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ABSTRACT

Transcatheter edge-to-edge repair (TEER) is a promising minimally invasive approach for
the treatment of mitral valve (MV) regurgitation (MR). However, long-term outcomes have been
suboptimal in several recent clinical trials, likely complicated by the substantial heterogeneity of
MR presentations and the combinatorial nature of the procedure itself. Moreover, the long-term
consequences of MV TEER on the leaflet tissue itself have never been studied, and represent
a key target for procedural optimization. As a first step in addressing these deficiencies, we
conducted a novel study to investigate the effects of TEER-induced MV shape and strain at sev-
eral months after implantation. We first acquired and analyzed longitudinal echocardiographic
imaging data from five patients pre, post, and at 3-month follow-up post-TEER. We then quan-
tified TEER-induced time-evolving changes in MV diastolic shape and systolic leaflet strains
using a computational in vivo geometry recovery method. In the ED state we found evidence of
substantial MV leaflet plasticity (defined here as permanent changes MV leaflet geometry) at the
3 month time point. Though the patterns of plasticity were generally heterogeneous, the highest
regions of plasticity consistently corresponded to the position of the TEER device. Moreover,
the first principal direction field consistently converged onto the position(s) of the clip(s) in all
cases, further suggesting that the clip is the primary driver of the observed plasticity. This result
emphasized the fact that the MV leaflets are not dimensionally stable post-TEER, and instead
continue to remodel. To evaluate the potential confounding effects of concomitant changes in
ventricular shape, we also quantified changes in annular and left ventricular dimensions and
found no significant changes over time. These observations support our hypothesis that the fo-
cal stress concentrations induced by the clip drive MV leaflet tissue remodeling at 3 months. In
summary these novel results confirm that TEER has effects beyond those observed immediately
post-operation. These unique findings underscore a mechanism for long-term repair failure and

constitute a potential key target for patient-specific procedural optimization.



1. INTRODUCTION

Mitral regurgitation (MR) is a valvular disease characterized by improper coaptation of the
mitral valve (MV) leaflets, permitting backflow of blood from the left ventricle into the left
atrium. MR is the most common valvular disease in the United States, with a prevalence of over
10% in patients over 75 years of age [1, 2]. Without adequate treatment, MR can have debilitat-
ing and even lethal consequences, including worsening left ventricular dysfunction, pulmonary
congestion, atrial fibrillation, and in certain cases, thromboembolism [3]]. In this context, MR is
a major prognostic factor of mortality: the risk of mortality with severe MR at five years is 36%
and even moderate MR nearly doubles the risk of mortality in patients with multiple cardiac
comorbidities [4], 5].

There exists a wide range of treatment options for MR that include pharmacological manage-
ment, repair, and replacement, with repair preferred when feasible. However, alternatives to in-
vasive repair methods such (e.g. undersized ring annuloplasty) have been sought. Transcatheter
edge-to-edge repair (TEER) is a minimally invasive method that first emerged in 2003 as an op-
tion for those patients contraindicated for traditional highly invasive surgical interventions [6].
TEER essentially reproduces in the transcatheter format the edge-to-edge repair approach pio-
neered by Alfieri et al. [7], where the two leaflets are physically approximated together in order
to close the regurgitant gap. Currently, the only FDA-approved TEER device is the MitraClip
system (Abbott Inc.). First approved in 2013 for degenerative MR (DMR) and later in 2019 for
functional MR (FMR), the current G4 system, released in 2020, features 4 differently sized devices
that enable clinicians to tailor solutions to each patient and address a wide variety of anatomical
and functional presentations of MR.

However, actual TEER clinical experiences remain mixed. For example, the EVEREST clinical
trial compared TEER against surgical repair or replacement patients with mostly severe DMR
and found that TEER was safer. However, TEER was less effective than surgery with respect
to MR recurrence and the need for re-operation [6] 8, 9]. In 2018, the MITRA-FR and COAPT
studies compared treatment with MitraClip plus guideline-directed medical therapy (GDMT)
versus GDMT alone in relatively similar cohorts of patients with severe FMR [10, 11]. While the
COAPT study found that TEER procedures had a beneficial effect on mortality and optimization,
MITRA-FR found no such difference between the two groups. In addition, COAPT trial showed
that death from any cause at 5-years is 57.6%. In an effort to empirically improve long-term
outcomes, a number of guidelines have been developed to stratify patients based on clinical pre-
dictors of positive outcomes [3, 12, 13]. However, these guidelines tend to exclude a significant
proportion of patients [14], and MR recurrence rates (defined as MR > 2+) at 1-year reported in
the literature continue to rise as high as 33% [15-H18]. In summary, the principal challenges that
impede the optimal clinical use of MV TEER, and in particular its durability, include (1) unclear
patient selection, (2) heuristic clip placement, and (3) unpredictable long-term outcomes [3].



An additional limitation of previous studies is that they have not adequately addressed the
long-term effects of TEER on the MV leaflet itself, as well as the impact of any observed remodel-
ing on the durability of the repair. We and others have previously shown that the MV undergoes
substantial changes in multiscale-level growth and remodeling as a direct consequence of ven-
tricular dilatation and subsequent leaflet tethering [19-24]. Beyond a simple increase in MV
leaflet area [25-H27], prolonged leaflet tethering consistently induced MV leaflet thickness, which
in turn stiffens the leaflet. It is thought that this is due to upregulation of collagen synthesis and
fibrosis [24) 28-30]. These studies suggest that post-repair remodeling is a significant factor in
determining MV repair durability.

Computational simulations can be of particular utility to improve MV TEER outcomes, as
they can enable preoperative patient-specific optimization from standard-of-care in vivo images.
Since the FDA approval of the MitraClip, many groups have developed in silico simulations of
the TEER procedure. However, many of these studies have simplified the action of the clip
device using connectors, stiff springs, or rigid plates [31-41], or developed the MV models us-
ing CT or magnetic resonance imaging, which is not the standard-of-care imaging of choice for
MR and TEER [42-H47]. We and others have developed patient-specific simulations using 3D
transesophageal echocardiographic imaging with full 3D models of the TEER devices [48), 49].
Nevertheless, to our knowledge no image-based, patient-specific computational studies of MV
function over time following TEER have been conducted.

