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Abstract

Nearly 1.6 million Americans suffer from a leaking tricuspid heart valve. To make matters worse, current valve repair options
are far from optimal leading to recurrence of leakage in up to 30% of patients. We submit that a critical step toward improving
outcomes is to better understand the “forgotten” valve. High-fidelity computer models may help in this endeavour. However,
the existing models are limited by averaged or idealized geometries, material properties, and boundary conditions. In our cur-
rent work, we overcome the limitations of existing models by (reverse) engineering the tricuspid valve from a beating human
heart in an organ preservation system. The resulting finite-element model faithfully captures the kinematics and kinetics of
the native tricuspid valve as validated against echocardiographic data and others’ previous work. To showcase the value of
our model, we also use it to simulate disease-induced and repair-induced changes to valve geometry and mechanics. Spe-
cifically, we simulate and compare the effectiveness of tricuspid valve repair via surgical annuloplasty and via transcatheter
edge-to-edge repair. Importantly, our model is openly available for others to use. Thus, our model will allow us and others
to perform virtual experiments on the healthy, diseased, and repaired tricuspid valve to better understand the valve itself and
to optimize tricuspid valve repair for better patient outcomes.
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1 Introduction health. When heart valves fail, they do so through excessive

narrowing that inhibits flow, or through ineffective closure
Our cardiac valves ensure unidirectional blood flow through  that leads to leakage, i.e., regurgitation. Both modes of fail-
the heart and cardiovascular system and, thereby, efficient  ure are associated with significant morbidity and mortality
oxygen transport from the lungs to our body’s cells. Con-  [1-4]. The tricuspid valve, one of our two atrioventricular
sequently, heart valve failure can be devastating to patient  heart valves, leaks to a significant degree in more than 1.6
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million Americans [5]. In most of those patients, the tricus-
pid valve leaks because its normal shape and dynamics have
been disrupted by a dilated and remodeled right ventricle,
to which it is intimately connected through its annulus and
chordae tendineae. Causes for right-ventricular remodeling
include pulmonary hypertension for example [6, 7]. Unfor-
tunately, in the patients that are treated for tricuspid valve
regurgitation, surgery has a significant failure rate. In fact,
10-30% of patients present with recurring regurgitation
within a few years of surgery [8§—10]. Because the tricus-
pid valve has long been ignored—earning it the nickname
“the forgotten valve” [11, 12]—we submit that an incom-
plete understanding of the tricuspid valve is, at least in part,
responsible for these high failure rates.

Computational models of the tricuspid valve could be
useful tools in our effort to better understand the valve [13].
Specifically, high-fidelity computer models of the tricuspid
valve may support studies on the etiological reasons for
the valve’s shape, structure, and dynamics, which, to date,
are mostly unknown. Additionally, computer models may
allow us to mechanistically understand suboptimal clinical
outcomes and serve to optimize medical devices [14, 15].
Notably, most of today’s models are based on idealized or
population-averaged geometries; see Table 1. However, in
reality, no heart valve is identical to another one, and ignor-
ing significant between-subject variability may impede pro-
gress on understanding tricuspid valve disease and improv-
ing repair techniques and outcomes. Similarly, mechanical
and structural properties are often assumed or derived from
other subjects or, yet, other species. Additionally, most pre-
vious models have not been made openly available as an
accessible tool (see references in Table 1).

The objective of this current work is therefore twofold.
First, our goal is to build a subject-specific, high-fidelity
finite element model of the human tricuspid valve and to

demonstrate potential applications of our model. Secondly,
our goal is to make our model openly available to the scien-
tific and medical community.

2 Methods

We established a complete (reverse) engineering pipeline
to reconstruct a highly detailed finite-element model of the
healthy human tricuspid valve; see Fig. 1. To this end, we
loaded the right heart of a healthy, beating human heart
within an organ preservation system to recreate a realistic
hemodynamic environment for the valve. Within the organ
preservation system, we measured tricuspid annulus dynam-
ics via fiducial markers and collected hemodynamic data
via miniaturized pressure sensors in the right atrium and
ventricle throughout the cardiac cycle. Upon conclusion
of the ex vivo experiments, we excised the tricuspid valve
and characterized its geometry and mechanical properties.
To build the model geometry, we then combined the fidu-
cial-marker-based reconstructions of the tricuspid annulus
with image-based planimetry of the valve leaflets. Through
in vitro images, we also identified chordal insertion sites
and included them in our model definition. Additionally,
we imposed subject-specific Neumann and Dirichlet bound-
ary conditions as transvalvular pressure gradients (measured
via miniaturized pressure sensors) and annular dynamics
(measured via epicardial echocardiography and fiducial-
marker measurements), respectively. Finally, we assigned
subject-specific hyperelastic material properties to all three
leaflets and their chordae tendineae based on planar biaxial
mechanical tests and uniaxial tensile tests, respectively, on
the excised tissue. Detailed descriptions of the reverse engi-
neering pipeline are provided below.

