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1 Introduction

An Inverse Modeling Approach
to Estimate Three-Dimensional
Aortic Valve Interstitial Cell
Stress Fiber Force Levels

Within the aortic valve (AV) leaflet exists a population of interstitial cells (AVICs) that
maintain the constituent tissues by extracellular matrix (ECM) secretion, degradation, and
remodeling. AVICs can transition from a quiescent, fibroblast-like phenotype to an
activated, myofibroblast phenotype in response to growth or disease. AVIC dysfunction has
been implicated in AV disease processes, yet our understanding of AVIC function remains
quite limited. A major characteristic of the AVIC phenotype is its contractile state, driven by
contractile forces generated by the underlying stress fibers (SF). However, direct assessment
of the AVIC SF contractile state and structure within physiologically mimicking three-
dimensional environments remains technically challenging, as the size of single SFs are
below the resolution of light microscopy. Therefore, in the present study, we developed a
three-dimensional (3D) computational approach of AVICs embedded in 3D hydrogels to
estimate their SF local orientations and contractile forces. One challenge with this approach
is that AVICs will remodel the hydrogel, so that the gel moduli will vary spatially. We thus
utilized our previous approach (Khang et al. 2023, “Estimation of Aortic Valve Interstitial
Cell-Induced 3D Remodeling of Poly (Ethylene Glycol) Hydrogel Environments Using an
Inverse Finite Element Approach,” Acta Biomater., 160, pp. 123-133) to define local
hydrogel mechanical properties. The AVIC SF model incorporated known cytosol and
nucleus mechanical behaviors, with the cell membrane assumed to be perfectly bonded to the
surrounding hydrogel. The AVIC SFs were first modeled as locally unidirectional
hyperelastic fibers with a contractile force component. An adjoint-based inverse modeling
approach was developed to estimate local SF orientation and contractile force. Substantial
heterogeneity in SF force and orientations were observed, with the greatest levels of SF
alignment and contractile forces occurring in AVIC protrusions. The addition of a dispersed
SF orientation to the modeling approach did not substantially alter these findings. To the best
of our knowledge, we report the first fully 3D computational contractile cell models which
can predict locally varying stress fiber orientation and contractile force levels.

[DOI: 10.1115/1.4063436]
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[1,2]. AVICs can also transition from a quiescent, fibroblast-like

The aortic valve (AV), positioned between the aorta and the left
ventricle, ensures unidirectional flow of oxygenated blood from the
heart to the body. This deceptively simple function requires a careful
interplay of cellular, tissue, and organ-level structures to ensure
usually flawless function over a lifetime. The AV consists of three
leaflets (often called cusps due to their shape), composed of three
histologically distinct layers in the majority of the leaflet. All layers
contain AV interstitial cells (AVICs), which are fibroblast-like cells
that maintain the leaflet tissue structures. This role is accomplished
by the AVICs through ECM secretion, degradation, and remodeling
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phenotype to an activated, myofibroblast phenotype in response to
growth [3] or disease [1,2,4—6]. The activated AVIC phenotype is
characterized by increases in proliferation, ECM remodeling and
deposition, increased expression of « smooth muscle actin (2-SMA),
and enhanced cellular contractility induced by augmented contrac-
tion of the stress fibers (SFs) (Fig. 1) [1,2,4,5]. Pathological
persistence of the myofibroblast phenotype has been implicated in
excessive ECM deposition, eventually leading to fibrosis or
stiffening of the valve, resulting in AV stenosis.

Local variations in SF expression and orientation affect AVIC
mechanical function [1,2,4—6] and can serve as a biophysical marker
of AVIC activation levels and phenotypic state [1,2,4-6,8,9]. This is
supported by ex situ studies of diseased valves which showed that
AVIC activation levels, as assessed by expression levels of x-SMA,
are elevated in diseases such as calcific AV disease [10,11], bicuspid
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Fig. 1

AVIC subcellular structures. (a) Superimposed image of an AVIC within a three-dimensional (3D) PEG

hydrogel environment generated by combining images of (b) filamentous actin, (¢) x-SMA, and (d) the nucleus.
The images are maximum intensity projections of a 3D image set in the x-z plane. (Images taken from Khang

et al. [7]).

AV disease [12,13], and fibrotic cardiac disease [14]. Thus, it is clear
that SFs play a critical role in AVIC function, yet our knowledge of
their pathophysiological function remains quite limited. As a critical
part of cellular function, SFs are dynamic structures that exist in a
diffuse or discrete form in response to mechanical and pathological
cues. Previous studies have largely utilized two-dimensional (2D)
in vitro techniques [8,9,15-18] or explanted native AV tissues
[17-20] to assess AVIC contractile behaviors toward understanding
underlying SF properties. For example, AVICs in 2D in vitro studies
increase their contractility through the formation of discrete and
densely packed SF bundles when seeded on stiff substrates [8,9].
However, imparting realistic 3D cues continues to be a challenge in
2D in vitro studies. As with most cells, AVICs exist in a complex 3D
micro-environment and respond to physical queues, such as cyclic
stretch at the tissue level [21,22]. However, studies within the native
3D environment are also quite challenging. Specifically, direct
imaging of AVIC subcellular structures within native tissues is not
possible due to the dense nature of AV tissues. Another challenge in
understanding AVIC SF behaviors is that the feature size of single
SFs are well below what can be resolved using light microscopy.
Although super-resolution microscopy can resolve AVIC SFs at
higher resolutions, they are commonly depth limited and cannot
obtain images in the ranges required to completely capture AVIC
SFs within 3D environments (~140 um deep).

