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Abstract: The strut chordae (SC) have a unique structure and play an important role in reinforcing
the tunnel-shaped configuration of the mitral valve (MV) at the inflow and outflow tracts. We
investigated the effect of varying the SC insertion location on normal MV function and dynamics
to better understand the complex MV structures. A virtual parametric MV model was designed to
replicate a normal human MV, and a total of nine MV modes were created from combinations of
apical and lateral displacements of the SC insertion location. MV function throughout the full cardiac
cycle was simulated using dynamic finite element analysis for all MV models. While the leaflet
stress distribution and coaptation showed similar patterns in all nine MV models, the maximum
leaflet stress values increased in proportion to the width of the SC insertion locations. A narrower SC
insertion location resulted in a longer coaptation length and a smaller anterior coaptation angle. The
top-narrow MV model demonstrated the shortest anterior leaflet bulging distance, lower stresses
across the anterior leaflet, and the lowest maximum stresses. This biomechanical evaluation strategy
can help us better understand the effect of the SC insertion locations on mechanism, function, and
pathophysiology of the MV.

Keywords: mitral valve; strut chordae; strut chordae insertion location; finite element; computa-
tional simulation

1. Introduction

An intricate tissue structure, the mitral valve (MV), regulates blood flow between
the left atrium and the left ventricle (LV), and the components of the MV apparatus play
complex roles to properly maintain normal MV function. The MV apparatus is composed
of the mitral annulus, two (anterior and posterior) leaflets, chordae tendineae, and papillary
muscles. While LV pressure increases during systole, the circumferential size of the mitral
annulus decreases. This facilitates leaflet contact and closes the mitral orifice. The papillary
muscles contract and hold the chordae tendineae to prevent the leaflets from prolapsing
towards the left atrium.

The chordae tendineae play an important role in maintaining the ventricular architec-
ture and ensuring an efficient cardiac output [1,2]. It acts like a parachute cord that holds
the leaflets at a high pressure to prevent blood from back-flowing towards the left atrium
during systole. Hence, the chordae tendineae must have a high degree of elasticity, strength,
and resistance to traction to support the heart of an average adult with an approximate
load of 75 tons a day [1]. The chordae tendineae have been classified according to their site
of insertion on the leaflets, yet their morphology and distribution on the leaflets result in a
wide variety of distribution, form, and configuration for which there is no clear consensus
on terminology [3].

Three types of chordae tendineae can be described according to their attachment
on the leaflets. The (1) basal (or tertiary) chordae branch out from the papillary muscles

Appl. Sci. 2021, 11, 6205. https:/ /doi.org/10.3390/app11136205

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app11136205
https://doi.org/10.3390/app11136205
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11136205
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11136205?type=check_update&version=1

Appl. Sci. 2021, 11, 6205

20f12

and/or directly from the LV wall and are tied to the basal regions of the posterior leaflets;
the (2) marginal (or primary) chordae are attached to the margin of the leaflets, and the
space between the two marginal chordae is known to not exceed 3 mm with an attachment
to the leaflet that is often bifurcated or trifurcated; and the (3) intermediary (or secondary)
chordae extend from the papillary muscles and are attached to the LV side of the leaflets.
The present study focuses on the intermediary chordae, which are also known as the strut
chordae (SC).

In the anterior leaflets, the two thick and resistant SC are located originating in the
medial aspect of the ventricular side of the leaflet and provide resistance to the leaflet at
closing during systole to thus avoid a prolapse [4-6]. As the LV pressure increases, the
tension along the SC raises rapidly, and the maximum SC tension value becomes three
times larger than the surrounding chordae in the anterior leaflet [3,7,8]. Although the SC
do not show much direct impact on leaflet coaptation, they play a vital role in creating a
tunnel-shaped morphology of the MV throughout the cardiac cycle and maintaining MV
function [5,9-11]. The large leaflet stress distribution over the anterior leaflet spreads from
the fibrous trigone across the anterior central region towards the zone where the SC are
connected [2,6,12]. All of these studies have emphasized the SC are critical to maintaining
the long-term function of the MV.

Recent excellent studies have revealed diverse advancement in computational MV
modeling, more specifically in terms of modeling of the chordae tendineae [13-16]. More-
over, solid mechanical evaluation of the chordae tissue and improved mathematical mod-
eling of the chordae tendineae [17-21] as well as experimental and computational blood
flow studies with respect to the chordae structure [22-24] have revealed the importance of
chordae tendineae studies. However, there is still a lack of biomechanical information of
the role of the SC; therefore, it is important to investigate the biomechanical effects of the
insertion location of the SC in computational MV evaluations.