Table 1 Comparison of our current model to existing computational models of the tricuspid valve

Species Geometry Material Properties Dirichlet B.C. Neumann B.C. Openly
Available
Stevanella et al. [16] Porcine Generic Generic N/A Generic No
Kong et al. [17] Human Specific Generic Specific Generic No
Kamensky et al. [18] Porcine Generic Generic N/A Generic No
Laurence et al. [19] Porcine Specific Generic N/A Generic No
Singh-Gryzbon et al. [20] Porcine Specific Generic N/A Generic No
Laurence et al. [21] Generic Generic Generic N/A Generic Yes
This work Human Specific Specific Specific Specific Yes

The bold values highlight and compare features of the present work against existing literature

B.C. boundary condition
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Fig.1 The (reverse) engineering pipeline. We built a high-fidelity
finite-element model of the tricuspid valve from ex vivo and in vitro
measurements on a healthy, beating human heart. That is, we built the
model geometry by digitizing the valve annulus from fiducial marker
measurements on the beating heart and by digitizing the leaflet geom-
etry from photos of the explanted leaflets. We also identified the
material properties for our model based on in vitro mechanical tests

2.1 Beating heart preparations and measurements

The use of rejected human donor hearts was declared nonhu-
man research by the Spectrum Health Institutional Review
Board.

The human donor heart we used in this study was rejected
from clinical transplantation but found to be structurally
healthy. Please see our previous publication for surgical
details of the explantation protocol [22]. During trans-
port from the donor site, the heart was protected with cold
HTK-Custodial solution (Essential Pharmaceuticals, Dur-
ham, NC). Upon receipt, we implanted six sonomicrometry
crystals (Sonometrics Inc., London, Ontario, Canada) in
the arrested heart around the tricuspid annulus and three
crystals on the papillary muscle heads via a right atriotomy
[23]. Additionally, we placed pressure transducers (PA4.5-
X6; Konigsberg Instruments Inc., Pasadena, CA) in the right
ventricle and the right atrium. Following the instrumentation
of the heart, it was prepared for connection to an organ pres-
ervation system (TransMedics, Andover, MA). This portable

Displacements

Structural Simulation

v

of each leaflet and their chordae tendineae. The pressure boundary
conditions on the leaflet surface and the displacement boundary con-
ditions on the dynamically contracting annulus were also acquired in
the beating heart. Finally, we used the explicit finite-element method
to predict valve closure which we then validated against beating heart
epicardial echocardiographic images

ex vivo organ perfusion platform is being used clinically to
perfuse beating, unloaded donor hearts with warm, oxygen-
ated blood during transport between donation site and trans-
plant site. In our study, we primed the system with donor
blood, mounted the instrumentalized heart, and defibrillated
the heart to return to normal sinus rhythm. Subsequently, we
paced the heart at 80 beats per minute and continued perfus-
ing it under normoxic conditions. During data collection, we
collected arterial and coronary sinus venous blood gases,
including lactate levels every 15 min to assure stability of
the experimental preparation. After 60 min of reperfusion,
we partially occluded the pulmonary artery to increase right
ventricular pressure to approximately 30 mmHg to simu-
late loaded conditions. At this point, we assessed tricuspid
valve competence via epicardial echocardiography (Vivid
S6, GE Healthcare, Chicago, IL). Once we established com-
plete valve competence, we recorded hemodynamic data and
sonomicrometry data under working right-heart conditions.

@ Springer
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2.2 Tricuspid valve collection and tissue
preservation

After all measurements on the beating heart were concluded,
we arrested the heart and surgically removed the tricuspid
valve. Upon excision, we cut the valve annulus at the poste-
rior-septal commissure and laid the valve complex (includ-
ing chordae tendineae) on a calibrated grid on which we took
detailed photographs. Subsequently, we isolated each leaflet
and froze them at — 80°C in a cryogenic solution of 9:1
DMEM and DMSO with protease inhibitor (Pierce, Thermo
Scientific, Waltham, MA) via a controlled freezing device
(Mr. Frosty, Thermo Scientific, Waltham, MA, USA)[24].