To begin to address these limitations, hydrogels have been used as
3D biomimicking environments that allow for direct imaging of
AVIC structures [7,23-28]. Hydrogel materials mimic many of the
key properties of native tissues such as incorporation of enzymati-
cally degradable peptide cross-links, adhesive protein sequences,
and allowing for full 3D culture and assessment [29]. Hydrogel
environments also allow for 3D assessment of cell contractile
behaviors through the use of three-dimensional traction force
microscopy, which measures the geometry and deformation induced
by biological cells [7,24,30-38]. From these measurements, the
traction forces produced by the cell can be computed with prior
knowledge of the material properties.

The use of hydrogels in the study of cell mechanics is not
straightforward. For instance, hydrogels can be affected by cell-
induced local remodeling, which can impart degradation via
enzymatic activity or stiffening by ECM deposition. Traction force
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microscopy, widely used in cell mechanics, requires precise
knowledge of the local gel mechanical behaviors for extraction of
the underlying cellular forces [33]. Previous approaches have
largely assumed that macroscopic-level hydrogel mechanical
properties can be treated as homogeneous and remain unmodified
by the cellular activity. However, both of these assumptions are
likely not realistic in enzyme-degradable three-dimensional hydro-
gel cultures. Moreover, in situ mechanical properties of hydrogel
materials are challenging to measure using extant experimental
methods. To address these experimental shortcomings, we recently
developed an inverse finite-element modeling approach to estimate
the local hydrogel mechanical properties near an embedded AVIC
[39]. In summary, this approach produced a spatially varying
hydrogel modulus field that minimized the error between the
experimentally measured and simulated hydrogel deformations
produced by a contracting AVIC. It was determined that AVICs
locally degrade (likely through enzymatic secretion) as well as
stiffen the hydrogel through collagen deposition.

In the present work, we developed a fully three-dimensional
continuum computational model of a contracting AVIC embedded
within a hydrogel environment. Our modeling approach accounted
for spatially varying hydrogel mechanical properties to determine the
AVIC SF architecture and contractile forces. To inform our model on
the nucleus and cytosol behaviors, we used values from our previous
and other related studies [40—43]. Moreover, we utilized our previous
continuum modeling approach of AVIC mechanics (seeded on 2D
surfaces) that assumed that AVIC SFs have an intrinsic force
generating capability per unit mass, with the local effective force
being a function of the SF orientation and mass fraction [40,41]. We
then developed two model forms of the local SF: a single fiber and a
dispersed fiber orientation. Use of these two approaches was used to
gain insights into the effects of local SF structures on predicted
effective SF behaviors. For instance, the single fiber contraction
model can be used to model the effective behavior of contracting
AVICs, while still obtaining crucial knowledge of SF orientation and
contraction levels. The fiber dispersion model can be used to gain
higher fidelity information in cellular regions in which the SF
orientation may be amorphous (e.g., cellular midsection). This
approach allowed us to determine the effective AVIC contractile
behaviors in a computationally tractable framework.
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Fig.2 Schematicillustrating our integrated modeling approach consisting of the hydrogel domain model and the
single SF and dispersed SF AVIC models. The modeling approach is defined over a single domain (top)
representing the TFM experiment and separated into the gel and AVIC subdomains which share the AVIC
membrane boundary. In the hydrogel domain, we used previously defined detailed regional mechanical properties
[39]. We were then able to determine AVIC stress fiber forces and orientations in either SF model.

2 Methods

2.1 Summary of Three-Dimensional Traction Force
Microscopy. The experimental methods used in the current study
have been described in detail in previous studies [39,7,24,35].
Briefly, AVICs were extracted from porcine hearts obtained from a
local abattoir (Harvest House Farms, Johnson City, TX) using
published methods [44]. Three-dimensional traction force micros-
copy measurements were performed by staining AVICs with
CellBrite™ Red (Biotum, Hayward, CA) before encapsulation
within poly (ethylene glycol) (PEG) hydrogels comprised of §-arm
40-kDa norbornene functionalized PEG molecules (JenKem, Bei-
jing, China), adhesive peptide sequences (CRGDS, Bachem), and
matrix metalloproteinase degradable cross-linking peptides
(Bachem, Bubendorf, Switzerland) [25,45]. Additionally, 0.5-um-
diameter yellow-green fluorescent microspheres (Polysciences,
Warrington, PA) were added within the PEG hydrogel as fiducial
markers to track AVIC-induced displacements. Three-dimensional
z-stack image sets containing single AVICs and surrounding
fluorescent microspheres within the PEG hydrogel were obtained
for each AVIC: (1) after 40 min of incubation within Tyrode’s Salt
Solution (basal contraction present) and then (2) after 40 min of
incubation within Cytochalasin D (relaxed condition). The spatial
positions of the imaged fluorescent microspheres were tracked using
our open-source software FM-Track [35]. In addition, FM-Track
generated surface mesh representations of the imaged AVIC
geometries.

