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Abstract: Mitral regurgitation imposes a significant symptomatic burden on patients who are not
candidates for conventional surgery. For these patients, transcatheter repair and replacement devices
are emerging as alternative options. One such device is an intravalvular balloon or spacer that is
inserted between the mitral valve leaflets to fill the gap that gives rise to mitral regurgitation. In this
study, we apply a large-deformation fluid-structure interaction analysis to a fully 3D subject-specific
mitral valve model to assess the efficacy of the intra-valvular spacer for reducing mitral regurgitation
severity. The model includes a topologically 3D subvalvular apparatus with unprecedented detail.
Results show that device fixation and anchoring at the location of the subject’s regurgitant orifice is
imperative for optimal reduction of mitral regurgitation.
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1. Introduction

Mitral valve regurgitation (MR) is the most prevalent form of valvular heart disease, affecting
more than 4 million people in the United States [1]. The gold standard therapy for MR correction
is surgical repair or replacement. However, 49% of patients are denied surgical options due to high
surgical risk [2]. Minimally invasive mitral repair and replacement devices are therefore emerging as
alternative options to treat patients who are considered non-surgical candidates. Currently, only the
MitraClip device has been approved by the FDA for the percutaneous treatment of degenerative MR
(DMR). However, there are no currently approved devices for the percutaneous treatment of functional
MR (FMR).

The Mitra-Spacer (Cardiosolutions, Brigewater, MA, USA) is a novel transcatheter device under
development and early clinical evaluation for the treatment of FMR in patients at high risk for surgery.
The device consists of a fluid-filled balloon designed to occupy the regurgitant orifice of the mitral
valve (MV), with intra-valvular fixation established by an apical anchor. When positioned in the
MYV regurgitant orifice, the Mitra-Spacer blocks regurgitant flow and improves MV leaflet coaptation,
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therefore reducing FMR severity [3]. This study aims to evaluate the efficacy of an intra-valvular
spacer in silico for the treatment of FMR in a subject-specific computational model.

Decades ago, finite element analysis was introduced to investigate the mechanics governing
normal [4], diseased [5-7] and surgically repaired [8-11] MV functions. More recently, fluid-structure
interaction (FSI) analysis was introduced to understand the complex dynamics of mitral valvular
function [12-17]. The MV geometries utilized by these studies were obtained either by parametric
modeling of excised specimens or by image reconstruction derived from a discrete set of markers
placed on the valvular apparatus, both of which resulted in topologically two-dimensional leaflets
and topologically one-dimensional chordae [15,18-24]. This inability to realistically represent the
complex chordal structure and its transition to the leaflets has been one of the obstacles to predictive
fluid-structure interaction models of the native mitral valve. These prior simplifications of the MV
geometry were motivated principally by two factors. First, past computational resources mandated
computational efficiency. Secondly, past imaging modalities were not of sufficient resolution and past
image-processing techniques were not sufficiently evolved.

These simplifications of valvular geometry enabled interesting studies that have increased our
understanding of valvular dynamics. However, they are not anatomically nor mechanically correct.
Indeed, the chordae are not mechanically discrete but rather are a detailed 3-D branching structure that
transitions continuously and gradually into the anterior and posterior leaflets with a unified collagen
fiber architecture. Moreover, the chordae act as secondary orifices for blood flow, creating a dynamic
interface between blood and tissue that is geometrically complex. Omission of the fluid-structure
interaction between the blood and the 3D structure of the chordae has therefore been a major limitation
and has been an obstacle to truly patient-specific modeling.

Recently, we developed and validated an ex-vivo MV imaging methodology used for computer
simulations with fully three-dimensional patient-specific MV geometries, affording an unprecedented
level of leaflet and chordal detail [25] (Figure 1). In a number of recent studies, we developed
and validated FSI models and methods based on these valve-specific geometries to simulate MV
closure [25-27]. In this study, we apply this new simulation capability to an explanted ovine MV to
assess the efficacy of a intra-valvular spacer for the treatment of functional MV regurgitation.
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Figure 1. The detailed MV model extracted from DICOM uCT images with all chords preserved;
and schematic showing the fluid particles confined in a pipe-like rigid structure surrounding the MV
model. Prescribed velocity boundary conditions are applied to the open ends via the use of moving
pistons in z-direction.

2. Materials and Methods

Below we briefly summarize our approach to developing valve-specific geometries from
micro-computed tomography (#CT) data; how we develop the valve-specific 3D fiber-orientation
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architectures for those geometries; and lastly how we develop these data into numerical models for
examining the structural and fluid mechanics of the mitral valve. These methods have been extensively
described elsewhere [25-27]. In the last subsection, we describe how we applied these methods to
examine the affect of spring stiffness on the position of the spacer at systole, when the valve leaflets
close, and consequently the affect of spring stiffness on reduction of regurgitant orifice area.