2.3 Mechanical testing

Before mechanical testing, we thawed the frozen tissue
samples in room-temperature phosphate-buffered saline.
Once thawed, we separated the chordae tendineae from the
leaflets. For mechanical characterization of the leaflet tis-
sue, we excised 7 X 7 mm tissue samples from the leaflet
centers, measured the sample thickness in three regions
with a digital thickness gauge (547-500S, Mitutoyo Corp.,
Kawasaki, Japan), marked fiducial dots for strain tracking
with black markers, and mounted the samples to our planar
biaxial tensile tester (BioTester, Cellscale, Waterloo, ON,
Canada). Once mounted, we conducted force-controlled 400
mN equibiaxial mechanical tests, using methods described
in detail by Meador et al. [25]. Additionally, we excised
three chordae tendineae from each leaflet and measured their
thickness at three points along their length under a 4X objec-
tive on an optical microscope (BX53 Upright Microscope,
Olympus Life Science, Waltham, MA). To quantify the
constitutive behavior of the chordae tendineae, we mounted
them to our uniaxial tensile testing device (Univert, Cells-
cale, Waterloo, ON, Canada) and performed force-controlled
uniaxial tensile tests as described in detail in our previous
work [26].

2.4 Constitutive modeling

We modeled the tricuspid valve leaflets as a hyperelastic
material. To this end, we cast their constitutive behavior into
the form of a two-term strain energy function, viz.

W(C) = 2 = 3] + 3 explelty 3D — 1], M

where I, = C : I with C being the right Cauchy—Green
deformation tensor and I being the second-order identity
tensor. In the above expression, the first term determines
the tissue response at small strains and under compression,
while the second term dictates the strain-stiffening response
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of the tissue at large positive strains. This model was sug-
gested by Kamensky et al. [18] and reflects our previous
work on the detailed characterization of the ovine tricuspid
valve leaflets [27]. Note, while the valve leaflets are gener-
ally described as anisotropic, their degree of anisotropy is
minimal [28]. During preliminary studies, we found equiva-
lently good fits for the above isotropic model as for similar,
anisotropic forms. We thus chose the above relation as it
requires fewer parameters and was significantly more stable.

Similarly, we modeled the chordae tendineae as hyper-
elastic materials. Our previous work [26] has shown excel-
lent fits via the Ogden model, viz.

3
2 i
W(Ay dgdy) = Y a—ﬁ[il“f + A%+ A =3, @)

i=1 Y%i

where 4, /, 5 are the principal stretches.

We fit the constitutive parameters for the leaflet mod-
els and the chordae tendineae models using a least-squares
approach as implemented in MATLAB 2020a (Mathworks,
Natick, MA). Specifically, we fit the parameters by minimiz-
ing the error between our experimental measurements and
analytical solutions to the planar biaxial and uniaxial bound-
ary value problem for which we assumed that the materi-
als behaved incompressibly. For the leaflets, we fit models
to data from one equibiaxial test mode per leaflet. For the
chordae tendineae, we simultaneously fit the uniaxial data of
three chordae tendineae samples from each leaflet. Detailed
descriptions of model fits for this study are provided in Sup-
plementary Figs. S1, S2 and Tables S1, S2.

2.5 Geometry digitization and discretization

We followed a multi-step process to combine ex vivo and
in vitro measurements to create a digital representation of
the tricuspid valve; see Fig. 2. Based on the sonomicrometry
data that we collected in the beating human hearts, we first
triangulated the positions of six fiducial-marker points along
the tricuspid annulus: one at each commissure and one at
the midpoint between each commissure. Subsequently, we
used a least-squares algorithm to identify a cubic spline that
optimally fit these points (Fig. 2a) and parameterized the
arc length of this spatial curve, similar to previous studies
[29-32].

Next, we identified the leaflet geometry from photos of
the full valve apparatus. To this end, we first corrected image
distortions caused by a non-orthogonal camera perspective
in Photoshop CC 2019 (Adobe Inc., San Jose, CA) before
we outlined the valve annulus and valve free edge via splines
using a custom MATLAB script (Fig. 2b). Next, we param-
eterized the leaflet height, i.e., distance between annulus and
free edge, as a function of annular location.
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Fig.2 In silico model reconstruction pipeline. a We fit a periodic
cubic spline to fiducial-marker positions to create a three-dimensional
representation of the tricuspid annulus. b Next, we digitized the leaf-
let geometry from valve images, and ¢ non-rigidly transformed the
leaflet geometry onto the annulus to obtain a stress-free reconstruc-