We employed our previously developed and validated computational MV model-
ing and evaluation protocols [25-31] to investigate the effect of varying the SC insertion
location on normal MV function and dynamics to better understand the complex MV
structures. Computational evaluations were conducted to assess the physiologic and
biomechanical features of nine types of MVs with various insertion locations of the SC.
Detailed information of the leaflet coaptation, stress distribution, coaptation length, coapta-
tion angle, bulging height, and bulging distance with respect to the SC insertion location
were investigated.

2. Materials and Methods

Figure 1 provides a brief demonstration of the virtual MV modeling and simulation
procedures to assess the effect of altering the SC insertion location. A virtual parametric
MYV model was created to replicate a geometric 3D model for a normal human MV that
can be easily transformed to investigate the effect of morphologic alteration by modifying
several key geometric parameters. MATLAB (Mathworks Inc., Natick, MA, USA) was
primarily utilized to produce the virtual parametric MVs and SC modeling, and ABAQUS
(SIMULIA, Providence, RI, USA) was used to perform the computational simulations and
evaluate the functional and biomechanical characteristics of MV function with respect to
various insertion locations of the SC. A series of alterations were made in the SC insertion
location for the parametric MVs, and computational simulations of MV function were
performed to compare the MV models.
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Figure 1. Study protocol for virtual parametric MV modeling and computational simulation of MV function to determine

the effect of altering the SC insertion location. A—anterior; Al—anterolateral; P—posterior; Pm—posteromedial.

2.1. Virtual Parametric MV Modeling

A normal parametric MV geometry at end diastole was designed to conduct a mecha-
nistic study of the SC insertion location as described in our previous studies [25,26]. The
representative structural dimensions of the mitral annulus, the anterior leaflet (a single
cusp), the posterior leaflet (three cusps), the marginal chordae tendineae, and the papillary
muscle tips were utilized in the present study. Briefly, the entire MV model was designed
to be symmetric with respect to the center of the mitral orifice and aligned to the anterior-
posterior (AP) plane of the annulus. The mitral annulus was created by implementing four
primary landmark information with the cubic spline interpolation methods. The marginal
leaflet boundary was created using a combination of sinusoidal functions, and a number
of three-dimensional (3D) lines linking the mitral annulus and the free leaflet margin
were constructed [25,32]. The non-uniform rational B-spline (NURBs) surface model was
employed to generate a 3D surface model of the MV leaflets.

This MV leaflet model was meshed using triangular shell elements and imported
into ABAQUS. The papillary muscle tips were placed 22 mm from the mid-annular plane
positioning the two papillary muscle tips 24 mm apart to each other [33]. The marginal
chordae tendineae were designed linking the leaflet free margin and the papillary muscle
tips, and the chordal insertion was spread around the papillary muscle tips.

2.2. SC Modeling and Alteration of SC Insertion Location

The two SC were modeled by connecting the central region of the anterior leaflet
(from the top portion of the rough zone to the medial portion of the atrial zone) and the
papillary muscles [34]. The position of the SC is set as the ratio of the distance in the apical
and lateral directions. Figure 2 presents the nine different SC insertion locations on the
anterior leaflet. In the apical direction, the anterior leaflet centerline connecting the center
point of the anterior annulus and anterior leaflet free margin served as reference for the
position of the SC. With the center point of the free margin of the anterior leaflet set to
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zero, the center point of anterior annulus is set to one. The lateral location of the SC in
the anterior view is set by the intercommissural line that connects the anterolateral (Al)
and posteromedial (Pm) points. The half point of the intercommissural line located on the
anterior leaflet centerline was set to zero, and the Al and Pm points were set to one.

A

Apical

Lateral

Pm L AI

0.3 0.5 0.7
Narrow Middle Wide

Figure 2. A schematic of anatomical alteration of the SC insertion location (anterior viewpoint).
The yellow point indicates the normal SC insertion location. A—anterior; Al—anterolateral;
Pm—posteromedial.