We recently applied our in vivo MV geometry recovery method [50] to compute pre- and
post-TEER MV leaflet strains in 10 patients [48]. Interestingly, despite substantial variations in
the MV pre-operative state and in the clip configurations, TEER induced significant but focal
increases in radial strain in the MV A2, consistent with the clip placement. However, longer-
term consequences of the TEER procedure remain unclear. In related in vivo image-based and in
vitro mechanical studies, we have shown that the MV undergoes major changes in both geometry
and deformation, particularly a marked loss of anisotropy due to radial stiffening [19, 21]. We
also demonstrated that these observed changes were entirely permanent, and were thus a form
a plastic deformation. To evaluate this hypothesis we developed a soft tissue plasticity modeling
framework in an ovine infarction model. We were able to able to predict the MV geometry and
function 8-weeks after myocardial infarction [51]].

These studies suggest that a plastic-like mechanism may occur in the MV post-TEER. Specifi-
cally, we hypothesized that the focal MV leaflet stresses imposed by the TEER device will induce
plasticity-based remodeling responses. To assess this hypotheses, we applied our in vivo MV
geometry recovery method to compute pre-, post-, and three month followup MV TEER leaflet
strains in five patients. We first acquired standard of care 3D transesophageal echocardiographic
(3D TEE) images at the pre- and post-operative time points. Next, given that functional instabil-
ity has been observed clinically at 3 months [52H54], we acquired a final set of 3D TEE images at
this followup timepoint. By computing end-diastolic MV leaflet strains at each time point, we
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will be able to isolate the presence of plasticity that developed post-TEER. This study represents
the first clinical-imaging based, longitudinal in silico study of MV TEER in humans.

2. METHODS

2.1. Summary of approach

In the present study we evaluated how the human MV initially adapts to the presence of the
TEER device, then detected if the MV leaflets deform plastically after three months. Specifically,
starting with the MV leaflets in the pre-operative end-diastolic state, we evaluated their ge-
ometries at the (1) pre-operative systolic (2) post-operative end-diastolic (3) post-operative end-
systolic (4) follow-up end-diastolic and (5) follow-up end-systolic states. For the post-operative
and follow-up simulations, previously described 3D models of the MitraClip [48] were directly
implemented on the MV leaflets, with the number and type corresponding to each patient, and
the clip positions on the leaflets were matched to the echo-derived segmentations. First, we com-
puted the systolic closure strains referenced to the respective end-diastolic state for each time
point. Next, we also computed teh diastolic strains: as the end-diastolic states are not subject
to systolic pressurization, diastolic strains provide a measure of plastic deformation. Finally, we
computed correlations of the strain fields in the same patient versus across patients to determine

the extent to which the follow-up state is directed by the pre-operative state.

2.2. Patient enrollment and imaging

We obtained approval from the Institutional Review Board at the University of Texas at
Austin to acquire additional 3D transesophageal echocardiographic (TEE) images at 3-months
following the TEER procedure in consented patients, in addition to the usual, standard-of-care
intraoperative TEE images at the time of the procedure. Thus, we were able to obtain longitu-
dinal, 3D imaging at three separate time points for each patient: preoperative (immediately be-
fore device implantation), postoperative (immediately after implantation and release), and three
months post-procedure. Based on our previous studies [51], we determined that four patients
were necessary to detect the presence of plasticity at follow-up with a 95% confidence interval.
Therefore, we aimed to recruit at least this many patients for our study. Full volume images
were acquired using the Philips ie33 (Philips Medical, Andover, MA, USA) ultrasound system
equipped with a 2-7 MHz X7-2t TEE matrix transducer. The scans were imported into Philips
Ultrasound Workspace with an approximate isotropic resolution of 0.6-0.8 mm and exported as
Cartesian DICOM files, then converted to the NIfTI format in ITK-SNAP.

2.2.1. Image segmentation
The pipeline for segmenting and meshing the MV geometry from clinical TEE images has
been extensively detailed in [50]. Briefly, representative frames at end-diastole (ED) and end-

systole (ES) were selected from all three image sets (preoperative, postoperative, and follow-up).
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These frames were segmented using an interactive MATLAB tracing program. The annulus was
tirst rotated to the short-axis view, and the geometric center of the MV orifice was translated
to the intersection of the intercommissural and septolateral planes. Several septolateral cross-
sections spanning the full intercommissural diameter of the MV orifice were made at 1 mm
intervals, and at each cross-section, the anterior and posterior leaflets were traced as separate
midsurfaces from the annulus to the free edge. Each image was segmented to include as much
of the commissures as possible while using only identifiable leaflet tissue. The points in each
traced curve were connected using shape-preserving piecewise cubic spline interpolation. Each
curve was then rediscretized into segments of equal arc length and developed into a mesh us-
ing 2D Delaunay triangulation, Poisson-disk sampling, ball-pivoting reconstruction, and Taubin
smoothing algorithms. Small regional gaps at the commissures were interpolated when neces-
sary. This procedure resulted in meshes with uniform, unstructured nodal distributions, nodes
spaced approximately 1 mm apart, and approximately 2000 elements per MV mesh, which were
defined as 3-node triangular shell elements (S3) in Abaqus/Explicit (Dassault Systemes). For the
post-operative and follow-up ED and ES segmentations where the MitraClip device is present,
it was not possible to reliably distinguish the length of the leaflet grasped within the device.
Therefore, we manually traced the leaflets until the superior border of the device and used the
geometry recovery technique described below to reconstruct this missing length [48]. Further-
more, this method of segmentation leaves an opening roughly circumscribing the clip device(s):
we used the center of these openings to measure the position of the clip and define its displace-

ment during the simulation.

2.2.2. Computation of MV leaflet systolic and diastolic strains.

A critical limitation of all direct 3D TEE methods is that the full coaptation zone of the MV
cannot be directly visualized, as the two leaflets cannot be distinguished in this region. Thus,
direct and accurate computation of leaflet geometry and strain mismatch cannot be determined
[55]. Additionally, as the end-diastolic (ED) and end-systolic (ES) states are segmented inde-
pendently, there is no material point correspondence between the resulting meshes at each time
point. Moreover, in TEER cases the leaflet tissue grasped in the device cannot be reliably visual-
ized or segmented, leaving gaps in the post-operative and follow-up segmentations.

To address these issues, we applied a previously described and extensively validated in vivo
MYV geometry recovery technique to recover of the full leaflet geometry that also ensures material
point correspondence between all the meshes for each patient (Fig. (1)) [21,48],550| 55, 56]. In brief,
all geometry recovery shape-matching simulations were performed using Abaqus/Explicit 6.14.
Frictionless self-contact of the MV leaflet surface was enforced with a penalty contact method,
and the triangulated leaflet mesh was defined with isoparametric S3 shell elements with a ho-
mogenous leaflet thickness of 1.5 mm. We utilized a nearly incompressible isotropic non-linear

constitutive model for the MV leaflet tissue [50]. It is important to note that the form of this con-



stitutive model allows for strain-induced mechanical anisotropy that can occur in the MV leaflet
[57]. The specialized constitutive model was implemented in an Abaqus/Explicit subroutine
(VUMAT) for FE simulations. Though this relation has been shown to sufficiently model MV
leaflet tissue, it is important to note that tissue elasticity is used only to regularize the morphing
process of the MV geometry, as the present technique does not require precise knowledge of MV
leaflet tissue mechanical properties.