To assemble the full 3D representation of the tricuspid
valve, we vertically projected the photogrammetry-based
leaflet heights from the sonomicrometry-based annulus.
Next, we imported both spatial curves into the meshing soft-
ware Cubit 2020.2 (Coreform LLC, Orem, UT), where we fit
spline surfaces between these curves [33]. Next, we applied
an averaged leaflet thickness to the resulting surfaces to cre-
ate subject-specific valve volumes (Fig. 2c). Also, in Cubit,
we meshed these surfaces with hexahedral elements. Finally,
we identified chordal insertion points on each leaflet based
on photographs and literature data [34]. Similarly, we identi-
fied spatial coordinates of papillary muscle heads based on
sonomicrometry data and literature data. We used multiple
one-dimensional structural elements to connect each leaflet
insertion point and the papillary muscle head coordinates
(Fig. 2d) [35, 36]. To avoid stress singularities, we spatially
distributed chordal insertions near the leaflet [37, 38], see
Supplementary Fig. S6. Further details on solver specific
element choices are provided below.

2.6 Boundary conditions

We modeled the valve under both quasi-static and
dynamic loading conditions. Under quasi-static loading,

Septal Leaflet M Anterior Leaflet M Posterior Leaflet

<==Dirichlet BC ® Neumann BC

tion of the valve. d Chordal insertions were subsequently created for
each leaflet. e Finally, we assigned subject-specific annular displace-
ment and transvalvular pressure gradients, i.e., Dirichlet and Neu-
mann boundary conditions, respectively, to the model

we simulated the valve from end-diastole to end-systole.
To account for annular contraction, we first computed the
annular configuration for each simulation timepoint based
on our sonomicrometry data. Between those timepoints,
we then computed the displacement vector for every leaf-
let mesh point on the annular leaflet boundary (Fig. 2e).
Additionally, we applied an end-systolic, transvalvular
pressure of 22.95 mmHg (as measured ex vivo) to the ven-
tricular surface of our valve. Similarly, in our dynamic
simulations, we applied annular displacements and trans-
valvular pressures as measured at each timepoint during
one cardiac cycle. In all simulations, we simultaneously
applied both displacements and pressure gradients in a
single simulation step.

2.7 Chordal length adjustments

While chordal constitutive properties, diameters, and inser-
tion and origin sites were informed from subject measure-
ments, we did not know the exact, in vivo length of each
chord. To identify those lengths, we performed a manual
optimization. That is, we followed a similar strategy as
outlined by Kong et al. [39]. Specifically, we modeled the

@ Springer
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chordae tendineae as sinusoidal segments. Thus, by alter-
ing each segment’s amplitude in the end-diastolic state, we
could adjust its length without having to alter the papillary
muscle head coordinate or the insertion site. Subsequently,
we successively lengthened or shortened each chord until
we achieved optimal valve closure, which we defined as that
closure that provided a continuous seal among all leaflets
and aligned the free edges of opposing leaflets.

2.8 Numerical simulations

We conducted all simulations in Abaqus/Explicit 6.20-1
(Dassault Systémes, Vélizy-Villacoublay, France). To this
end, we imported the discretized valve in Abaqus and
applied boundary conditions as described above. We chose
the chordae mesh density based on similar work by Pham
et al. [40] and chose leaflet in-plane mesh density as well
as mesh layer number according to careful sensitivity stud-
ies and in direct consultation with the Abaqus Living Heart
Team [41]; see Supplementary Fig. S3. For the leaflet vol-
ume elements, we chose the reduced integration hexahedral
C3D8R elements, while we chose the truss element T3D2
for the chordae tendineae. Based on in vitro measurements
of the valve, we assigned a uniform thickness of 0.78 mm
to the valve leaflets and a diameter of 0.65 mm to anterior,
0.64 mm to posterior, and 0.71 mm to septal leaflet chordae
tendineae in our model.

In all simulations, we modeled the leaflets as nearly incom-
pressible solids and enforced this constraint by penalizing
volumetric deformations via a bulk modulus that resulted in a
Poisson’s ratio of 0.495 (i.e., 99.67 kPa). Note, we implemented
these constraints through the Abaqus subroutine VUANISO-
HYPER_INV [42]. Additionally, we modeled contact between
leaflets using Abaqus’ kinematic contact constraint [43], but
did not model contact between chordae tendineae and leaflets.
Furthermore, we employed uniform mass scaling to maintain a
minimum time step of A = 1 X 10®sand Ar = 1 X 107" s in
our quasi-static simulations of the healthy and diseased valve,
respectively. In our dynamic simulations, we used a stable
time step determined by Abaqus/Explicit.