Several SC insertion locations were determined according to the ratio of the centerline
of the anterior leaflet and half of the intercommissural line. All insertion locations of the
SC were connected to the nearest node where the ratios were selected. The standard SC
insertion location was set to the coordinates of 0.55 in the apical direction and 0.5 in the
lateral direction. The displacement threshold for the SC insertion location (apical &+ 0.15,
lateral £ 0.2) along each anatomical direction was determined according to the normal
range of the SC insertion location based on previous clinical studies [35]. A total of nine
MYV modes were created from combinations of apical and lateral displacements of the SC
insertion location. They are named as top, center, and bottom according to the ratios (0.7,
0.55, and 0.4) in the apical direction and as narrow, middle, and wide at ratios of 0.3, 0.5,
and 0.7 in the lateral direction. The SC lengths were determined according to the distance
from the papillary muscle tips to the selected SC insertion nodes, with the shortest being
2.35 cm and the longest being 2.98 cm. The altered SC insertion locations were implemented
to the MV models, and the corresponding MV function was computationally analyzed
using our dynamic finite element analysis protocol [25-27,31,32].

2.3. Dynamic Finite Element Simulation of MV Function

The Ogden model was employed to define the nonlinear material behaviors of the
marginal and SC tendineae. The cross-sectional areas of 0.29 mm? and 0.27 mm? were
applied to the anterior and posterior marginal chordae, and 0.61 mm? was set for the SC [36].
A Fung-type elastic material model was utilized to describe the anisotropic hyperelastic
material behavior of the MV leaflets [31]. The principal material directions were defined
along the circumferential (o) and radial (}) directions, and the material parameters of the
anterior and posterior leaflet tissue were obtained from biaxial mechanical test data that
were experimentally determined in a previous study [37]. The Fung-type elastic material
model was then implemented in ABAQUS. The leaflet thicknesses of the anterior and
posterior leaflets were set to 0.69 and 0.51 mm, respectively [38]. The Poisson’s ratio and
density of the leaflets and chordae tissue were set to 0.48 and 1100 kg/m?3, respectively.
A physiologic pressure gradient over the MV leaflet surface in the normal direction was
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incorporated throughout the full cardiac cycle. The maximum systolic ventricular pressure
was 126 mmHg (16.8 kPa) [39]. Specific contact interactions for leaflet-to-leaflet and leaflet-
to-chordae with the friction coefficient of 0.05 were taken into consideration for leaflet
coaptation [40]. Detailed protocols of our finite element MV evaluation are demonstrated
in our previous studies [25-27,31,32].

2.4. Evaluation of the Effect of the Alteration of SC Insertion Location

Distributions of stress and coaptation across the leaflets over the full cardiac cycle
were collected to investigate the effect of the different SC insertion locations. Biomechanical
characteristics of the MV models at peak systole were evaluated. The structural and
physiologic features of the MV models were qualitatively and quantitatively evaluated.
Several geometric indices including coaptation length, coaptation angle, anterior bulging
height at peak systole, and anterior leaflet bulging distance at end diastole were calculated
and compared. The coaptation length refers to the distance between the free margin of the
leaflet and the highest position of the leaflet coaptation. The anterior coaptation angle was
defined by the angle between the A-P line and the line positioning between the anterior
annular point and the highest position of the leaflet coaptation. The anterior bulging
height indicates the distance between the A-P plane and the highest position of each leaflet
toward the aorta. The anterior leaflet bulging distance was measured to evaluate how
much blood flow was obstructed from the LV to the aorta during the diastole. The anterior
leaflet bulging distance was determined using the length between the plane including the
anterior annular point and two papillary muscles and the furthest anterior leaflet node.

3. Results
3.1. Coaptation Distribution and Leaflet Stress Distribution

Figure 3 demonstrates the MV configuration and MV leaflet contact distributions at
peak systole from the anterior viewpoint. Nine MV models with different SC insertion
locations were visualized and qualitatively compared. All nine MV models revealed
appropriate leaflet coaptation while exhibiting the largest contact between the two leaflets
in the center-narrow MV model. As the SC insertion location became wider, the contact
distribution between the leaflets flattened more.

Figure 4 shows the leaflet stress distributions at peak systole of the MVs with nine
different insertion locations of the SC from the atrial viewpoint. A threshold (at 0.4 MP in
red) of stress value was assigned to display the leaflet stress distributions so that larger
stresses (>0.4 MPa) than the threshold were presented in red while aiding in the comparison
of the leaflet stress distributions among the MV models. As the SC insertion was located
further toward the mitral annulus (apical) or wider (lateral), the leaflet stresses near the
saddle-horn region of the anterior leaflet increased. The maximum stresses increased in
accordance with the width of the SC insertion location (Figure 5). In all nine MV models, a
similar stress distribution pattern was found in the anterior leaflet, demonstrating large
stress values around the trigone region regardless of the differences in the SC insertion
location. The top-narrow MV model showed the lowest maximum stress value, and the
bottom-wide MV model revealed the largest maximum stress value.
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Figure 3. Leaflet coaptation distributions at peak systole with respect to alteration of the SC insertion
location (anterior viewpoint). A—anterior; Al—anterolateral; Pm—posteromedial.
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Figure 4. Stress distributions on the MV leaflets at peak systole with respect to alteration of the SC in-
sertion location (atrial viewpoint). A—anterior; Al—anterolateral; P—posterior; Pm—posteromedial.
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Figure 5. Maximum stress values in the annular trigone. The yellow circles represent the sites having the maximum stress