The boundary and loading conditions used in the simulations have been presented previ-
ously [50]. Briefly, annular displacements were determined using the geometries extracted from
the open and closed MV states in each pre-operative image. We assumed a uniform percent
change across the entire circumference of the annulus [58]. A uniform, physiological pressure of
100 mmHg was applied to the ventricular surface of the MV leaflets, and a downward chordal
mimicking force (CMF) was applied to the free edge. Finally, we penalized any mismatch be-
tween the simulated and target (i.e. imaged) closed shapes of the leaflets using a local corrective
pressure field (LCPF), which was at any instance and location linearly proportional to the short-
est distance between the MV mesh and the target closed MV medial surface. We first defined a
3D spatial domain encompassing the entire target closed MV. Then, we discretized this domain
with an isotopic 0.5 mm resolution to obtain a set of query points from which we calculated
the point-to-surface distance vector field to the target closed MV geometry. To allow for fast
real-time analytic evaluation of the LCPF during the FE simulation, we reconstructed each com-
ponent of this distance field using a 3D cosine series. The LCPF was specified increment-wise as

a nonuniform distributed pressure using the Abaqus/Explicit Fortran subroutine VDLOAD.
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Figure 1: An overview of the in-vivo geometry MV recovery pipeline. First, MV leaflet medial surfaces were
segmented from 3D echocardiographic images at ED and ES. Then, the 3D distance field enclosing the end-systolic
medial surface to the nodes on the surface is computed. Annular displacement is applied as a boundary condition,
and a physiological pressure of 100 mmHg is applied on the ventricular side and a chordal mimicking force is
applied on the free edge nodes. Once the MV has initially closed, a local corrective pressure field, proportional
to the point-to-surface distance field, is applied on the atrial side of the leaflets to enforce the end-systolic shape.
The progression of the simulation from the open state to the final closed state is shown, first in cross-sections
superimposed over the local corrective pressure field; then in 3D (simulated mesh in grey, target mesh in red); and
finally in 3D with the signed intersurface error plotted. See text for complete details. Legend: MV: mitral valve; ED:
end-diastole; ES: end-systole

2.3. Post-TEER simulations

The post-operative and follow-up TEER simulations followed a similar in vivo geometry
recovery protocol as above. The key difference was the addition of appropriate 3D models of the
MitraClip positioned as described in Section[2.2.1] We have previously described the integration
of the TEER procedure with the pre-operative simulation in [48]. To summarize, the movement
and grasping of the clips occurred in parallel to the closure of the MV leaflets in a four-step
Abaqus sequence. In Step 1, the MV leaflet portion of the simulation has not yet begun, and
the clips are simply moved downward to prevent interference with the leaflets during closure.
In Step 2, the boundary, pressurization, and CMF conditions are activated on the MV leaflets
to begin leaflet closure, while the clips move back up and to their echo-dictated positions as
defined previously. From this step onwards, a hard contact pressure-overclosure relationship is
enforced on all exterior surfaces to prevent intersection of the leaflets and clip structures. Next,
once the ventricular pressure reaches 50 mmHg, the local corrective pressure field is activated
on the atrial surface of the MV leaflets and the clips remain in their final positions. In the last
step, the clip arms rotate 60 degrees towards the grippers and grasp the leaflets. Rough friction



contact with no slippage or separation was assigned to the inward-facing surfaces of the grippers
and arms to prevent the MV leaflets from sliding out of the clip grasp (Fig. [2).

End-Diastolic End-Systolic

R

Initial Step-1 Step-2 Step-3 Step-4
Configuration
MV is fully open * Clips move to their * Clips are at their * MV is fully closed
Clips move down echo-defined positions final positions » Clips close and
» Annular displacement, + Shape enforcement grasp MV leaflets
downward CMF, and begins
ventricular

pressurization begin

Figure 2: The step sequence of the post-operative GOsimulation with clip actuation. As in the pre-operative sim-
ulation, the sequence begins at the end-diastole and progresses towards end-systole. The clips move to their final,
echo-dictated positions as morphing of the open MV mesh to match the closed shape occurs. When the MV has
fully closed and is in its echo-derived systolic shape, the clip arms close onto and grip the MV leaflets. MV: mitral
valve

For this study, we also applied the in vivo geometry recovery technique to simulate the post-
TEER ED states. The purpose of this step-rather than using the direct segmentation-was first
to apply the 3D models of the clips while also enforcing an accurate final geometry and also to
ensure material point correspondence between all meshes for each patient. However, with the
ED geometries, we experienced an additional challenge, namely over-closure in the openings
of the double orifice. In the systolic state, we do not have this issue, as the leaflet-to-leaflet
contact in the coaptation zone prevents over-closure. In contrast, the leaflets in the ED state
are naturally not in contact in the orifice areas, and the leaflet edge can overshoot its intended
position, resulting in an incorrect approximation of the leaflets. Therefore, we incorporated a
synthetic barrier with the segmented target meshes (in both ED and ES, for consistency) in order
to prevent this issue. As the LCPF enforces this barrier, the simulated mesh cannot overstep
this boundary and cross into the orifice area. With this method, we were able to accurately
reconstruct the ED-state meshes such that the surface-to-surface error against the segmentated

surfaces was less than 0.6 mm (below voxel resolution) in all cases.

2.4. Simulation kinematic analyses.
To compute the in-surface strains from a given reference to current configuration, we de-

tined the reference nodal positions as X and the current nodal positions as x. Next, we apply a
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rotation matrix R to X to align the local material directions (r, ¢, n) with the spatial directions
(€x, €y, —€,). For the current configuration, as the local material directions may no longer be
mutually orthogonal due to the deformation of the element, they are recomputed in the current
state, and again applied as a rotation matrix to x. Using these aligned nodes, we define the
displacement u as:

u=x-—X (1)
and the deformation gradient F as:
ou
— T+
F + X ()

The S3 shell elements provided in ABAQUS/Explicit are linear, triangular isoparametric ele-
ments; using the standard shape functions for this type of element and Eqns. [1)and 2} the de-
formation gradient can be easily computed. From F, we then computed the right Cauchy-Green
deformation tensor C using

C =FTF,

where due to incompressiblity Cs3 = m. Next, using the right stretch tensor U = +/C, we
computed the principal stretches and directions.