2.9 Pathological valve model

To determine the effects of disease- and repair-induced changes
to tricuspid valve mechanics, we modified our predictive model
to resemble the tricuspid valve as seen in patients with pulmo-
nary arterial hypertension-induced functional tricuspid regur-
gitation. To this end, we asymmetrically dilated the tricuspid
annulus [44] and free edge, induced leaflet tethering by apically
displacing the papillary muscles [45], and applied an elevated
transvalvular pressure load of 42.5 mmHg to our model [46].
Further details on creating the pathological valve are provided
in Supplementary Fig. S4. Next, we virtually repaired the valve
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through ring-based annuloplasty and clip-based edge-to-edge
repair techniques. Specifically, we implanted a size 30 Carpen-
tier-Edwards Physio Tricuspid Annuloplasty Ring (Edwards
Lifesciences, Irvine, CA), which we digitized in a previous
study [47]. Furthermore, we performed edge-to-edge repair
using two MitraClip devices (Abbott Laboratories, Chicago,
IL) placed between the anterior and septal leaflets. Here, we
built a simplified version of the clip arms using device dimen-
sions provided by Lesevic et al. [48].

2.10 Annuloplasty simulations

To virtually repair the diseased valve via ring-based annulo-
plasty we first pretensioned the chordae tendineae as previously
described [40]. Next, we aligned the midline of the annulo-
plasty ring with the valve annulus. Specifically, we fixed one
end of the ring at the anteroseptal commissure and rotated the
ring into place while ensuring that the general region around
the atrioventricular node was uncovered by the ring. Next, we
displaced every third node along the covered annulus to match a
corresponding location on the annuloplasty ring, thereby mim-
icking annular approximation via sutures, similar to Kong et al.
[17]. We emulated the anchoring effect of the intraventricular
septum by limiting the motion of the uncinched septal annulus
with a Link-type multi-point constraint in Abaqus. Here, the
relative distance between each of the constrained nodes is held
constant during the simulation. Finally, we applied pathological
pressure loads to the ventricular surface of the valve.

2.11 Clip-based repair simulations

To perform a simplified edge-to-edge repair on the regurgitant
valve, we followed the strategy detailed in a similar analysis
performed on the mitral valve [49]. Briefly, we first digitized
a model of the MitraClip device and discretized it as a rigid
body with R3D4 elements in Abaqus. We then assigned a rough
contact constraint on the inner surface of the MitraClip arms
where the device interacts with the leaflets and placed the two
arms at a distance of 1.4 mm from one another [50]. Next, we
implanted two MitraClip devices in the regurgitant tricuspid
valve at the end-systolic state. We then removed the pressure
load on the ventricular surface of the leaflets to allow them to
fall onto the clip arms before the clips were closed. Finally, we
re-applied pathological pressures quasi-statically to the leaflet
surfaces and simulated the end-systolic state of the repaired
valve. It is important to note that we pinned the valve annulus
during this process.
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2.12 Augmented reality visualizations

To enhance the spatial visualization of our finite-element
results, we built Augmented Reality (AR) models of the tricus-
pid valve in the end-systolic state. Specifically, we exported our
simulations results from ParaView 5.6 (Kitware Inc., Clifton
Park, NY) to Blender 2.9 (Blender Institute B.V, Amsterdam,
Netherlands) where we created AR models compatible with
Android and iOS devices. The AR models created are openly
accessible at the GitHub repository associated with this article;
see Data Availability.

3 Results

3.1 Model validation against epicardial
echocardiography in the beating heart

For validation of our model, we imposed the subject-spe-
cific end-systolic Neumann and Dirichlet boundary condi-
tions and quasi-statically simulated full closure of the valve
with the explicit finite-element method. We then compared
the 3D valve geometry to the 2D echocardiographic data
collected in the beating human heart. To this end, we first
identified the echocardiographic imaging plane in our 3D
model; see Fig. 3, Supplementary Video 1, and AR Model
1. Next, we measured distances between key landmarks in
both the echocardiographic images and in our 2D cut-plane

Epicardial Echo

b Plane Identification

g

Fig.3 Model validation against beating heart echocardiography. a
To validate our valve simulations, we first measured the distances
between the anterior (A) and septal (S) leaflet hinge points as well
the coaptation point (C) and coaptation length (T) in 2D echocardio-
graphic images in the beating heart. b We then identified the corre-

Geometry Slicing

of the 3D model. Specifically, we identify four landmarks:
anterior leaflet hinge point (A), septal leaflet hinge point
(S), point of coaptation between the two leaflets (C), and
the coaptation point of the leaflet free edges (T). Based on
these measurements, we found that our model configuration
closely matched our echocardiographic data: We found an
S—A distance of 22.9 mm in both model and experiment,
an S—C distance of 10.6 mm and 10.7 mm in model and
experiment, respectively, an A—C distance of 13.6 mm and
14.0 mm again in model and experiment, respectively, and
a C-T distance of 4.4 mm and 2.8 mm in the model and
experiment, respectively. The small variations between
model and experiments fall well within the expected error
of 1.4-3 mm in 2D echocardiographic measurements [51].
See also Fig. 4a, b and AR Model 2 for a depiction of leaflet
stress and stretch in the quasi-statically loaded valve.