2.1. Model Development

To date, no clinical imaging modality is capable of visualizing the complete mitral valvular
and sub-valvular anatomy with adequate spatial or temporal resolution for accurate computational
modeling. Thus, the model geometry for this study was developed from yCT data of an intact,
explanted ovine MV, within a water-filled chamber that was specifically designed to be a removable
component of our extensively validated Georgia Tech Left Heart Simulator [26,28]. Following imaging,
uCT data were registered to measurement data from the left heart simulator and then segmented.
The resulting surface was then cleaned to remove degenerate triangles and a scale-invariant volume
mesh was generated as described in [29]. Figure 2 provides an overview of the model development.
Importantly, registration of the uCT data to measurement data from the left heart simulator enables
direct comparisons between model predictions and in-vitro measurements, providing data in the form
of chordal force and direction, fluid flow and high-speed camera images for model validation.
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Figure 2. Pipeline of the computational process from a medical imaging technique (micro-computed

tomography, i.e., uCT) to post-processing the results in order to investigate the anatomy and physiology
of the mitral valve.

In our previous studies we have examined both normal, “healthy” mitral valves [26] (Figure 3a),
and regurgitant valves [30]. In these studies, we have shown that the predicted geometric configuration
and coaptation line shows strong agreement to uCT data of the same closed valve. Further validation
took the form of close agreement between the predicted dynamic forces on the chordae tendineae
throughout the cardiac cycle with experimentally measured data of the same valve [16]. In one
such study, we simulated chordal rupture [30] and concomitant mitral regurgitation. In the current
study, focused on assessing the efficacy of an intra-valvular spacer, we adopted the model geometry
and parameters from the chordal rupture study that resulted in the greatest regurgitant orifice area
(Figure 3b).
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2.2. Fiber Orientation

The mitral valve is a complex structure of articulated collagen arranged in a network that
determines the valve’s mechanical behaviour. That behavior is both anisotropic and highly nonlinear.
Thus, determining the local fiber orientation in valve leaflets and chordae is critical to accurate
predictions of MV fluid-structure interaction. It is also challenging. A thorough review is provided
in [26].

Our approach is a geometric technique that is subject to experimentally determined boundary
conditions. The approach, while not perfect, is fast, fundamentally three-dimensional, requires no
invasive experimental techniques, and accommodates a realistic transition between chordae and
leaflets that is critical to accurate fluid-structure interaction studies.

Specifically, let () be the volume over which fiber orientations need be determined, and S be the
set of seed points where the fiber directions d are known. In other words, d are the experimentally
determined boundary conditions. To evolve a 3D vector field over () from these measured boundary
values, we solve Laplace’s equation for the 3 x 3 matrix M over () with Dirichlet boundary data
constructed from d:

VM(x) =0, x€Q\S
M(x) =dd”, «xes.

The solution M(x) over ) \ S is then decomposed into an eigenvalue decomposition:

M 00
M=E| 0 A 0 |ET, 1)
0 0 A

with Ay > Ay > A3 > 0. The first (orthonormal) column vector e in E is taken to be the fiber direction
at each point x in Q) \ S, where the eigenvalue solution simply unpacks the square matrix M.

(@) Full (healthy) closure [26] (b) Partial (diseased) closure [30]

Figure 3. Geometries reached with simulations of full (a) and partial (b) closures at the T = Tsys.
Partial closure was obtained by removing a set of chords from the healthy model.
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2.3. Constitutive Model

With fiber direction determined for papillary muscle, chordae and leaflets, we adopted an
unified constitutive model based on an approximation of a three-dimensional Gaussian distribution of
fibers [31]. The model is defined in terms of a strain energy function given in [31]. In terms of the 2nd
Piola-Kirchhoff stress, S:

S = «JJ-1DC' 4+ u 1 Dev[(I-C?)/4] +

+ (M) ??Dev[K] + e(A)]"?/°Dev[K], @

where ] is Jacobian, x is bulk modulus, ¢ is passive fiber stress-strain rule for the fiber population, € is
active fiber stress-strain rule, Dev is deviatoric projection operator, and C is right-Cauchy deformation,
and A is dispersed fourth invariant defined as

A2 = tr(KQ), ®3)

where C is the isochoric part of the right-Cauchy deformation, K is called the dispersion tensor or
anisotropy tensor and is given in global coordinates. The specific fiber stress-strain rule o we adopted
was the a micro-structural model presented in [31] based on the physiology of crimped collagen fibers.