To determine the presence of plasticity in the MV leaflets post-TEER, we first defined the
following numbering scheme for each MV state considered, number 0 to 5 (Figure ). Here, the
even numbers represent the ED state and the odd numbers represent the ES states. For this study;,
we define plasticity, FP, as any additional deformation from the post-ED state to the followup-
ED state. As both ED states are not under systolic pressurization and both states are from the
same patient and therefore have the same TEER configuration, any observed ”deformation”
must be due to underlying plastic processes over time. In this numbering scheme, this would
represent deformation from state 2 to state 4, so that F? = JF.

In order to compute the plasticity deformation gradient, we utilized the multiplicative de-
composition of the total deformation gradient tensor F into its elastic and plastic components
[59, 60]:

F = F°FP 3)

The total deformation gradient F that involves both the plastic deformation from post-ED
to followup-ED, as well as the corresponding elastic deformation due to systolic pressurization
from followup-ED to followup-ES is the deformation from post-ED to followup-ES. In terms of

our numbering scheme introduced above, Eqn. [f|becomes

oF = (FF (4)
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Figure 3: A representative MV shown in the six time steps (5;) analyzed in this study, namely the end-diastolic
and end-systolic states in the cardiac cycle from imaging done at the pre-operative, post-operative, and follow-up
(3-months) time points. MV: mitral valve.

2.5. Statistical analysis
To assess the global strain fields by Carpentier segment (Fig. [4) and to evaluate the rela-

tionship between the pre- and post-operative strain fields, the computed strain fields were re-
expressed in a 2D parametric space that allowed for direct correspondence of material points
between meshes. Using these 2D representations of the circumferential and radial strain fields,
we calculated the 2D correlation coefficients between the pre- and post-operative systolic strain
tields of the same patient (Intra) and paired across patients (Inter). We also repeated this analy-
sis for the pre-operative/follow-up strain fields and the post-operative/follow-up strain fields.
All correlations were computed for the circumferential, radial, and first and second principal
directions. The 2D correlation coefficient R is defined as

> 2o (Aij — A)(Bij — B)

R =
VO X (A = A, (B, - B)?)

(5)

11



where A and B are the two strain tensor fields being compared. Two-tailed Student’s t-tests
were used to compare 2D correlation coefficients and Carpentier segment strain averages and
one-sample Student’s t-tests were used to assess the difference of these values from zero, with a
p-value of less than 0.05 considered statistically significant.

2.6. Assessment of left ventricular dimensional stability

We explored the possibility that any observed MV leaflet tissue plasticity could be driven
by continued ventricular remodeling, resulting in annular or ventricular dilatation. First, we
computed the anteroposterior and intercommissural dimensions for each patient at the three
timepoints. We found the annulus points with z-values nearest to zero (anteroposterior) and y-
values nearest to zero (intercommissural) and computed the magnitude of the distance between
each pair of points (Fig. d). Next, we calculated the annular perimeter by summing the Euclidean
norm of each 3D line segment connecting adjacent points on the annulus. Finally, we computed
the end-diastolic MV leaflet area by summing the areas of each element on the ED-state mesh,

as computed in Eqn. [, where a, b, and ¢ represent the vertices of a given triangular element:
Actemn = 0.5 % [|(b—a) X (¢ — a)| (6)

In order to approximate any ventricular dilatation over time, we measured standard mark-
ers of LV size from transthoracic echocardiographic (TTE) images taken preoperatively, at 30-
day followup, and 1-year followup, as per ASE guidelines [61]. We were able to quantify LV
end-systolic dimension (LVESD), LV end-diastolic dimension (LVEDD), LV end-systolic volume
(LVESV), and LV end-diastolic volume (LVEDV). Though we have data for all five patients at
the preoperative and 30-day timepoints, one year has not yet passed for two of the patients
(MV4 and MV5), so the data at this timepoint is incomplete. As these data were of the repeated
measures form, we used paired, one-tailed Student’s t-tests to assess the difference of the ge-
ometric measures from each other across time. However, for the difference in LV dimensions
from 30-days to 1-year, as we are missing data from 2 patients at 1-year, these cannot be treated

as repeated measures, and a one-tailed standard Student’s t-test was used.
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Figure 4: Definition of anteroposterior and intercommisural dimensions and Carpentier segments. The antero-
posterior dimension was defined as the distance between the two annular points whose x-value was nearest zero
(highlighted in blue). The intercommisural dimension was defined as the distance between the two annular points
whose y-value was nearest zero (highlighted in red).

3. RESULTS

3.1. Patient characteristics

We recruited a total of five patients that spanned a wide range of MR types, including degen-
erative, functional (both ischemic and non-ischemic), and mixed etiologies (TableI). Moreover,
almost all patients received different MitraClip device configurations; though both the first and
fourth patients received the NTW device, it was placed in A2/P2 and A1/P1 segments, respec-
tively. Therefore, even this modest cohort of patients highlights the vast heterogeneity of clinical

presentations typical of this disease.

Patient information MV1 MV2 MV3 MV4 MV5
Age 79 66 71 76 70
Race White @~ White  Hispanic Hispanic White
Sex F F F M F
MR etiology Mixed FMR FMR DMR FMR

Clips NTW XTW,NT XTW,NT NTW XTW

Table 1: Relevant patient demographics, MR etiology, and clip configurations used in the TEER procedure. FMR:
functional mitral regurgitaton; DMR: degenerative mitral regurgitation
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MR severity MV1 MV2 MV3 MV4 MV5

Post-procedure Moderate Mild-moderate Mild Mild Mild
30 days (TTE) Moderate-severe Mild-moderate Mild Mild Mild-moderate
3 months (TEE) Moderate-severe Moderate Mild-moderate Mild-moderate Mild-moderate
1 year (TTE) Moderate-severe Moderate Mild-moderate Pending Pending

Table 2: Post-intervention MR severity over time.

3.2. Variability in pre- and postoperative deformation

As in our previous TEER study [48], we observed substantial variation in the preoperative
deformation of the patients” MVs prior to TEER intervention. As expected, the circumferential
direction tends to be more compressive, while the radial is more extensive (Figs. [5}[f)). This result
also agrees with our previous findings regarding ischemic MR patients before treatment with
undersized ring annuloplasty [56]. However, beyond these general trends, there are no obvious
patterns in preoperative systolic deformation across the patients. Importantly, these results once
again underscore the heterogeneity of the MR patient population, and further emphasize the

need for a robust, patient-specific approach to treatment.