2.2 Overall Modeling Approach. We defined the simulation
domain Q as consisting of the hydrogel and AVIC subdomains
(Fig. 2), defined as follows

Q= Qcylo+sf U Qnuc U Qgel (1)

where Qcyio 1 sr, Qnue, and Qe represent the AVIC combined
cytoplasm and SF, nucleus, and hydrogel domains, respectively. We
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assumed that there were no inertial or body forces present, so that the
conservation of linear momentum yields

V.-T=0 in Q 2)

Following [39,40,41], both the AVIC and hydrogel subdomains
were modeled as hyperelastic materials with the following strain
energy function (V)

Y = \Pcyt0+sf + anuc + lI'Igel 3)

using the same subscript definition as in Eq. (1). Details of how each
Y component was formulated is given in Secs. 2.3 and 2.4.

2.3 The Hydrogel Subdomain. Accurate estimation of the
AVIC tractions and SF force system requires detailed knowledge of
spatial distribution of the hydrogel mechanical behaviors. This is
particularly important when using matrix metalloproteinase-
degradable hydrogels, which are subject to modification by AVIC-
induced enzymatic degradation and ECM protein deposition. Not
accounting for cell-induced modifications in three-dimensional
environments can lead to large errors in computed cellular tractions
[33]. We have recently developed an inverse finite-element
modeling approach to accurately estimate the local hydrogel
mechanical properties surrounding an embedded AVIC [39].
Utilization of the resultant remodeled hydrogel modulus map
allowed us to develop an accurate inverse model of embedded AVIC
SF behaviors.

Details of the methods and findings of the hydrogel model have
been presented in [39]. In brief, the hydrogel was modeled as a neo-
Hookean solid, with a modulus scaling parameter o/(X) that varied as
a function of position X. The resulting hydrogel material model was

el — g (xo) [CE(1, — 3) — 2C¥'InJ] + D¥'(In))? (4
where o(X) can fall into one of the following ranges
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Fig. 3 Two-dimensional cross sections of the inverse hydrogel
modeling results in the (a) Y-Z, (b) X-Z, and (c¢) X-Y planes
depicting degraded (< 108 Pa, blue), stiffened (>108 Pa, red), and
unmodified (108 Pa, gray) regions within the hydrogel domain
near the AVIC geometry (black). (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)

no change, o(Xo) =
o(Xo) = q stiffening, a(x0) > 5)
degradation, 0 < a(x )

and C‘%el and D%EI are material constants, /; is the first invariant of the
isochoric part of the Right Cauchy Green deformation tensor
(C=J"%3C, C=F"F, F is the deformation gradient tensor, and
J=det(F)). This form is consistent with the small strain limit in
which C“fel approaches one half the shear modulus of the hydrogel
Hger and D%el approaches one half the first Lamé parameter /yc;. A

value of a(xp)=1 corresponded to the unmodified C2*' =54 Pa.
Thus, at each nodal position X, the effective neo-Hookean model

modulus is a(Xg) * C%el. Next, we assumed that at a sufficient
distance from the AVIC (i.e., near the problem domain boundary),
the hydrogel remained unmodified so that a(xo) = 1. The local
values of o(x() within the domain of the hydrogel were estimated by
solving an inverse problem which minimized the error between the
experimental and simulated AVIC-induced hydrogel deformations.
Specifically, we minimized the error between the Right Cauchy
Green deformation tensors of the simulation and the experimental
results at the nodes of the finite element (FE) mesh. The end point of
this approach was a detailed effective modulus map of the hydrogel
subdomain defined at each FE node of the hydrogel mesh. An
example of the hydrogel model with spatial varying moduli clearly
shows regions of both degradation and stiffening in the local vicinity
of the AVIC (Fig. 3). The hydrogel materials near AVIC protrusions
were stiffened to approximately two times the pristine hydrogel
stiffness e (~200 Pa versus 108 Pa). Degraded hydrogel regions
were more uniformly distributed around the AVIC midsection and
were degraded to as low as ~60Pa. These results underscore the
need for determining accurate hydrogel mechanical properties.

2.4 The Aortic Valve Interstitial Cell Subdomain
24.1 The Cytosol and Nucleus. Following our previous
approaches [40,41], we idealized the AVIC as consisting of cytosol,

121005-4 / Vol. 145, DECEMBER 2023

nucleus, and SFs that act as a solid mixture that deforms together.
For the cytoplasm itself (i.e., without the SFs), we utilized an
isotropic neo-Hookean hyperelastic material model using a nearly
incompressible formulation

Weyo = CO(I — 3) — 2C¥°Ing + DY (InJ)°  (6)

where C; Y — o i the small strain limit, Heyto 18 the shear modulus
of the cytoplasm D' = “3* in the small strain limit, and Ay, is
Lamé’s first parameter The second Piola—Kirchoff stress, S<'°, was
then determined using