values (atrial viewpoint). The red box indicates the leaflet region where the SC was inserted. A—anterior; Al—anterolateral;

P—posterior; Pm—posteromedial.

3.2. Leaflet Morphology and Mobility

The morphologic features of the nine MV models with different SC insertion locations
at peak systole were quantitated to assess the structure and mobility of the anterior leaflet
(Figure 6). The cross-sectional views of the anteroposterior (A-P) leaflet edges are presented
as blue (anterior leaflet) and red (posterior leaflet) lines to visualize and quantitate the
coaptation lengths, coaptation angles, and anterior bulging heights. Dividing the nine
MYV models into three groups (top, center, and bottom), the center (narrow = 7.03 mm,
middle = 5.93 mm, wide = 4.77 mm) and bottom (narrow = 6.86 mm, middle = 5.94 mm,
wide = 4.79 mm) groups demonstrated decreased coaptation lengths in proportion to
the width of the SC insertion location. The center and bottom groups also displayed an
increase in coaptation angles in proportion to the width of the insertion location (center:
narrow = 7.71°, middle = 8.63°, wide = 11.91°; bottom: narrow = 6.19°, middle = 8.66°,
wide = 11.97°). In the top group, the middle and wide MV models showed similar coapta-
tion lengths and coaptation angles (coaptation length: middle = 4.78 mm, wide = 4.79 mm;
coaptation angle: middle = 11.91°, wide = 12.09°). The top-wide MV model demonstrated
the greatest anterior bulging height (4.13 mm), and the bottom-middle MV model showed
the minimum anterior bulging height (3.88 mm). In the wide group, all three MV models
had similar bulging heights (top = 4.13 mm, center = 4.09 mm, bottom = 4.1 mm). In the
middle group, the bulging heights decreased markedly when the SC insertion location
moved from the top to the middle and bottom.

3.3. Anterior Leaflet Bulging Distance

The anterior leaflet bulging distances of the nine MV models with different types of
SC insertion location at end diastole are shown in Figure 7. While similar bulging distances
were observed in eight MV models (11.12-11.42 mm), a much smaller bulging distance was
found in the top-narrow MV model (0.74 mm).
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Figure 6. Morphologic features and quantitative assessment of the MV leaflets at peak systole. For the narrow MV group,
the cross-sectional views of the A2-P2 leaflet edges are presented in blue (anterior leaflet) and red (posterior leaflet) lines.
Quantitative morphologic assessment includes (A) coaptation lengths, (B) coaptation angles, and (C) anterior bulging
heights. A—anterior; P—posterior.
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Figure 7. Anterior leaflet bulging distance with respect to alteration of the SC insertion location during the diastolic phase.
The shortest distance is found in the narrow—top MV model. A—anterior; Al—anterolateral; P—posterior.

4. Discussion

Two tendon-like SCs, particularly strong and thick, are inserted in a fanlike manner
into the ventricular side of the anterior MV leaflet and stretched toward the annulus. The
importance of the roles of the SC in maintaining an appropriate anatomical valvular shape
is obviously inferred from their anatomical location and bigger size when compared to
other chordae. The SC endure tensional stresses three times larger than the marginal
chordae but do not affect the existence of mitral regurgitation. Removing the SC tethering
would cause the central region of the anterior leaflet to extend further towards the mitral
annulus, resulting in flexible leaflet tissue around the coaptating leaflet margin [6,34]. In
the present study, we utilized parametric MV modeling and finite element simulation to
evaluate the biomechanics and function of the anatomical alteration of the SC insertion
location based on clinical data.
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Alteration of the SC insertion location demonstrated the smallest maximum leaflet
stress (0.514 MPa) in the top-narrow MV model and the largest maximum leaflet stress
(0.740 MPa) in the bottom-wide MV model at peak systole (Figures 4 and 5). The overall
pattern of leaflet stress distribution was similar for all nine MV models, and large stresses
near the anterior annular saddle-horn region increased in proportion to the width of the
SC insertion location. In all nine MV models, the maximum stresses were found in the
anterior annular trigone region. It is speculated that a wide width of the SC insertion
location would not provide the central area of the anterior leaflet with sufficient tensional
support, resulting in increased leaflet stresses near the anterior annular saddle-horn region.
In addition, the maximum stress value was found to decrease as the SC insertion location
was close to the mitral annulus. With the SC insertion location close to the annulus, the
anterior leaflet displayed more leaflet bulging, indicating increased stresses in the central
and marginal zone of the anterior leaflet. As the SC can maintain three times larger chordal
stresses than the marginal chordae, lower leaflet stress values were observed in the region
from the central to marginal zone when the SC was inserted far from the mitral annulus,
reducing a considerable amount of overall leaflet stresses in the zone.