MVA MV2 MV3 MV4 MV5
30%
o
L 20% ¢
g
n
10% £
S
- &
B ;-3 0% =
t
|5
- (V) [
10% :
= S
C 3 -20% ©
©
L
-30%

Figure 5: Circumferential systolic strain for each patient preoperatively, post-TEER and at the 3-month followup
timepoint. The strain patterns are highly variable, though generally compressive.
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Figure 6: Radial systolic strain for each patient preoperatively, post-TEER and at the 3-month followup timepoint.
The strain in this direction is mainly extensive, with highly localized "hotspots” concentrated to the clip positions.
Despite these similarities across the patients, the strain patterns are highly heterogeneous and differ markedly from
valve to valve.

Following the TEER procedure we found a general increase in local radial strain correspond-
ing to the location of clip placement (Fig. [6). When averaged together, we found no statistical
significance in the difference between preoperative and postoperative strain by segment. How-
ever, this can be attributed to the fact that the patients received different clip configurations in
different regions of the MVs, which would not necessarily lend itself to pooling by segment. In-
terestingly, when we referenced the systolic strain to the current end-diastolic configuration, we
found marked stiffening of the leaflets in the radial direction post-intervention (Fig. [7). In con-
trast, when referenced to the preoperative ED state, the radial strains remain fairly consistent.

This result demonstrates the major restrictive impact of TEER on the function of the native MV.

15



A Pre Systolic Post Systolic Followup Systolic

30%
o
2 | 20%
2 il ] £
o ®
o) o
& 10% ¢
o
A1 A2 A3 P3 P2 P1 A1 A2 A3 P3 P2 P1 A1 A2 A3 P3 P2 P1 | ‘{’_,
B o 5
[/
2 @
S -10% 9
o) e [ o8 :
a -+ N ;
= IZFI =]='=I=':I:_]_ ‘:l:' ‘=I=':I:":I:' | _20% <
£
=]
o, . . . — 10 309
A1 A2 A3 P3 P2 P1 A1 A2 A3 P3 P2 P1 A1 A2 A3 P3 P2 P1

Figure 7: Radial systolic strain averaged across all patients at the preoperative, postoperative, and followup time
points, referenced to A: the preoperative end-diastolic configuration and B: the respective current diastolic configu-
ration. (Note that for the preoperative systolic state, the preoperative ED state is equivalent to the current ED state.)
There is a major stiffening observed post-TEER when the deformation is referenced to the current ED configuration,
which underscores the degree to which TEER restricts MV deformation.

3.3. Evidence of plastic deformation following TEER at three months post-operation

Importantly, we found significant evidence of continued plastic deformation in the patient
MVs at three months post-TEER. In the circumferential and radial directions, the patterns are
highly complex and heterogeneous, with compressive and extensive regions juxtaposing each
other across the valve tissue. In contrast, in the principal directions, the patterns are much
clearer. The first principal stretch is generally extensive for all the patients, and the regions of
highest principal stretch are concentrated in the regions of the clip(s) (Fig. [8). Similarly, the first
principal directions also all converge onto the position of the clip(s), strongly supporting our
hypothesis that the clip is the cause of the observed plastic deformation. The second principal
stretches are on the whole more compressive, though certain patients have compact extensional
zones. Again, any regions of relatively high stretch, either compressive or extensive, seem to be
concentrated along the positions of the clip(s). When averaged by Carpentier segment, we found
10-20% plastic strain in all segments and that the magnitude of plastic strain in both principal
directions was significantly different from zero in each segment (p < 0.05; Fig. [0). The highest
incidence of plasticity in the first principal direction was observed in the A2 and P2 segments,
likely due to the fact that every patient had at least one clip placed in this central location. In the
second principal direction, the plastic strains tend to be more uniform, though the P3 segment

demonstrated significantly lower plastic strain in this direction when compared to A2 or P2.
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Figure 8: Patient-specific end-diastolic MV geometries at 3-month followup, plotted with the magnitude of first
and second principal plastic strain magnitudes and directions. Carpentier segment boundaries are also plotted.
The plasticity in the first principal direction is concentrated in the region of clip(s) for each patient, and is highly
extensive. Similarly, the first principal directions converge onto the position of the clip in all five patients. The
magnitudes of the second principal strain also correspond to the clip positions and are generally compressive,
though some of the valves also demonstrate zones of extensive strain in these regions.
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Figure 9: The plastic strain, averaged across all patients, in each Carpentier segment in the first and second principal
directions. All strains are significantly different from zero (p < 0.05). The largest changes are in A2 and P2 in the
first principal direction as expected, as this is where every patient had at least one clip placed.
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3.4. Dimensional changes

The analysis of the MV geometries revealed limited significant differences from the pre- to
post-TEER time points as expected, but importantly no changes from post-TEER to the three
month followup. Specifically, we found that TEER induced an immediate, significant reduction
in the annnular anteroposterior (AP) dimension, which likely corresponds to the grasping axis
perpendicular to the commissural line (Fig. [I0A). This finding corresponds to observations in
the clinical literature [62, 63]. There was also a significant increase in ED leaflet area imme-
diately post-TEER, likely due to TEER device(s) stretching the leaflets into the double orifice
configurations. However, we did not observe any significant changes in annular length or inter-
commissural dimension. Importantly, we did not observe any significant changes across any of
these geometric measurements from immediately post-TEER to the 3-month followup timepoint
(Fig. [10B). This finding suggests that the plasticity observed in Section 3.3 cannot be attributed
to continued annular dilatation. Similarly, the LV measurements do not reveal any significant
increases from the 30-day to 1-year timepoints Therefore, the observed plasticity does not
appear to be driven by left ventricular dilatation either.
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Figure 10: Changes in annular dimensions, end-diastolic leaflet area, and annular length over time. A: TEER induces
a significant decrease in anteroposterior dimension and an increase in end-diastolic leaflet area, but no changes
were observed in intercommissural dimension or annular length. B: No significant differences were observed from
immediately post-TEER to 3-month followup in any of the measured dimensional metrics. Bars represent mean +/-
standard error. AP: anteroposterior; IC: intercommisssural; ED: end-diastolic
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Figure 11: Changes in left ventricular dimensions before TEER, 30-days after TEER, and 1-year after TEER. A:
No significant changes in LV dimensions were observed from preop to 30-days, except a significant decrease in
LVEDD. B: No significant changes were observed in any of the measurements from 30-days to 1-year, indicating
that the ventricle did not continue to dilate in these patients post-repair. Bars represent mean +/- standard error,
and the 1-year timepoint includes only the 3 patients who have passed the 1-year followup timepoint. LVESD:
left-ventricular end-systolic dimension; LVEDD: left-ventricular end-diastolic dimension; LVESV: left-ventricular
end-systolic volume; LVEDV: left-ventricular end-diastolic volume.