Gy

S0 =275

N

Next, we idealized the AVIC nucleus as a general ellipsoid, with
the average nuclear volume, aspect ratio, centroid, and orientation
determined from extant fluorescent images of AVICs embedded
within 3D hydrogels similar to those shown in Fig. 1. In brief, we
found that on average, the AVIC volume to nuclear volume ratio was
approximately 4.5 to 1, AVIC nuclear aspect ratio was 4:2.5:1, and
that the AVIC nucleus shared the same centroid and orientation as
the AVIC body. This information allowed for the generation of
nuclear geometries for the simulations, despite the nuclear geo-
metries not being imaged/captured during the live 3D TFM
experiments. We note that the mechanical contributions of the
nucleus are likely small but felt it added a degree of realism to the
present models. The AVIC nucleus was assumed to be a neo-
Hookean solid with the following strain energy density function

e = C™ (I} —3) — 2C™InJ 4 D™(InJ)* ®)
where C* = & S5 in the small strain limit, i, is the shear modulus
of the nucleus D' = '5‘” in the small strain limit, and /. is Lamé’s
first parameter. Sn was then determined using

a\Ijnuc
9
aC (©)]
2.4.2 The Aortic Valve Interstitial Cell Single Fiber Contrac-

tion Model. SFs were modeled within the cytoplasm domain
Qcyio + sr and continuity of displacement is assumed so that

Snuc — 2

u=u=u" in Qcyto+sf (10)
As in [40,41], we split the SF response into a passive and active
component. For the passive component, the SF strain energy

function (P*7) was [46]

tst b
\P;f _ sf2 st (]4 _ 1)2 (11)
where pg is the SF modulus and ¢ is the SF mass fraction.
Alternatively, ¢ can be interpreted as the SF expression level. The
resulting stress tensor S” can be computed using [47]

oV ol
_ p Y14
=2 al, oC (12)
where
6‘PSf
6Ip ”sf¢sf(]4 ) (13)
and
ol;  O(mg - Cm
8—6:7( Oac Y _ o ®mo (14)
Transactions of the ASME
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Fig. 4 Schematic illustrating parameters estimated from the two inverse cell modeling approaches. (a) The
parameters estimated from the single fiber contraction model include the SF orientation my, and the SF mass
fraction ¢, which controls the level of SF contraction. (b) The parameters estimated from the fiber dispersion
model include the von Mises orientation distribution function concentration parameter «, fiber orientation my, and

the SF mass fraction ¢ (not shown in schema).

where mo=mg(0, ¢) is the local SF fiber orientation vector
expressed using (0, ¢) spherical coordinates in the referential
configuration (Fig. 4(a)). The resulting complete form of S” is

S? =2uspsH(l4 — 1)my ® mg (15)
Here, a Heaviside step function H was introduced to ensure that

passive stretch only arises from fiber extension and not compression.
Specifically,

I, Ihb —1>0

H(l,~1) = (16)
(1) {0, L —1<0
Next, the SF active stress S“ was defined as

S = figpspmo @ mg (17

where fi; is the SF contractile force per unit fiber mass and ¢; is the
SF mass fraction. This results in a total SF stress S*f

St—=8748° (18)

2.4.3 The Aortic Valve Interstitial Cell Stress Fiber Dispersion
Model. We developed an extended mathematical formulation for
the SF phase utilizing fiber dispersion as we observed that SFs can
form dispersed networks (Fig. 1). The formulation of this approach
is essentially the same as the single fiber contraction model, only
now the SF can have a local 3D dispersion architecture. To
implement this, we assumed that SF stresses were influenced by the
local orientation of SFs which can be described using a 3D von
Mises distribution

Journal of Biomechanical Engineering

S — J‘szml"(mo, n) [S(n) + §°(n)]sin 6d0dep
0 Jo

19)

where I'(mg, n) is a von Mises orientation distribution function with
preferred direction m, for any given orientation n. This results in the
following form

exp|[r * cos(cos™! (mg - n))]

F(mo,n) = 2

(20)

where A = Jozn Jo exp (x * cos(cos ™' (my - m))) sind d0 d¢p and both
S” and S“ are functions of 0 and ¢ through m, (see Egs. (15) and
(17)). Here, k is the concentration parameter, n is a given fiber
orientation, and A is a scaling constant chosen such that A =
Jg” Jo T(mo,n) sin d0 dd =1 (Fig. 4(b)). Note that « is inversely
proportional to dispersion width, with a value of x =0 denoting a
uniform distribution, whereas a high value of k causes the
distribution to become highly concentrated about my (Fig. 4(b)).
Thus, as ¥ — oo, this model will approach the single fiber
contraction model discussed in Sec. 2.4.2.

2.5 Numerical Solutions of the Combined Hydrogel and
Aortic Valve Interstitial Cell Models. All simulations were
performed in FEniCS, which is an open-source, Python-based
finite-element solver available online®. The model parameters used
in this study and how their values were determined are detailed in
Table 1.