3.2 Dynamic model predictions over the cardiac
cycle

After validating the predicted leaflet configuration at
end-systole against our echocardiographic measurements
in the beating heart, we next investigated the predicted
dynamic behavior of our valve. To simulate the dynamics
of the tricuspid valve over the cardiac cycle, we applied
transient annular displacement and transvalvular pres-
sure gradient boundary conditions as measured ex vivo
to our valve model; see Fig. 4c and Supplementary Video
2. Note that the timepoints ¢#; through #; are depicted in

sponding imaging plane in our finite-element model and repeated the
same measurements as in the echocardiographic images for compari-
son. Note that, in the above echocardiographic images, we increased
contrast and saturation values to improve leaflet visibility
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Fig.4 Predicted kinematics and kinetics of the tricuspid valve model. where we show maximum principal Cauchy stress as a measure of the
a Quasi-static, tricuspid valve coaptation between end-diastolic and valve’s mechanics. d Transient pressure gradient applied to the ven-
end-systolic states. b Measures of quasi-static principal stress as well tricular surface of the valve. Inset: leaflet centers. e Evolution of criti-
as radial and circumferential leaflet stretch at end-systole. ¢ Dynamic cal measures of valve mechanics as averaged over the leaflet centers

tricuspid valve closure at seven timepoints over the cardiac cycle depicted in (d)

Fig. 4d. As a measure of valve mechanics, we show the  leaflets. These findings match those of others both qualita-
maximum principal Cauchy stress that shows notable het-  tive as well as quantitatively [19, 20, 39], see Supplemen-
erogeneity across the valve with larger stresses near the  tary Fig. S5 for a direct, quantitative comparison of leaflet
annular boundary and the leaflet bellies. Conversely, the  stresses in our and others’ findings. To further visualize
model predicts small or negative stresses near the commis-  the temporal evolutions of leaflet mechanics, Fig. 4e shows
sures where bending dominates the mechanics of the valve ~ the maximum principal Cauchy stress as well as radial

and circumferential stretches throughout the cardiac cycle.
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These data reflect our own and other previous reports on
leaflet mechanics in that leaflets show significant stress
heterogeneity (as also shown in the full field results in
Fig. 4c) and strong anisotropy with stretches being much
greater in the radial direction than the circumferential
direction [39, 52].

3.3 Virtual case studies

After validating our model and demonstrating its ability
to faithfully capture the kinematics and kinetics of the
healthy tricuspid valve, we also demonstrate its useful-
ness in two virtual case studies. To this end, we modified
our model to create a diseased tricuspid valve; see Sup-
plementary Fig. S4 and AR Model 3. That is, we altered
model geometry and boundary conditions to induce func-
tional tricuspid valve regurgitation. Then, we virtually
repaired the diseased valve with two alternative repair

Fig.5 Showcase 1: Simulated a
(surgical) implantation of a
tricuspid valve annuloplasty
device. a The annuloplasty ring
is first aligned with the tricuspid
annulus. b Displacements are
applied to the model annulus

to match the ring geometry,
while open-segment motion

is modeled via multi-point
constraints (MPC). ¢ The valve
is pressurized

Ring Insertion

a Clip Insertion b Leaflet Capture

Atrial View

Clip View

Fig.6 Showcase 2: Simulated (transcatheter) implantation of tricus-

pid valve clips. a Two clips are inserted in gaps between the anterior

and septal leaflets, while the valve is in the closed, pressurized con-

strategies. First, we implanted a commercially available
annuloplasty ring in our diseased valve; see Fig. 5, Sup-
plementary Video 3, and AR Model 4 for the simulated
implantation procedure. Second, we also simulated repair
via transcatheter-based edge-to-edge repair with two clips;
see Fig. 6, Supplementary Video 4, and AR Model 5.
Figure 7a shows the healthy valve, the diseased valve,
the valve repaired via annuloplasty, and the valve repaired
via clips at end-systole. The diseased valve clearly shows a
dilated annulus and the arising gap in the coaptation line,
i.e., the regurgitant orifices. Additionally, it shows that
disease-induced dilation and hypertension led to significant
increases in leaflet stresses near the annulus. After repair
via annuloplasty, the valve shows a clear reduction in size,
but also suture-induced stress risers and an overall leaflet
configuration that differs from the original valve. Moreover,
after clip-based repair, the regurgitant orifices are gone, but
the valve has not significantly changed in size or in stress

b Annular Approximation c Pressurization

O

oo: MPC Link

Clip Closure d Pressurization

D
-7

figuration. b Pressure loads are removed to allow the clips to capture
leaflets. ¢ The clips are closed. d The valve is pressurized
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Table 2 Area measures of the healthy, diseased, and repaired tricus-
pid valve models at end-systole