Consistent with previous studies suggesting that the presence of the SC does not
affect coaptation, all nine MV models exhibited full coaptation and similar leaflet contact
distribution (Figure 3). The MV models with a wider SC insertion location displayed
further spread distribution of leaflet coaptation. A narrower SC insertion location resulted
in a longer coaptation length and hence a smaller anterior coaptation angle (Figure 6). In
the center and bottom groups, as the width increased, the coaptation length decreased
proportionally while the coaptation angle increased. However, in the top group, the
middle and wide MV models revealed similar values of the coaptation length and anterior
coaptation angle. In the wide group, all three locations along the apical direction showed
comparable coaptation lengths, anterior coaptation angles, and anterior bulging heights.
Particularly in the wide group, little difference was found in the leaflet stress and contact
distributions (coaptation length and coaptation angle) as well as the anterior bulging height
and bulging distance.

The anterior leaflet bulging distance indicates how the SC influence the blood outflow
from the left ventricle. Systolic anterior motion (SAM) refers to the clinical observation such
that the distal portion of the anterior leaflet is placed obstructing the left ventricular outflow
area. When the SC restrict the anterior leaflet mobility, SAM can occur [6]. The SC prevent
the lateral portion of the anterior leaflet from bulging toward the left ventricular outflow
tract (LVOT) by acting like a sail. The top-narrow MV model demonstrated the shortest
anterior leaflet bulging distance, indicating that the SC prevent the entire anterior leaflet
bulging toward the LVOT to develop an orifice area at diastole smaller than the others
(Figure 7). The top-narrow MV model also showed lower stresses across the anterior leaflet
(Figure 4) and the lowest maximum stresses (Figure 5). Therefore, in principle, this top-
narrow MC model could be assumed to have the most suitable SC insertion location from
the valvular functional perspective. However, in the case of functional mitral regurgitation
accompanied by distal displacement of the papillary muscles, the tethering force in the SC
increases; this could result in tenting and regurgitation [35].

The parametric MV modeling strategy employed in the present study has several
limitations. Although recent studies demonstrated and emphasized the importance of
patient-specific chordae modeling [41-43], true geometric configurations of the complete
chordae tendineae structure are still not available from 3D echocardiographic data due to
the restricted spatial and temporal resolution issue of the currently available clinical imag-
ing modality. The parametric MV model was created based on the average dimensions of
normal human MVs. The key focus of the present study is to evaluate the effect of varying
the SC insertion location on normal MV function and dynamics to better understand the
complex MV structures from the biomechanical perspectives. The length of the SC is not
directly configured but determined by quantitating the distance between the papillary
muscle tips and the locations where the SC were inserted in this study. Therefore, the
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simulated variations of the SC insertion location may not implement directly on evaluation
of patient MV models. Nevertheless, valuable information can be obtained from assess-
ing the relative dimensional comparisons of these MV apparatus deformations to better
understand the effect of the SC insertion locations on MV function.

5. Conclusions

We conducted computational evaluations to examine the effect of the SC insertion
location on the function and dynamics a normal MV. Alterations of the SC insertion
locations demonstrated differences in the biomechanical measurements and functional
indices throughout the cardiac cycle. The SC have a unique structure and play a key role in
reinforcing the tunnel-shape of the MV throughout the cardiac cycle and ensuring mobility
of the anterior leaflet. While the leaflet stress distribution and coaptation showed similar
patterns in all nine MV models, the maximum leaflet stresses increased in accordance
with the width of the SC insertion locations. This computational MV evaluation can aid
in understanding the effect of the SC insertion locations on mechanism, function, and
pathophysiology of the MV.
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