2.5.1 Note on the Forward Finite Element Model. We used the
open-source software Gmsh [48] to generate 3D FE meshes of the
AVIC embedded within the hydrogel mesh domain. No displace-
ment boundary conditions were applied to the outer boundary of the

2(www.fenicsproject.org)
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Table 1

AVIC forward model parameters

Parameter Description Value Source

(O Stress fiber mass fraction — Backed out by model
m Stress fiber initial orientation — Backed out by model
K Von Mises distribution concentration parameter — Backed out by model
Ugel Shear modulus of gel Varying Ref. [39]

Heyto Shear modulus of cytoplasm 750 Pa Ref. [40,41]

Hnue Shear modulus of nucleus 7500 Pa Ref. [40,41]

st Shear modulus of stress fiber 390 Pa Ref. [40,41]
Vgel,cyto,nuc Lamé’s first parameter 12_,“‘;v Identity
Agel.eyto,nuc Poisson ratio 0.49 Assumed Ref. [40,41]
st Stress fiber contractile stress per unit fiber 1000 Pa Ref. [40,41]

hydrogel domain. The inner boundary of the hydrogel shared nodes
with the boundary of the AVIC and was assumed to be perfectly
bonded, so that their displacements were equivalent at the
subdomain interface. Similarly, the inner boundary of the AVIC
cytoplasm shared nodes with the boundary of the nucleus, so that
their displacements were equivalent at the interface. The final
problem mesh consisted of approximately 50,000 linear tetrahedral
elements. Mesh convergence analysis was performed in our prior
study [39], which showed that using more than 50,000 linear
tetrahedral elements did not result in significantly different
simulation results. The double integrals in Eq. (20) were computed
numerically using Gaussian quadrature to ensure efficient compu-
tation time. Both forward models were ran by initially prescribing a
SF contraction strength fy= 1 kPa.

2.5.2 Adjoint-Based Inverse Modeling Approach. Following
similar methods developed for the inverse hydrogel model [39], an
adjoint-based inverse computational method was used. We used
dolfin-adjoint® to automatically derive the discrete adjoint and
tangent linear models from a forward computational model in
FEniCS [49]. This model was employed to estimate the spatially
varying parameters ¢, my, and x within the AVIC cytosol (i.e.,
Qcyio + sr) by minimizing the error in the hydrogel deformation field
between the experiment and simulation. This was done by
minimizing the following objective function f for the 3D AVIC
single fiber contraction model

f

J £ Oy
Q

el

+_J v¢sf ’ Vqssfdg)cyto (21)
Qeyio

+7J Vg : VimgdQey,
2 ),

where ¢ = Cginy — Cexp, Cyim, and Cey, are the Right Cauchy Green
deformation tensors for the hydrogel simulation and experimental
results, respectively, : is the scalar tensor product operator, and ff and
y are regularization parameters. Similarly, the objective function for
the 3D AVIC fiber dispersion model was formulated as

|,

é : éngel

el

5
+% JQ Vo - VydQeyro
) cyto (22)
+§ [g Vmo : VmonCyw
o

+§L} Vo ~VKdQCym

cyto

3(www.dolfin-adjoint.org)
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where 0 is an additional regularization parameter. The second and
third terms of Egs. (21) and (22) penalize the gradient of the SF mass
fraction (¢r) and the gradient of the SF initial orientation (my),
respectively. The fourth term of Eq. (22) penalizes the gradient of
the von Mises distribution concentration parameter k. These terms
effectively enforce the smoothness of the scalar field ¢y, the vector
field my, and the scalar field k. The term V ¢)s; -V ¢ can be explicitly
expressed as follows

2 2 2
Vs - Vepys = (a(;’ijf) + (ag;f) + (?j) (23)

whereas the term Vmy:Vmy is expressed as

B (8m‘5>2 . amy\? n (8m§)2
T\ ox dy 0z

and the term Vk -V is expressed as

oK\’ o\ ? oK\’
Vi -Vk (8x) +(8y> +(62>

For both the single fiber contraction and fiber dispersion models, the
optimal value for the regularization parameters were determined
using the same approach in the hydrogel model [39] that utilized the
“L-curve” method [50]. The regularization parameter value was
determined as to prioritize the minimization of the error between the
simulated and experimental deformations (first term of Eqs. (21) and
(22)) while still ensuring that the estimated parameter fields of ¢y,
myg, and Kk were smooth.

The AVIC inverse model pipeline is shown conceptually in Fig. 5.
The initial conditions of the single fiber contraction model consisted
of uniformly oriented SFs in the global z-coordinate direction
(mgy = [0, 0, 1]) and uniform stress fiber mass fraction (¢t = 1). The
initial conditions for the fiber dispersion model were the same as the
single fiber contraction model with the addition of uniform von
Mises distribution concentration parameter (x = 1). The adjoint-
based inverse model was run until the function tolerance was less
than 1 x 10~®, resulting in the optimal values for ¢y, m,_and k. The
remaining simulation parameters used in this study are included in
Table 2. The range for the parameter ¢y was [0,1] whose limits
represent no SF expression and maximum SF expression. The range
for the parameter k was set to [0,100] whose limits represent a
completely isotropic fiber distribution to a completely aligned fiber
distribution. It is important to note that no information regarding SF

(25)

Transactions of the ASME


http://www.dolfin-adjoint.org

AVIC and Hydrogel geometries

!

Parameters p

FE forward simulation
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Simulated deformation C
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Objective function ¢
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p = ¢s5,my for single fiber contraction model
p = ¢, my, k for fiber dispersion model

|

| p updated by scipy.optimize

No/
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Fig. 5 Flow chart depicting the inverse modeling approach. Discretized finite-element meshes of the
AVIC and hydrogel domains are used to run the forward model. Then, the objective function, defined as
the error between the simulated and experimental deformation field, is computed. Next, the gradient of
the objective function with respect to all values of p(x,) is computed using dolfin-adjoint. Here, p(xo)
represents the spatially varying parameters ¢¢; and mq for the single fiber contraction model and ¢, mo,
and « for the fiber dispersion model. Then, an updated parameter set for p was obtained using the
L-BFGS-B algorithm in scipy.optimize, which results in a decrease to the objective function. This
process is iterated until a termination criterion is met.

