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ARTICLE INFO ABSTRACT

Keywords: Aging and calcific aortic valve disease (CAVD) are the main factors leading to aortic stenosis. Both processes
Calcification are accompanied by growth and remodeling pathways that play a crucial role in aortic valve pathophysiology.
Mechanobiology

Herein, a computational growth and remodeling (G&R) framework was developed to investigate the effects
of aging and calcification on aortic valve dynamics. Particularly, an algorithm was developed to couple the
global growth and stiffening of the aortic valve due to aging and the local growth and stiffening due to
calcification with the aortic valve transient dynamics. The aortic valve dynamics during baseline were validated
with available data in the literature. Subsequently, the changes in aortic valve dynamic patterns during aging
and CAVD progression were studied. The results revealed the patterns in geometric orifice area reduction
and an increase in the valve stress during local and global growth and remodeling of the aortic valve. The
proposed algorithm provides a framework to couple mechanobiology models of disease growth with tissue-
scale transient structural mechanics models to study the biomechanical changes during cardiovascular disease
growth and aging.

Kinematic growth
Multiscale modeling
Aortic stenosis

1. Introduction Different growth and remodeling (G&R) theories have been pro-
posed that enable modeling of tissue adaptation and reorganization

Aortic stenosis is the most common form of valvular disease (Cara- (Taber, 1995; Ambrosi et al., 2011; Kuhl, 2014) as a response to patho-
bello and Paulus, 2009) and its prevalence is expected to increase logical stimuli or normal physiological processes. Growth implies the
due to an aging population (Thaden et al., 2014). Calcific aortic valve addition of mass by either increasing volume or density. Remodeling
disease (CAVD) is a common cause of aortic stenosis, which is accom- implies changes in material properties of the system, which is typically
panied by thickened and stiffened calcified leaflets that compromise due to reorganization of tissue constituents and fibers and is manifested

valve’s normal opening and closure (Otto et al., 1997; Pawade et al.,
2015). The process of calcification is a multistage and multiscale pro-
cess (Weinberg et al., 2010; Pawade et al., 2015; Arzani et al., 2017)
where a combination of biochemical and mechanical processes regulate
calcification growth. Calcification influences aortic valve dynamics and
blood flow physics around the leaflets (Hatoum et al., 2018; Hatoum
and Dasi, 2019). Additionally, aortic valve calcification is highly cor-
related with aging. Therefore, the physiological changes in leaflets due
to aging (Sahasakul et al., 1988) are an important factor in the biome-
chanics of CAVD. Specifically, leaflets become thicker and stiffer as a
result of aging (Van Geemen et al., 2016). The aortic valve dynamics

during CAVD growth is therefore influenced by both calcification and to study the influence of aging on aortic valve stress (Oomen et al,
aging. 2016). Strain-based calcification growth models have been developed

as changes in stiffness, anisotropy, and degree of nonlinearity. The
theory of kinematic growth (finite growth) (Rodriguez et al., 1994) is a
popular approach for continuum modeling of G&R and has been applied
to different biological tissues (Menzel and Kuhl, 2012; Eskandari et al.,
2015; Liu et al., 2019; Lashkarinia et al., 2021).

While the structural mechanics of heart valves have been exten-
sively studied with finite element models (Labrosse et al., 2010; Sturla
et al., 2016; Li and Sun, 2017; Qin et al., 2020), very few studies
have considered modeling growth in heart valves (Rego et al., 2016;
Oomen et al., 2018). Quasi-steady finite element simulations were used
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Fig. 1. Different views of the aortic valve geometry and one-sixth of the geometry (and the corresponding mesh), which is used in the simulations are shown. The prescribed
pressure waveform boundary conditions are plotted and the geometric parameters are listed.

where calcification was modeled by local stiffening (Arzani and Mofrad,
2017; Halevi et al., 2018). None of these studies considered a G&R
framework in their continuum mechanics formulation. Oomen et al.
(2018) developed a quasi-steady G&R model to study the biomechanics
of postnatal heart valve development. However, the transient dynamics
of the valve, coupling dynamics to G&R, and local G&R due to CAVD
have not been studied.