3.5. Correlations in kinematic behaviors

We found that the self-paired pre/post systolic stretch fields correlated better than the inter-
patient pairs (Fig. [I2A, p < 0.05). This was also true for the pre/followup systolic stretch fields
and the post/followup systolic stretch fields (Fig. and C, p < 0.05). Importantly, these results
suggest that in spite of wide variability in deformation across the patients, the systolic deforma-
tion both immediately post-TEER and at 3-month follow up is related to, and therefore directed
by, its initial preoperative state. Consequently, this lends strong support to the idea that the
postoperative and even the three-month functional states can be predicted from preoperative data
alone. Furthermore, we found that plasticity (i.e. deformation from the postoperative ED state
to the followup ED state) was correlated with postoperative systolic stretch when referenced to
the postoperative ED state (Fig. [13). This finding held for both material directions, as well as
both principal directions. Again, this result suggests that the degree of plastic deformation in
the patient MV could be predicted from clinical imaging data and a given clip configuration.
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Figure 12: 2D correlations between systolic strain fields across time, both self-paired (Intra-Pt) and across patients
(Inter-Pt). All systolic strain fields are referenced to the preoperative end-diastolic state. A: Pre-operative sys-
tolic strain correlated with post-operative systolic strain; B: Pre-operative systolic strain correlated with followup
systolic strain; C: Post-operative systolic strain correlated with followup systolic strain. In all cases, for both the
circumferential and radial material directions, the self-paired systolic strain fields were better correlated than the
inter-patient pairs. These results indicate that postoperative deformation is directed by its respective preoperative
state, and similarly followup deformation is directed by both its respective preoperative and postoperative states.
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Figure 13: 2D correlations between the postoperative systolic strain (referenced to the postoperative end-diastolic
state and plasticity, both self-paired (Intra-Pt) and across patients (Inter-Pt). In both the first and second principal
directions, the self-paired correlation coefficient is significantly greater than that for random pairs across patients.
This finding signifies that the postoperative systolic strain field, when referenced to its own postoperative end-
diastolic state, directs the progression of plasticity until followup.

4. Discussion

4.1. Summary of findings

While the link between the focal stress induced by TEER and long-term functional deficits has
been postulated [3} 64] and the capacity of the MV leaflets to remodel has been amply demon-
strated [20] 21, 24} 26-29] 165, 166]], these effects have not yet been explored in TEER patients. This
longitudinal study is the first to quantify in vivo the onset of plasticity in human MV leaflets
over time following transcatheter edge-to-edge repair. Specifically, this work brings to light the

following observations regarding MV remodeling post-TEER:

1. There is significant evidence of plasticity present at 3-months following TEER, on the order
of 10-20% strain.

2. The plastic strains are generally extensive in the first principal direction and compressive

in the second principal direction.

3. Though the overall strain patterns vary considerably from patient to patient, in all patients

the zone with highest magnitude of plasticity corresponds to the placement of the clip(s)

(Fig. B).

21



. The first principal directions of this plastic strain converge onto the position of the clip(s),
strongly indicating the role of the TEER device in inducing the observed plasticity (Fig.

BA).

. The post-TEER systolic strain the MV experiences is dramatically reduced when referred to
the current end-diastolic state (Fig. [/B). This functional deficit can likely be explained mainly
by the restriction the clip places on the leaflet, as well as any plastic deformation, both of
which can increase the stretch experienced by the leaflets in end-diastole and effectively

lower the tissue’s overall extensibility.

. We observed no additional ventricular dilatation over the followup period, suggesting that
continued ventricular remodeling is not a driver of the observed plasticity. The annular
dimensions remain stable from immediately post-TEER to the 3-month followup (Fig. [I0B).
Similarly, there are no changes in LV dimension or volume from 30-days post-TEER to 1-
year (Fig. [11B). Therefore, it is also unlikely that continued LV dilatation and an associated

shift in papillary muscle positions are responsible for the observed plasticity.

. The 3-month systolic strain fields are directly correlated to their corresponding pre-operative
and post-operative systolic strain fields (Figs. [I2B, C). These findings suggest that the pre-
operative and post-operative functional states independently direct MV leaflet deforma-
tion at 3-months, which in turn suggests that the followup functional state can be predicted

from pre-operative data.

. Plasticity itself is directly correlated to the corresponding post-operative systolic strain
when referenced to the post-operative end-diastolic state (Figs. [13). The fact that plasticity does
not correlate with the pre-operative state directly is unsurprising, given that plastic re-

sponse seems to be predominantly driven by the clips.

. The degree of leaflet restriction imposed by the clip also appears to be integral to the de-
velopment of plasticity, which may explain why it correlates to post-operative systolic de-

formation only when referenced to the current end-diastolic state.

This study also reinforces some important prior findings regarding the effect of TEER on

MYV geometry and function. First, we once again observed widespread heterogeneity of the

pre-operative strain fields amongst the patients (Figs. [FA, [A). Moreover, we also found that

the clip induces a localized change in postoperative systolic strain; specifically in the radial di-

rection, this change is markedly extensive (Fig. [p). Both of these findings echo those in our

previous publication analyzing deformation patterns pre- and post-TEER [48]. Next, though we

found no significant change in annular or LV dimensions from the given post-TEER to followup

timepoints, we note that TEER induces a significant reduction in AP dimension, which can be
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explained by the devices” approximating the leaflets along the AP axis, and an increase in end-
diastolic leaflet area, likely due to the stretching experienced by the leaflets during filling in the
highly restricted double-orifice configuration. Moreover, we found a significant decrease in LV
end-diastolic dimension over 30-days post-TEER, suggesting that the LV is undergoing reverse
remodeling. This observation is supported by almost all dimensional and volumetric measure-
ments trending downwards (though not significantly) from pre-operative to 1-year follow-up.
Finally, we also found that post-operative systolic deformation is directly correlated to each pa-
tient’s corresponding pre-operative state, which aligns with our previous work [48], and once
again suggests that the post-operative state is directed by and therefore can be predicted from
pre-operative imaging alone. We have developed a computational pipeline to predicted the
post-repair functional state from pre-operative clinical imaging in undersized ring annuloplasty

patients [67], and work is ongoing to apply this approach to TEER patients.