Area (mm?) Healthy Diseased Annuloplasty Clip-based repair
Orifice 400 870 534 870

Leaflet 1356 2236 2051 2258

Coaptation 577 228 607 265

Table 3 Leaflet stresses of the healthy, diseased, and repaired tricus-
pid valve at end-systole. Maximum principal Cauchy stress values are
calculated in the center of each leaflet

Leaflet stress Healthy Diseased Annuloplasty Clip-based
(kPa) repair
Anterior 16.82 83.61 38.07 84.27
Posterior 15.12 63.65 35.43 66.44
Septal 21.90 87.97 57.75 99.14

distributions from the diseased valve. Figure 7b further illus-
trates the impact of repair on valve coaptation. That is, we
identified the surface elements of the finite-element valve
models that actively engaged in coaptation via their contact
pressure [53]. The figure clearly shows that the overall con-
tact, i.e., coaptation, area is reduced in the diseased valve
but mostly restored after annuloplasty. While the clip-based
technique may have diminished any regurgitant orifices, it
failed to restore the healthy coaptation competence. Table 2
summarizes the results of our simulations quantitatively
by comparing orifice area, leaflet area, and coaptation area
between the healthy, diseased, and repaired valves. Similarly,
Table 3 summarizes the results of our simulations quanti-
tatively by comparing maximum principal Cauchy stress in
the leaflet centers between healthy, diseased, and repaired
valves. Together, the data in Tables 2 and 3 reflect the find-
ings in Fig. 7: While annuloplasty mostly recovers pre-dis-
ease coaptation area, clip-based repair does not. Addition-
ally, because of the altered loading of the diseased valve,
neither repair technique recovers pre-disease valve stresses.

4 Discussion

Detailed computer models of the tricuspid valve may help to
improve the currently poor clinical outcomes associated with
tricuspid valve repair [54]. To overcome the current gap in
highly detailed, subject-specific finite-element models of the
human tricuspid valve, we presented such a model in our cur-
rent work. That is, we presented a high-fidelity model of the
human tricuspid valve that is informed by subject-specific
geometries, material properties, and boundary conditions.
We validated our model against echocardiographic images of
the tricuspid valve in a beating human heart. Subsequently,
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we examined the predicted kinematics and kinetics of the
simulated valve throughout the cardiac cycle, and found that
it faithfully captures our own and others’ findings in animals
and humans with the exception of small deviations. That
is, we observed some difference in leaflet strains between
our current study and previous in vivo experiments [52].
Specifically, we observed the largest strains in the septal
leaflet in our model, while we observed the largest strains
in the anterior leaflet in our experiments. We attribute these
differences to inter-subject variability of the tricuspid valve
and potential inter-species variability between humans and
sheep. Next, we showcased our model by creating a diseased
valve model and then virtually repairing this diseased valve
using both a surgical technique and a transcatheter approach.
Thus, we fulfilled our primary objective of building and vali-
dating a subject-specific, high-fidelity finite-element model
of the human tricuspid valve and of demonstrating its useful-
ness in two showcases.

Importantly, our objective was twofold. In addition to
our primary objective, we also aimed at providing this tool
openly to the wider scientific community. Our motivation to
make our data available was largely driven by the unique-
ness of our data set and the unlikeliness for similar, future
endeavours. That is, our ability to collect data on healthy,
beating, human hearts was the result of multiple fortui-
tous factors that will be difficult to recreate by others. For
example, we benefited from the simultaneous availability
of the organ preservation system, the availability of non-
transplanted healthy human hearts, the availability of the
sonomicrometry technology, the availability of the transplant
surgery team, and the availability of the dedicated research
staff. To maximize the impact of our data and make our
model openly available, one critical choice was that of which
finite-element software to use; we chose Abaqus/Explicit.
While this choice may at first be counterintuitive for an open
science project—given the commercial nature of the soft-
ware—our reasons were as follows. Our model requires two
types of numerical elements: continuum elements to model
the leaflets, and 1D truss elements to model the chordae
tendineae. Open-source software packages such as FEBio
or FEniCS currently have no standard implementations of
1D truss elements. While both packages, and most others,
allow for user implementations of truss elements through
plug-ins and similar mechanisms, such modifications often
require advanced mechanics and programming skills that the
wider scientific (and especially medical) community may not
have [55]. Additionally, while Abaqus is a commercial soft-
ware package, many institutions have access to Abaqus, thus
broadening our reach. Hopefully, in the future, open-source
software packages such as FEBio or FEniCS will provide 1D
truss elements in their default installations.