Table 2 AVIC inverse model parameters

Parameter Description Value

Frol _ o fh et 1x1078
Function tolerance for termination (fwl = “WM)

Mesh density Number of tetrahedral elements in the finite-element mesh 50,000

Degree Degree of finite elements 1

Scipy minimize algorithm Algorithm used for minimization L-BFGS-B

Max iterations Maximum iterations allowed for minimization algorithm 5000

p Regularization scaling parameter for ¢ 0.001

y Regularization scaling parameter for my 0.001

0 Regularization scaling parameter for x 0.001

¢t [1b,ub] Lower and upper bounds for ¢ [0,1]

my [Ib,ub] Lower and upper bounds for mg [—1,1]

K [1b,ub] Lower and upper bounds for x [0,100]

orientation or concentration was derived from experimentally (

imaged AVICs. '€ = o Fithst Ao 27)

JaQeyo

2.5.3 Inverse Model Results Post-Processing. We determined
the SF contractile force using

SF force = fispAst (26)
where f; is the contractile stress per unit SF determined
from previous studies [40,41], ¢ is the fiber mass fraction
determined from the inverse model, and A is the cross-sectional
area of the SFs, which were assumed to be cylindrical with a radius
of 3.5 nm [51]. The computation of SF contractile force allowed for
the assessment of total AVIC contractile force which was computed
using

Journal of Biomechanical Engineering

3 Results

3.1 Overall Inverse Model Performance. Overall, the con-
verged solutions featured smooth SF orientation and contractile
force fields. The mean and standard deviation of the error (&: &)
between the target and simulation at the hydrogel mesh nodal
locations was 0.004 = 0.01 for both cell models. We note that the
single fiber contraction model and the fiber dispersion model
produced virtually the same level of error. Extensive model
validation for our adjoint-based inverse model was performed in
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Fig. 6 Representative inverse modeling results for the single fiber contraction model. (a) A
simulated AVIC with local SF direction denoted by lines. The color scale indicates the SF force
levels. (b) A close-up view of an AVIC protrusion demarcated by the solid square in panel (a).
(c) A close-up view of the AVIC midsection demarcated by the dashed square in panel (a). The
SF force levels are greater at AVIC protrusions than the AVIC midsection.

our prior article [1]. In brief, test problems were created with a
known parameter field, and we used our inverse modeling approach
to estimate these parameters beginning from an initial guess of a
homogeneous parameter field. We demonstrate excellent estimation
of the parameter fields with and without the presence of
experimental noise. In addition, validation specific to the cell model
was performed, and the results showed good agreement between
ground truth and estimated datasets (see Appendix).

3.2 Single Fiber Contraction Model. The single direction SF
model predicted that SFs are both highly aligned locally and highly
contractile at AVIC protrusions (Fig. 6). Moreover, the model
predicted that the greatest SF contractile forces were localized at the

Table 3 Summarized results for cell models

Model Location Parameter Mean = STD
Single fiber contraction Midsection D¢ 0.154 £0.125
SF force 5.93 482 fN
Protrusion (O 0.260 = 0.132
SF force 10.02 £5.06 fN
Fiber dispersion Midsection [ 0.543 £0.164
SF force 20.88 = 6.30 N
K 2.07 =0.20
Protrusion D¢ 0.619 £ 0.107
SF force 23.82 £4.10 fN
K 2.22+0.23

121005-8 / Vol. 145, DECEMBER 2023

tip of the AVIC protrusion (Fig. 6(a)) with an average SF force of
10.02 =5.06 fN, which corresponded with a ¢ value of
0.260 = 0.132 (Table 3). Furthermore, the model predicted that
the AVIC midsection (Fig. 6(c)) contained less contractile SFs
relative to the protrusions, with an average contractile force of
5.93 +4.82 {N corresponding with a ¢4 value of 0.154 £0.125
(Table 3).

3.3 Fiber Dispersion Model. The fiber dispersion model
predicted similar fiber orientations at AVIC protrusions compared
to the single fiber contraction model (Figs. 6(b) and 7(b)). However,
the SF orientation at the midsection of the cell appeared to be
orthogonal to the SF orientation predicted by the single fiber
contraction model (Figs. 6(c) and 7(c)). Moreover, the model
predicted that SFs were more highly aligned at AVIC protrusions
(Fig. 7(b)) with amean x value of 2.22 * 0.23 (Table 3) compared to
the AVIC midsection (Fig. 7(c)) which had a mean x value of
2.07 =0.20 (Table 3). In addition, the model predicted that SF
contractile forces were greater at AVIC protrusions (23.82 = 4.10 fN,
Table 3) than at the AVIC midsection (20.88 = 6.30 fN, Table 3).