2.4. Numerical Methods

FSI was modeled by simultaneously solving smoothed particle hydrodynamics (SPH) equations
for the fluid and the large deformation solid mechanics equations for the MV. The SPH equations are
described in more detail elsewhere [27]. Using SPH as opposed to more traditional computational
methods is preferred due to their limitations demonstrated in [32]. The methods used in this study
have been implemented in other biomedical applications with complex geometries as well [33].
The IMPETUS Afea SPH Solver® (IMPETUS Afea AS, Norway), and IMPETUS Afea Solver® were
used for all simulations. Both fluid and solid domains, and their interaction, were solved with
an explicit time-integration scheme. All simulations were solved on a standard workstation. Parallel
acceleration was achieved with a Tesla K40 GPU with 12 GB of Graphic DDR memory and 2880
CUDA Cores.

To confirm that convergence was reached, refinement and coarsening of the finite element mesh
(h-refinement) was performed. After testing meshes of three different resolutions (92,640 elements,
£20%), all solutions were found to converge to within 5% of each other. The final model consisted
of 92,640 fully-integrated, quadratic tetrahedral elements and 476,199 fluid particles. Fluid particles
were confined to a rigid structure that replicated the geometry of the experimental chamber (Figure 2).
To impose prescribed velocity boundary conditions in accordance with measured flows, the ends of
the chamber were moved at the known prescribed velocity, resulting in piston-like displacement of
the fluid particles (Figure 1). Nodes at the bottom of the papillary muscles and around the annular
attachment were fixed in all three directions.

2.5. Application to Assessment of Spacer Efficacy

In a recent study, we investigated the sensitivity of mitral prolapse and regurgitation to 51 possible
chordae tendineae rupture points based on clinical reports [34-38]. To simulate rupture, we removed
elements from our validated model such that—one at a time—each rupture point was detached.
We then observed the resultant regurgitant orifice area (ROA) and the change in strain in the
subvalvular apparatus. In this study, we adopted the geometry corresponding to rupture point
#9 (Figure 4) from that study because it led to the greatest amount of ROA (also shown in Figure 3).
Specifically, the baseline ROA for the adopted geometry was 134 mm?.

Measurements of the spacer (Figure 5) were obtained from a prototype provided by
Cardiosolutions, Brigewater, MA, USA. Its size, shape and location relative to the MV geometry



Prosthesis 2020, 2 70

is shown in Figure 5. In its clinical application, the spacer is held in place using two springs of equal
length and stiffness. This deployment was replicated in the computational model. The spacer was
modeled as rigid balloon with the same density as the fluid; the springs were modeled with spring
elements of varying stiffness k = 0.1-1.0 KN /m, a mass of m = 0.01 kg, and a fraction of critical damping
(defining the damping force versus elongation rate) of ¢ = 0.1. The free ends of the springs were fixed
in all three directions. Thus, the spacer was free to move in three dimensions subject the dynamic
pressure forces of the transvalvular flow and to the tethering of the springs.

K
......

Chordal cut #9 used in present study

Figure 4. Cutaway of the computational model showing the location (#9) of the ruptured chordae
tendinae (in red) used in this study to simulate functional mitral regurgitation.

Figure 5. The size, shape and location of the spacer relative to the MV geometry.
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The regurgitant orifice area (ROA) was assessed as follows. First, the nodes enclosing the
coaptation line at full closure were identified in the “healthy”, control case. The area, of the polygon in
the space formed by the nodes of the coaptation line with coordinates vectors x, y and z was calculated
using a function from a library geom3D called polygonArea3d [39]. Due to modeling imperfections
the control ROA had a small non-zero value, of 2.13 mm?2, which was subtracted from the predictions
of ROA in this study [30]. Subsequently, the same nodes were used to compute the enclosed area in
the FSI results of the spacer simulations, minus the corresponding cross-sectional area of the spacer.

3. Results

Figure 6 shows the resulting closures and locations of the spacer for two cases in which the
stiffness, k, of the springs were 0.1 and 1 KN/m, respectively (the two extremes of spring stiffness
investigated in this study). As can be noted, for lower stiffness values (Figure 6a), the spacer is
displaced by the regurgitant jet. Results for all values of k are presented in Figure 7. Displacement of
the spacer from its original position at time T = 0 s to its position at the time of MV closure, at time
T = Tsys, is shown in Figure 7a. On the same graph, spring elongation is shown on the secondary
y-axis. As expected, they follow the same pattern. However, it is notable that neither displacement
(distance) nor spring elongation are linear functions of spring stiffness. This is due to the fact that
the integration of momentum imparted from the fluid to the spacer in part determines the spacer’s
position, and that the resultant force is a function of the position of the spacer in the flow.

(a) Springs with k = 0.1 KN/m (b) Springs with k=1 KN/m

Figure 6. Two different closures reached depending on the stiffness of the springs used.