Aortic valve dynamics during CAVD growth is influenced by sev-
eral processes. Aortic valve calcification is a local process (Thubrikar
et al.,, 1986) where calcification growth is manifested by local stiff-
ening and growth in the aortic valve tissue. CAVD growth is closely
related to aging where the valve tissue is known to experience global
thickening and stiffening as a result of normal aging (Van Geemen
et al.,, 2016). The process of CAVD growth is therefore a combined
physiological and pathological remodeling. In pathological remodel-
ing, typically the remodeling process persists even after the initiating
triggers are removed (Schwartz et al.,, 2018) and therefore a persis-
tence growth process is observed. Calcification growth in CAVD is
believed to be such a process where calcium deposition is initiated
by inflammatory biochemicals such as lipoproteins and monocytes but
persists through a positive feedback loop even without the triggering
biochemical stimuli (Pawade et al., 2015).

The goal of the present study is to develop a continuum G&R frame-
work where different biomechanical components during CAVD are
modeled. Specifically, we model local growth and remodeling (stiffen-
ing) due to calcification combined with global growth and remodeling
due to aging. Our formulation considers the transient dynamics of the
valve where a temporally multiscale framework is developed to couple
G&R occurring over the time-scale of years to transient dynamics with
a time scale of one second for valve motion. We use the model to study
changes in aortic valve dynamics during CAVD growth and compare
our predictions to the data reported in the literature.

2. Methods
2.1. Geometry
An idealized 3D tricuspid aortic valve was assumed as the geometry.

The model included the valve leaflet, the aortic root, the sinus, and the
ascending aorta (Fig. 1). To simplify the model, the three leaflets were

considered to have the same dimensions, and symmetry allowed half of
one leaflet to be modeled in order to reduce the computational costs.
Aortic root and ascending aorta diameters, and aorta thickness were
obtained from previous studies (Joda et al., 2016). The baseline valve
dimensions were collected for a healthy 35 years old subject (Weinberg
et al., 2009), and the dimensions are reported in Fig. 1. The model was
discretized into 360k tetrahedral elements with higher resolution in the
leaflet using SimVascular.

2.2. Continuum mechanics model

2.2.1. Deformation gradient

The motion of a body could be defined through a deformation
function ¢. Particles located at X in the material or reference configu-
ration f, are mapped to x in the spatial deformed configuration ,, via
x = ¢(X, 1), where ¢ is a function of the initial location and the current
time t. Subsequently, the total deformation gradient F is defined as

F=V¢, @

where the gradient is with respect to X. The total deformation gra-
dient could be multiplicatively decomposed into elastic and growth
components

F=F,F,, @

where F, and F, are the elastic and the growth parts of deformation
gradient, respectively. F, is also known as the growth tensor, and it al-
lows for changes in volume even with incompressible materials (Taber,
2020; Menzel and Kuhl, 2012). In our study, because of different
contributions coming from aging and calcification, F, has two parts:

_ yglobal local
F, = Fglobal y pocal 3

where F‘g’”b"’ represents the global growth of the entire aortic valve due
to aging (occurring uniformly in all elements) and F*°? is the local
growth due to calcification (occurring locally in calcified elements).
Also, each term on the right-hand side of Eq. (3) could be defined
as (Eskandari and Kuhl, 2015):

F,=1+InQ®n, ()]
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on Local growth direction

Fig. 2. The global (aging) and local (calcification) growth directions and distribution
are shown with green and red arrows, respectively. Local growth is assumed to occur
in the coaptation region where calcification often occurs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

where I is second order identity tensor, I' is the growth rate, and n
is the direction of growth. The direction and location of global and
local growth are shown in Fig. 2. Growth direction was assumed normal
to the leaflet surface. The local growth is assumed in the coaptation
region, which is one of the regions where calcification commonly
occurs (Halevi et al., 2015, 2018).