4 Discussion

4.1 Major Findings

4.1.1 Stress Fiber Orientation and Contractility in Aortic Valve
Interstitial Cell Protrusions. The simulation results show that both
SF orientation and contractile force were highly spatially uniform
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Fig.7 Representative inverse modeling results for the fiber dispersion model. (a) A simulated
AVIC with local SF direction and concentration denoted by von Mises distributions represented
as local glyphs. The color scale indicates the von Mises distribution concentration parameter «.
(b) A close-up view of an AVIC protrusion demarcated by the solid square in panel (a). (¢) A
close-up view of the AVIC midsection demarcated by the dashed square in panel (a). The SF
concentration parameters are greater at AVIC protrusions than the AVIC midsection, indicating
a greater degree of SF alignment.

within the AVIC protrusions (Figs. 6 and 7). These results are
consistent with cell images using immunostaining that depict
regions of aligned SFs and abundant expression in AVIC protrusions
(Fig. 1). Moreover, the simulation results are consistent with
experimental findings previously reported in [15] which showed that
AVIC protrusions deform in a uniform, piston-like manner which is
indicative of an underlying, highly aligned SF architecture. Thisisin
line with broadly accepted notions of cellular protrusions being
highly contractile structures that allow for cell migration and
mechanosensing [52].

4.1.2  Stress Fiber Orientation and Contractility at the Aortic
Valve Interstitial Cell Midsection. The SF orientation at the
midsection of the AVIC varied between the single fiber contraction
model (Fig. 6(c)) and the fiber dispersion model (Fig. 7(c)). The fiber
orientations appeared nearly orthogonal between the two models in
these regions. We hypothesize that this is partially due to the low
levels of contractile force at the AVIC midsection. Specifically,
because the SFs at the midsection are not very contractile relative to
the protrusions, their orientation is not as critical nor as meaningful
as the SF orientation at AVIC protrusions, which do show good
agreement between both models. Moreover, previous experimental
results suggest that the deformation of the AVIC midsection is not
driven by the SFs in the local vicinity, but instead primarily
dominated by passive, volumetric distentions in response to the
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contraction of AVIC protrusions [15]. Thus, our simulation results
are consistent with experimental evidence.

4.2 Comparison of the Single Fiber Contraction Model and
the Fiber Dispersion Model. Herein, we present two AVIC
mechanics models of varying complexities to predict the underlying
orientation and contractile force levels of SFs. The single fiber
contraction model is simpler and models the effective behavior of
contracting cells whereas the fiber dispersion model can estimate all
the possible fiber orientations as a distribution at a point of interest
within a cell. However, this additional functionality comes at a cost:
the fiber dispersion model requires approximately five times as
much time to converge than the single fiber contraction model.
Specifically, the single fiber contraction model took approximately
1 day or 24 h to converge whereas the fiber dispersion model took
approximately 5 days or 120 h to converge on a System 76 Linux
computer equipped with a NVIDIA GeForce RTX 2060 SUPER
GPU, AMD RyzenTM ThreadripperTM 2970WX CPU with 24
cores and 48 threads, and 126 GB of RAM.

We note next that although the results in Figs. 6 and 7 look
qualitatively similar, their meanings are distinct from one another.
Specifically, the predicted SF contractile forces within AVIC
protrusions appeared to be more uniform in the fiber dispersion
model than in the single fiber contraction model. The single fiber

DECEMBER 2023, Vol. 145 / 121005-9



contraction model estimated contractile forces between the ranges
of 0 and 20 fN, whereas the fiber dispersion model estimated
contractile forces between 0 and 30 fN (Table 3). In addition, the
total AVIC contractile force (computed using Eq. (27)) was higherin
the fiber dispersion model (~297 pN) than in the single fiber
contraction model (~ 93 pN). The total contractile forces estimated
by both models are quantitatively similar to previously reported
values for various cell types [53]. The fiber dispersion model
predicted overall greater SF forces in part due to the incorporation of
SF dispersion, which effectively results in contraction in various
directions locally. Therefore, in order to generate substantial
contraction along a major direction, the fiber dispersion model
compensated by increasing the local SF force levels. Alternatively,
in the single fiber contraction model, SF forces occur solely along
my, thus requiring a smaller contractile force. Structurally, SF
orientation varies locally due to the presence of multiple fiber
families (e.g., filamentous actin, «SMA). Therefore, our current
findings suggest that the fiber dispersion model is more realistic.

4.3 Clinical Relevance to Aortic Valve Disease. Calcific AV
disease (CAVD) is characterized by progressive stiffening of AV
tissues, inducing stenosis and ultimately AV insufficiency. As
mentioned previously, it is known that AVICs maintain the AV
ECM and are typically quiescent in the normal state, transitioning
into an activated, myofibroblast-like state during periods of growth
or disease. One proposed mechanism of CAVD is the subsequent
transition of AVICs into an osteoblast-like phenotype. A sensitive
indicator of AVIC phenotypic state is enhanced basal contractility
(tonus), so that AVICs from diseased A Vs will exhibit a higher basal
tonus level. In a recent study, we characterized AVIC basal tonus
behaviors from diseased human AV tissues embedded in 3D
hydrogels [54]. Established methods were utilized to track AVIC-
induced gel displacements and shape changes after the application
of Cytochalasin D (an actin polymerization inhibitor) to depoly-
merize the AVIC SFs. Results indicated that human diseased AVICs
from the non-calcified region of tricuspid AVs (TAVs) were
significantly more activated than AVICs from the corresponding
calcified region. In addition, AVICs from the raphe region of
bicuspid AVs were more activated than from the non-raphe region.
Interestingly, we observed significantly greater basal tonus levels in
females compared to males. These findings are the first evidence of
sex-specific differences in basal tonus states of human AVICs in
varying disease states.