While we consider the Texas TriValve 1.0 a success, there
are many future challenges awaiting us. That is, there are
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a Healthy Diseased

Healthy

Annuloplasty Diseased

Clip-Based Repair

B Leaflet Contact Zone

Fig.7 Outcomes of simulated valve repair strategies: Showcases
1 and 2. a Contours of the maximum principal Cauchy stress of the
healthy, diseased, and repaired tricuspid valves show that disease
(i.e., annular dilation, papillary muscle displacement, and hyperten-
sion) induces significant leaflet stress near the annulus and that nei-

limitations to overcome for future generations of this and
similar models. For example, this first model uses homog-
enized material properties across each leaflet and average
leaflet thicknesses across the entire tricuspid valve. In future
models, we will incorporate spatial heterogeneity in both
leaflet thicknesses [27] as well as mechanical properties
[56]. Additionally, we do not incorporate the maladaptive

Stress
(kPa)

Annuloplasty Clip-Based Repair

Clip #1 Clip #2

ther repair technique fundamentally resolves those stresses. b Leaf-
let coaptation areas (in red) projected onto 2D representation of each
valve model at end-diastole (white) show that disease significantly
lowers the total coaptation area leading to leakage. While annulo-
plasty restores the coaptation area, clip-based repair does not

effects of functional tricuspid regurgitation, i.e., increased
leaflet thickness and stiffness, in our diseased valve model
[25]. Furthermore, in this first implementation, we only sim-
ulate the elastodynamics of the valve and neglect any effects
due to hemodynamic shear despite heart valves’ dynamics
being inherently a fluid—structure interaction problem [57].
The consequences of this simplification are likely most
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impactful on the results of our dynamic simulations. That
is, the absence of fluid—structure interaction likely affects
the exact timing and magnitude of kinematic and kinetic
quantities throughout the cardiac cycle. Future implementa-
tions of this and similar models will therefore include blood
flow. Also, in the absence of 3D echocardiographic data for
the ex vivo beating heart, we are only able to validate our
model in 2D. Even worse, because of the echogenicity of
our epicardial sonomicrometry markers, we were limited
to a single imaging plane. In future studies, we will build
valve models directly from 3D echocardiographic images,
thereby permitting us to perform 3D spatial comparisons
between our simulations and experimental patient data [58].
Thereby, we will also be able to optimize chordal length
more confidently than through our current, manual approach
[39]. Finally, subject-specificity is important to overcoming
the limitations of generic models that miss critical, subject-
specific details. For example, generic models always assume
that the tricuspid valve has three leaflets. Interestingly, that is
only true for 54% of tricuspid valves [59]. Ignoring such sub-
ject-specific morphological details in analyses and designs
may be, at least in part, responsible for high failure rates
of current tricuspid valve repair technologies [60]. How-
ever, specificity comes at the cost of poor predictability of
general trends. That is, our model is likely inappropriate to
study and predict the impact of medical devices on three- or
five-leaflet valves. The only path to overcoming the limita-
tion of subject-specificity is to build enough models that
sufficiently represent the general population, which we are
planning to do.

In conclusion, we (reverse) engineered a high-fidelity
model of the human tricuspid valve. The valve is fully
subject-specific by accounting for the geometry, material
properties, and boundary conditions of a healthy, human
tricuspid valve. Through this model, we overcome the limi-
tations of existing computational models that lack subject-
specificity. We also validated this model against our own
echocardiographic measurements in the beating human heart
and compared the simulated kinematics and kinetics of the
valve against our own findings and those by others. Addi-
tionally, we demonstrated the usefulness of our model by
first creating a diseased valve model and then simulating and
comparing a surgical and a non-surgical valve repair strat-
egy. Most critically, we make this model openly available
for non-commercial use. Thereby, others can use our model
toward understanding the healthy, diseased, and repaired
tricuspid valve and overcoming our current knowledge gaps
about one of our four heart valves. Importantly, we envision
this predictive model to be the first in a series of tricuspid
valve simulation tools that we will make available to the
research community.
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