. (15). Uniaxial experiments showed slightly stiffer chords in MR than HC. However, as already mentioned before, no difference was made between anterior and posterior or basal and marginal chords in this study.




4.5. Clinical Relevance

Previous studies already suggested that tethering of the mitral valve leaflets due to ventricular remodeling induces leaflet growth and thickening (4, 6). Our results show now that the left ventricular remodeling seen in CMP also induces critical changes in mitral valve leaflet mechanical behavior. The chords on the other hand, although thicker and less stiff in MR, are less affected by papillary muscle displacement and annular dilation.

These findings are of great importance for the understanding and treatment of secondary MR. Finite element models of mitral valves with secondary MR are currently based on healthy biaxial porcine or human leaflet data and healthy human or porcine chord data (26, 27). Our results did not reveal significant stiffness differences between MR and HC chords, but the change in leaflet tissue anisotropy observed in MR should be incorporated in computational models of secondary MR. Further, this change in leaflet material properties should also be taken into account in treatment strategies. The circumferential direction of the leaflets is more compliant in patients with secondary MR, reducing its load bearing capacity, whereas the radial direction of the leaflets is slightly stiffer in secondary MR, making it harder to extent the leaflet in this direction. These differences in mechanical behavior should be taken into account in MV surgery.



4.6. Study Limitations and Future Work

Some remarks should be made with respect to the mechanical experiments and data analysis.


Mechanical Experiments

No distinction was made between the different layers of the mitral valve leaflets and leaflets were assumed to be homogeneous through the thickness. Further, only the central region of the valve leaflets was mechanically tested and these properties might not be representative for the entire valve leaflet. Full field strain and thickness measurements were obtained for the entire sample, but only the average values were used in the data processing.

The strain measurement of the chord samples was based on the displacement of the clamps as marker tracking and DIC measurements were not feasible due to the small sample area. This method does not take into account slipping of the sample out of the clamps, which might cause an overestimation of the sample's extensibility and an underestimation of its stiffness. Therefore, when slip was noticed during experiments, data from a lower strain level for which no slip occurred were used or the sample was excluded from the analysis.



Parameter Fitting

The applied preload before the stretch cycles was relatively large compared to the maximum load and could not be ignored. Therefore, prestretch parameters were introduced as optimization variables and the parameter fitting was performed for a range of possible prestretch values. The parameter combination with the lowest NRMSE was considered as the correct prestretch. The MN and Ogden parameters resulting from the optimization problem sometimes reached their limit value as can be seen in Supplementary Tables 6–11. This prestretch fitting requires further research, but this was not the goal of this paper. For this, we refer to Vander Linden et al. (21).

The biaxial specimens were tested along five ratios, however only data of ratio (circ:rad) 1:1 were used to determine the MN material parameters as the preload correction was not able to fit five ratios simultaneously. As ratio 1:1 might not correspond to the physiological situation, future work includes parameter fitting based on the five ratios to capture the full biaxial behavior.

The Ogden model was able to capture the mechanical behavior of the chord samples very well within the range of the experimental values. Extrapolation of the fitting to values from one to prestretch-value sometimes resulted in nonphysical solutions, such as negative stresses for stretches larger than one. Therefore, the most optimal solution with a physiological response between stretch one and the maximal stretch was chosen as the correct solution for the chord samples.



Data Analysis

Linearized stiffness was defined at both low and high stress to quantify the nonlinear mechanical behavior. The last data points of the stress-stretch curves were considered as the post-transitional region in the stress-stretch curves. This can result in measurement variations between the samples as different strain levels were reached for each experiment. Several options were considered to quantify the mechanical response and calculating the slopes based on the first and last data points was the most consistent method.

The statistical analysis was sometimes based on a small sample size due to sample exclusions and results should be treated carefully. More samples should be included to take into account the patient variability and to be able to make a thorough statistical analysis. Also, no correlation was made between the results and the corresponding donor characteristics. No echocardiographic data of the donors were obtained and hence no detailed information about mitral valve function and the severity of secondary mitral regurgitation was available.



Microstructural Analysis

Finally, in this work, it was not possible to perform histological analysis of the samples as well, besides the mechanical analysis. Combined histological analysis and mechanical experiments would give a more profound understanding of the microstructural adaptations supporting the change in tissue anisotropy in MR. Future work includes also histological analysis of human healthy mitral valves and mitral valves with secondary MR.





5. CONCLUSION

Secondary MR originates from a left ventricular disease, in which the altered ventricular geometry affects the subvalvular apparatus supporting the mitral valve. Also active valvular remodeling is seen as response to the altered loading pattern, influencing the valve mechanical properties.

In this work, we investigated these pathophysiological changes in the mechanical behavior of mitral valve leaflets and chords in secondary MR as opposed to healthy control. Planar biaxial tensile tests were performed on healthy and diseased mitral valve leaflets and uniaxial tensile tests on different categories of mitral valve chords.

Posterior leaflet samples were significantly thicker and more compliant in both circumferential and radial directions at low and high stress than anterior leaflet samples. Anterior leaflets had an AI larger than one, indicating a stiffer circumferential than radial direction, whereas the AI of posterior leaflets was slightly smaller than one, resulting in more or less isotropic samples. Further, basal and anterior chords had a larger diameter and were more compliant at high stress than marginal and posterior chords, respectively.

Also pathophysiological changes were seen after left ventricular remodeling. Both anterior and posterior leaflets were slightly thicker in MR compared to the HC samples. A clear difference between MR and HC anterior and posterior leaflet samples was found based on the AI. A more compliant circumferential and stiffer radial direction resulted in an AI smaller than one for both leaflets. Hence, MR leaflet samples were highly anisotropic with the radial direction being stiffest. Grouped per leaflet type and insertion region, MR chords were thicker and less stiff at high stress than HC chords.

These findings show that the mitral valve adapts to the changes in loading pattern due to left ventricular remodeling. This change in mechanical behavior gives more insight into the mechanisms behind secondary MR and should be taken into account when evaluating treatment strategies.
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