4.2. Possible mechanisms driving MV plasticity

In our previous work, we have studied the onset and progression of ischemic MR following
MI in sheep [19, 21]. An in vivo, image-based analysis of ovine MV geometry and deformation
over 8 weeks post-MI revealed increasing radial diastolic stretches over time. As the diastolic
state is effectively unloaded, this increase in “deformation” suggests that the MV leaflets increase
in size relative to the pre-MI state due to the MI-induced change in boundary conditions [21].
To clarify whether this observation is driven mainly by biological mechanisms such as inflam-
mation (discussed in detail in Section or by mechanical distentions, we conducted another
study involving in vitro structural examination of the same ovine MV tissue over time following
MI [19]. At 8 weeks, the MV tissues showed a major loss of anisotropy marked by significant
stiffening in the radial direction. Parameter estimation to a meso-scale structural constitutive
model revealed that this stiffening could be attributed solely to a permanent reorientation and
straightening of the collagen fiber network, and not to any intrinsic damage to the collagen it-
self. This finding suggests that, at least by the 8-week time point, the observed increase in MV
leaflet area is largely due to permanent, mechanical distention of the leaflet tissue following
continued annular and ventricular dilatation post-MI.

Given that the collagen modulus and mass fraction remain unchanged, and that the collagen
tiber structure alone accounts for any changes in the tissue mechanical behavior, it appears that
the observed plasticity results from changes in the ground matrix, rather than the collagen itself.
This assumption was investigated with exogenously cross-linked bovine pericardial biomateri-
als (used in bioprosthetic heart valves) which substantially enlarge with in vivo operation [68].
In this work, a structural constitutive model based on the underlying scission-healing reaction
of the GLUT crosslinked matrix was able to predict the function of the bioprosthetic heart valve
tissue at 65 million cycles. Importantly, we then developed a similar model for the MV pred-

icated on the key assumption that scission-healing in the MV tissue ground matrix drives the
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permanent changes described above. This model was also able to predict post-MI geometry and
function at 8 weeks with a high degree of accuracy [51]. Collectively, these findings strongly
suggest that the irreversible deformations observed in the early phases of MV remodeling can
be attributed mainly to sustained mechanical distentions and subsequent scission-healing mech-

anisms in the extracellular matrix surrounding the collagen fibers.

4.3. Potential biological mechanisms

A range of biological mechanisms have also been demonstrated to direct growth and re-
modelling of the MV following long-term shifts in homeostasis. It has been established that the
primary agents of growth and remodelling are the MV interstitial cells (MVICs), which in their
quiescent state typically regulate extracellular matrix (ECM) production and degradation, prin-
cipally by synthesizing and secreting interstitial collagen. However, under certain conditions,
MVICs can become activated and adopt myofibroblast-like characteristics that aid in valvular
remodelling. Though this activation under nonpathological shifts in boundary conditions (such
as pregnancy) can support necessary adaptation to preserve the critical function of the MV [69],
pathological dysregulation of this process (typically due to mechanical overload) can lead to fi-
brosis, stiffening and thickening of the valve tissue [65, [70-73]. Moreover, MV endothelial cells
(MVECs), which line the outer layer of the leaflet tissue, can also be induced to migrate into the
ECM and change phenotype into MVICs, which can later transform into myofibroblasts. This
process is known as endothelial-to-mesenchymal transition (EndMT), which at certain levels can
be a normal pathway to replenish MVICs and ensure appropriate valve function. When the en-
dothelial layer’s integrity is compromised by stimuli such as mechanical stress or inflammation
(e.g., after a myocardial infarction), circulating leukocytes and myeloid cells can infiltrate the
valve tissue and differentiate into macrophages. These macrophages release inflammatory cy-
tokines including TGF-f, promoting valve inflammation and triggering abnormal EndMT and
subsequent tissue remodelling [74].

Interestingly, in myxomatous MV tissue as can be found in primary MR, the mechanism of
remodelling is slightly different, likely due to the difference in mechanical loading. Typically,
myxomatous MVs, which usually present with MV prolapse, are under abnormally low me-
chanical loading, especially compared to tethered SMR MVs. In contrast to fibrotic remodeling,
myxomatous MVs have been shown to be more extensible, with lower stiffness [75]. Mainly,
myxomatous-type remodeling seems to present with significantly elevated concentrations of
glycosaminoglycans (GAGs) and water content, contributing to the weaker overall mechani-
cal profile of these tissues [76, [77]. Overall, these studies thoroughly demonstrate that in both
primary and secondary MR, the MV tissue is far from normal and constitutes an already deteri-
orated initial state which repair techniques further perturb.

The MV has been shown to exhibit adverse remodeling processes in various clinically rele-
vant pathologies, including secondary MR [66)} 77-80], MI [22| [74, 81], dilated cardiomyopathy
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[82-84], and heart failure [24, 28]. In all these conditions, where the MV is subject to altered
loading patterns due to annular dilatation, papillary muscle displacement, hemodynamic stres-
sors, or some combination of the above, common findings included increased leaflet area and
thickness, elevated collagen mass fraction and TGF-/ expression, and progressive tissue stiff-
ening, all indicating a fibrotic-type remodeling cascade. Clinically, Nishino et al. showed in a
longitudinal echocardiographic study of patients’ MVs post-MI and the onset of ischemic MR
that patients with persistent ischemic MR presented with larger annuli, increased tenting and a
reduced leaflet area/annular ratio compared to patients without significant IMR. Additionally,
the MV leaflets were thicker in patients with chronic IMR compared to acute IMR, with increased
fibrosis [29].

4.4. Remodeling mechanisms in the context of TEER

Within this context, TEER has enormous potential to trigger adverse leaflet remodelling.
First, we and others have previously shown that TEER locally increases the deformation ex-
perienced in the leaflet tissue, a finding that was echoed in this work (Section [48]. As
this new functional state is permanent, there is a sustained shift in stress conditions of the MV
leaflets which can certainly lead to mechanically driven permanent set-type mechanisms in the
months following repair. Second, the design of the MitraClip grippers includes small barbs de-
signed to hook into the leaflet tissue to prevent device detachment. Certainly these, along with
the cyclical friction of the arms against the tissue during the cardiac cycle, can compromise the
integrity of the endothelial layer and initiate an immune-mediated inflammatory response that
triggers EndMT and fibrosis in the long-term. Indeed, explanted MitraClip devices from patients
undergoing reintervention with mitral replacement show on gross examination the substantial
formation of fibrotic scar tissue around the device, as well as immune cell infiltration upon his-
tological analysis over 8-12 months post-implant [85,86]. Ladich et al. explanted devices over 1
to 1878 days from implant and observed four phases of physiological healing: platelet and fibrin
deposition, inflammation, granulation tissue, and finally, fibrous encapsulation [87]. Notably,
around the 90-day timepoint corresponding to the follow-up timepoint in this study, the authors
found evidence of granulation tissue and early fibrous encapsulation. However, these findings
are limited to the tissue immediately surrounding the device, and no histological analyses have
been done to our knowledge on explanted, post-TEER MYV leaflet tissue in general.