Current treatment for CAVD remains strictly surgical replace-
ment, with its continued morbidity and durability problems.
Because of this, we and others envision that the future of heart
valve therapies will likely involve targeting cellular processes that
occur prior to stenosis in an effort to slow down or prevent this
disease. To this end, it is our hope that the data and models presented
in the present study may impact the clinic by helping to elucidate
cellular or subcellular phenomena that may be the target of potential
pharmaceutical treatments. Moreover, we envision that these
cellular-level models will be incorporated into a multiscale model
of the heart, ranging from cellular signaling events to whole organ-
level function. This approach will not only enhance our under-
standing of the biomechanical function of the heart but will also
increase our chances of engineering novel therapies that may act at
different length scales. Thus, it is clear that a deeper understanding
of the cellular basis for CAVD is clearly needed. Application of the
present simulation methods can be used to gain insights into the
alterations in SF mechanical behaviors in human AVICs to further
elucidate CAVD disease mechanisms.

4.4 Conclusions and Future Work. To the best of our
knowledge, we report the first fully 3D computational contractile
cell models that can predict locally varying SF orientation and
contractile force levels. Results indicated substantial heterogeneity
in SF forces and orientations, with the greatest levels of SF
alignment and contractile forces occurring at AVIC protrusions.

121005-10 / Vol. 145, DECEMBER 2023

Application of the present simulation methods is ideal to quantify SF
mechanical behaviors to further elucidate CAVD disease mecha-
nisms in humans. Such knowledge is currently lacking and can
greatly help gain insight into how the AVIC contractile machinery is
altered in disease. Moreover, linking the macroscopic SF machinery
to AVIC cell signaling [55] will help to link the cell-level modeling
performed herein to the underlying biochemical pathways. Thus, it
will be possible to link SF mechanics to elucidate specific
pathological mechanisms in CAVD disease, including new evidence
of sex-specific differences in basal tonus contractility in human
AVICs in varying disease states [54]. This will help move us a step
further to our long-term goal to understand the role contractile
behaviors of AVICs play in valvular heart disease.
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Nomenclature

A = scaling constant for von Mises orientation distribution
function
A = cross-sectional area of stress fibers
C = Right Cauchy Green deformation tensor (C=F TF)
C = the isochoric part of the Right Cauchy Green deforma-
tion tensor (J~3C)
C"° = a material constant of the cytoplasm
C%! = a material constant of the hydrogel material
C1"° = a material constant of the nucleus
cyto
D 1
D{® = amaterial constant of the hydrogel material

a material constant of the cytoplasm

D" = a material constant of the nucleus
f = objective function
fst = stress fiber contractile force per unit fiber
Jio1 = function tolerance for termination
F = deformation gradient tensor
FAVIC = total AVIC contractile force

H() = Heaviside step function
I, = first invariant of the isochoric part of the Right Cauchy
Green deformation tensor
I, = fourth invariant (I, = /2)
J = Jacobian (J = det(F))
mg = stress fiber orientation in the initial configuration
n = a given stress fiber orientation
S = second Piola—Kirchoff (PK) stress
S = active second PK stress of the stress fibers
§'° = second PK stress of the cytoplasm
§™¢ = second PK stress of the nucleus
SP = passive second PK stress of the stress fibers
$5F = second PK stress of the stress fibers
u = displacement
u®'® = displacement of the cytoplasm
1" = displacement of the stress fibers
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Xo = position vector
a(xg) = locally varying modulus scaling parameter
J = regularization scaling parameter for ¢
y = regularization scaling parameter for m
I"(mg) = von Mises orientation distribution function centered
around m
0 = regularization scaling parameter for k
K = concentration parameter
A = fiber stretch
/eyto = Lamé’s first parameter of the cytoplasm
/ge1 = Lamé’s first parameter of the hydrogel
Anue = Lamé’s first parameter of the nucleus
¢ = error between the simulated and experimental Right
Cauchy Green deformation tensors
Ueyto = shear modulus of the cytoplasm
Uger = shear modulus of the hydrogel
lnue = shear modulus of the nucleus
s = shear modulus of the stress fibers
¢ = stress fiber mass fraction

P = strain energy density of the cytoplasm

el — strain energy density of the hydrogel material
W™ = strain energy density of the nucleus

‘{’;f = strain energy density of the stress fibers

Q = simulation domain
Qcyio 4 s = cytoplasm and stress fiber domain
Qg1 = hydrogel domain
Q.. = nucleus domain

Appendix

Model Validation

We performed validation for our inverse finite-element models.
For the inverse hydrogel model, validation was performed and
discussed in a previous publication [1]. For the cell model, we
performed the following validation: radially oriented stress fibers
were assigned within the cytoplasm of a simulated AVIC. In
addition, the stress fiber mass fraction was assigned to increase
radially outward from the center of the AVIC. Then, our inverse
finite-element model was used to recover the ground truth example.
Our results indicate that our inverse model was capable of estimating
the ground truth dataset to a high degree of accuracy.
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