When the distance is decomposed to lateral (y-axis), axial (z-axis) and A/P (x-axis) directions
(Figure 7b), it can be seen that displacement is predominately lateral. In other words, the spacer
encounters less resistance from the valve along the free edge from commisure to commisure.
This accords with expectations but the magnitude of difference in the three directions is notable.
Similarly, the components of force (lateral (y-axis), axial (z-axis) and A/P (x-axis)) with respect
to spring stiffness are shown in Figure 7c. Greater lateral force corresponds to greater lateral
displacement. Again both lateral force and lateral displacement are non-linear due to the influence of
the regurgitant flow.
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Finally, Figure 7d shows the anatomic ROA as a function of spring stiffness. The anatomic ROA of
the untreated MV (Figure 6b) is also indicated on the graph as a blue line for reference. As the spring
stiffness is increased from 0.1 to 1 KN/m, the ROA decreases from about 122 mm? to about 30 mm?,
a reduction factor of about 4.0. Recall that the baseline ROA was 134 mm? with no spacer and the

control ROA for the “healthy” geometry was 2.13 mm?.
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Figure 7. (a) The distance which the spacer has translated by the time of MV closure and the resulting
elongation of the springs depending on their stiffness. (b) The decomposed distance which the spacer
has translated by the time of MV closure depending on the spring stiffness. (c) The forces in the springs
attached to the spacer depending on their stiffness. (d) The anatomic regurgitant orifice area depending
on the stiffness of the springs used.

4. Discussion

At systolic closing, the position and the concomitant efficacy of the spacer to treat functional
mitral regurgitation is a function of the interaction of the spacer with the valvular structure and with
the field of dynamic pressures acting at the interface of the spacer and the fluid. Determining the
optimum placement of the spacer and the optimum spring stiffness is therefore critical to the clinical
success of this treatment for non-surgical candidates. While it is true that the spacer decreases the
ROA even at low values of stiffness, it must be remembered that the presence of the spacer imposes
a penalty on transvalvular flow during diastole in the sense that the spacer itself is a resistance to flow.
Thus, all things being equal, the spacer extracts a metabolic cost. This energy cost is not captured in
our simulation. Nevertheless, the case that optimization is necessary and warranted is clear. In this
study, we examined the influence of spring stiffness on spacer efficacy for a given spacer size.

Results showed that when the anatomic ROA occurred in the P2/P3 region of the MV, the closing
leaflets and the fluid jet pushed the spacer against the opposing P1 leaflet. Hence, if the spacer is
allowed to freely move in a crosswise direction under the influence of fluid momentum, it does not
improve (decrease) the anatomic ROA (Figure 6). Similarly, in Figure 7d, it can be observed that this
treatment has very little effect on the resulting anatomic ROA values if the anchoring springs have
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insufficient stiffness. Only when the spacer starts affecting the P2/P3 region, i.e., where the highest
ROA occurs in the untreated model, is the spacer seen to be effective. Proper anchoring is therefore
essential and spring force of at least 1 N is required to maintain the centered position of the spacer
(Figure 7c). However, different cases of FMR are apt to lead to different valvular distortions and thus
different patterns of fluid motion. With the technology in place, we can begin to address these different
cases in a subject-specific manner.

5. Limitations and Future Work

In this study we considered a single case of regurgitation resulting from the rupture of a single
chord. The mitral valve is a very heterogeneous structure and it would likely be important to assess
the functionality of the spacer in other cases of regurgitation. Furthermore, a one-size-fits-all approach
to spacers may not be the best approach. With our model it would be possible to investigate the effects
of spacer size and shape on ROA as well as diastolic pressure drop. Such investigations are left to
future work.

6. Conclusions

MR imposes a significant symptomatic burden on patients who are denied conventional surgery.
The Mitra-Spacer is a novel trans-catheter intra-valvular spacer device currently under early clinical
evaluation which may offer high surgical risk patients an alternative option for MR correction.
The present study aimed to assess the efficacy of the intra-valvular spacer for reducing MR severity
using a novel subject-specific in-silico model. Simulation results show that device fixation and
anchoring at the location of the subject’s regurgitant orifice is imperative for optimal reduction of MR.
Thus, accurate understanding of patient anatomy and MV function will be important for optimizing
procedures with the Mitra-Spacer system. Since blood flow influences valvular mechanics and timing,
as well as the position of the intra-valvular spacer during systolic closing, the use of FSI is essential.
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Abbreviations

The following abbreviations are used in this manuscript:

MR Mitral Regurgitation

DMR  Degenerative Mitral Regurgitation
FMR  Functional Mitral Regurgitation
FDA  Food and Drug Administration
MV Mitral Valve

FSI Fluid-Structure Interaction

ROA  Regurgitant Orifice Area

uCT  Micro-Computed Tomography
SPH  Smoothed Particle Hydrodynamics
GPU  Graphics Processing Unit

3D Three-Dimensional

1D One-Dimensional
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