Finally, it is important to note that TEER is typically performed on patients with very ad-
vanced MR who are too ill to tolerate surgical intervention. For this study, which focuses mainly
on the subacute/early chronic phases post-TEER, it is in this context that biological mechanisms
play a key role. In contrast to other studies and to our earlier work invovling ovine MVs, the
pre-operative biomechanical state of these patients” MVs is far from normal. Either the collagen
is intrinscially damaged by myxomatous or rheumatic processes, or continued dilatation of the

annulus and/or ventricle have placed the MV in an abnormal stress state, or both. Over the
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chronic period post-MR, both mechanically-driven plasticity and biological mechanisms like in-
flammation and MVIC activation have been involved in altering the pre-operative state of the
MV. Therefore, the imposition of the TEER device, with its own related mechanical and inflam-
matory triggers, onto tissue which already has already undergone MR-induced plasticity and
features activated MVICs and dysregulated EndMT and fibrotic pathways, creates an environ-

ment primed for continued adverse remodelling [74].

4.5. Clinical implications

This study, which confirms the presence of MV plasticity in patients who have undergone
TEER, has major clinical implications. First, we have laid the groundwork to establish a link be-
tween the TEER intervention and the onset of plastic deformation in patient MV tissue. This re-
lationship is already innately understood in the clinic; the general avoidance of the long, narrow
XT MitraClip [64] and the very existence of the PASCAL device, which in almost every design
element (flexible nitinol material, paddle-shaped arms, central spacer) seeks to minimize the
stress imposed on the leaflets, affirm the prevailing clinical concern regarding the post-operative
functional state of the valve. With our computational techniques, we are able to interrogate the
in vivo kinematics of the patient MV, and importantly, directly quantify the intuitive insights that
are already guiding the progression of TEER as an intervention.

As such, these simulations are a valuable tool towards precisely optimizing the TEER pro-
cedural to achieve optimal durability and efficacy in the patient population. Importantly, by
enabling the analysis of tissue plasticity, the approaches introduced in this work augment the
assessment of TEER success by also offering a long-term view of post-repair MV function. Mi-
tral valve plasticity, particularly with this disease and intervention, is highly complex, and conse-
quently, distinguishing an exact causative mechanism linking patient or operative characteristics
to the magnitude of plasticity is a significant task. For example, we and others have shown that
even in FMR, which is traditionally thought of as an externally driven etiology with “normal”
leaflet tissue, the MV undergoes pathological functional shifts, such as marked radial stiffening
[19, 24, 28]. As such, the degree of MR progression would also be important to consider when
contextualizing plasticity post-TEER. Moreover, from an intervention point of view, not only
does the clip choice matter, but also their placement in the MV (especially if other pathologies,
such as calcification, are already present). Though this may seem like a herculean task to op-
timize so many interconnected variables, computational simulations are well-suited to address
this challenges, and our simulation techniques as presented in this work represent a crucial pre-
liminary step towards this objective.

Finally, this initial study has shown not only our capacity to observe plasticity, but also lays
the groundwork for time-evolving predictions of MV leaflet tissue behavior. Our correlation re-
sults as presented in Section [3.5 demonstrate that for each patient, the follow-up systolic state
is directed by the initial pre-operative state and immediate post-operative function. Moreover,
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plasticity itself, as can be expected, is influenced by post-operative systolic function, which in-
herently includes the specifics of the clip configuration, when referenced to the post-operative
end-diastolic state (the same reference as plasticity). We have already demonstrated our ability
to predict the post-operative state after undersized ring annuloplasty [67], and to simulate the
progression of plasticity over time after myocardial infarction [51]. By building on the protocols
presented in these two works, as well as the insights derived from this study, we are currently
developing a modeling and simulation pipeline that can predict MV function over time using

standard-of-care pre-operative imaging alone.

4.6. Limitations

While comprehensive, this study has certain limitations. Mainly, the sample size of the pa-
tient cohort is small, though greater the required sample size (n = 4) to distinguish the presence
of plasticity with 95% power. However, we are not able to make any correlations between the
level of plasticity and patient outcomes. Moreover, the heterogeneity of the patient cohort with
respect to clip type and placement also complicates any attempt to relate plasticity magnitude
with clip configuration. The principal hurdle in terms of sample size is quite simply the re-
luctance of patients to undergo an additional, medically unnecessary invasive procedure (the
3-month TEE imaging). Nevertheless, even in its modest size, this patient cohort represents the
tirst such longitudinal imaging dataset acquired solely for computational analysis, rather than
clinical trial followup, and has still facilitated important revelations regarding the MV tissue and
functional response to TEER. Furthermore, this is strictly an in vivo, imaging-based study, so we
have not conducted in vitro tissue analysis on explanted tissue samples. Therefore, though we
are able to hypothesize certain tissue-level mechanisms potentially driving MV plasticity, addi-
tional mechanical and histological studies on explanted patient MV tissue would be needed to
confirm and expand the present findings. However, it is important to note that an image-based
analysis presents a significant advantage in that this approach allows us to investigate the in
vivo behavior of diseased human MVs, inherently accounting for all the complex mechanisms un-
derscoring MV physiology, such as leaflet prestrain, that we have found to be so critical to the

accurate analysis of its function [88),189].

4.7. Conclusions and future directions

In summary, this study quantified for the first time in vivo MV leaflet plasticity following
transcatheter edge-to-edge repair in humans. Our findings not only confirm the presence of
plastic deformation, but also offer strong evidence that this plasticity is primarily driven by the
TEER procedure itself, rather than other organ-level shifts in loading or boundary conditions.
This study emphasizes once again the importance of an individualized approach to MV treat-
ment optimization, but with a holistic focus on all aspects of MV function, with the objective to

ensure the best possible long-term outcomes for each patient.
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The outcomes of this study further emphasize the need for and value of image-based com-
putational methods. Such techniques allow for the in vivo assessment of native MV function in
human patients on an individual basis, insights that would not be possible with purely in vitro
experimentation or clinical imaging alone. Moreover, the use of clinical imaging as the basis of
the modeling allows for the future integration of this analysis pipeline directly into the clinical
workflow, further amplifying the utility of computational methods in real-world patient scenar-
ios. Specifically, this work also further demonstrates the capacity of our computational methods
to finely interrogate multiple key aspects of the in vivo function of the human MV and lays
the groundwork for future predictive, time-evolving simulations of post-repair MV function.
Importantly, these results imply that, with an appropriate predictive model of the post-TEER

functional state, longer term responses to MV TEER can be predicted.
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