Furthermore, the right Cauchy-Green strain tensor is defined as:

—¥WT'yw — T RT —_wT
C=F'F=F FFF, =F/CF,., (5)

where the elastic Cauchy-Green tensor is

C,=FTF,. (6)

2.2.2. Cauchy’s equation of motion

In the Lagrangian framework, Cauchy’s equation of motion is writ-
ten as (Goriely, 2017):

2
po %2 = DIV(FS) = poby . %
where p, is the density, U is displacement as a function of X, F
is the deformation gradient, b, is the body force, Div is divergence
with respect to the reference configuration, and S is the second Piola—
Kirchhoff stress tensor determined from the stain energy function y as
S =22 Assuming stress-free growth, the deformation due to growth
could beé considered in the equation of motion by using the elastic part
of the deformation gradient (F, = FF;‘) (Rodriguez et al., 1994).

2.2.3. Material properties

The leaflet was modeled as an anisotropic, nonlinear, nearly incom-
pressible, hyperelastic material (Arzani and Mofrad, 2017; Humphrey
and Yin, 1987), and the aortic wall was modeled with a single term
Mooney-Rivlin constitutive model (Arzani and Mofrad, 2017; Weinberg
and Mofrad, 2007) using the following equations

Yoalve = c[e(fl(ll - 11+ COf(I4) ®
Lo 2WL=? _ 1 if I, > 1
1) = s
¢ 0 if I, <1
Ywal = CwarIi —3), 9

where I, is the first invariant of C,, I, = C, : a;,®a, is the square of the
fiber stretch along the circumferential direction (a,), ¢ = 0.022 MPa, ¢
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= 0.062 MPa, c,,; = 0.33 MPa, ¢, = 5.81, and ¢, = 24.97 (Auricchio
et al., 2012; Arzani and Mofrad, 2017). The anisotropic term (second
term) in Eq. (8) is only switched on when we have stretch in the
circumferential direction (I, > 1).

2.2.4. Finite element implementation

All of the equations are implemented in the open-source finite-
element solver FEniCS. The weak form of Cauchy’s equation of motion
(Eq. (7)) was considered in the reference configuration and solved
using quadratic elements. Time integration was performed using the
generalized-a method (Chung and Hulbert, 1993).

2.3. Growth algorithm

An algorithm was developed to couple the transient dynamics of
the aortic valve in a cardiac cycle with the local/global growth and
stiffening effects due to calcification/aging. By applying growth in our
algorithm, we impose thickening of the valve leaflet. The vessel wall
and leaflet constituents remodeling are represented by simply stiffening
the material. Our proposed algorithm has six components and simulates
calcification growth and aging for a person between 35 to 85 years old
(50 years time interval). In total, we simulated 10 cardiac cycles that
were sampled within 824 total growth stages spanning between these
ages. 324 cycles for global growth and stiffening and 500 cycles for
local growth and stiffening were simulated. More growth stages were
considered for the local growth to facilitate numerical convergence

2.3.1. Global growth of the aortic valve due to aging

We assumed that due to aging the thickness of the valve leaflet
increases uniformly over time. Global growth of the aortic valve was
assumed quasi-static, therefore the acceleration term in Eq. (7) was
eliminated when each growth stage was applied. The direction of the
growth was assumed to be normal to the surface of the leaflet (Fig. 2).
The total leaflet thickness growth over these 50 years (35 to 85 years
old) was assumed to be 81% of the baseline configuration (estimated
from Sahasakul et al. (1988)). Due to numerical difficulties associated
with the Newton solver convergence and the complex geometry, 324
cycles of global growth were simulated in which a small steady 0.25%
growth rate (with respect to the healthy reference configuration) was
added in each global growth cycle to achieve the desired 81% growth.

2.3.2. Global stiffening of the aortic valve due to aging

Aortic valve stiffening due to aging was estimated based on the
reported module of elasticities in previous studies (Van Geemen et al.,
2016). The ¢ and ¢, constants in Eq. (8) were increased linearly during
50 years such that the final stiffness was 2.32 times the baseline. The
stiffenings were applied during the same stages as global growth.

2.3.3. Global stiffening of the aortic wall due to aging

The aortic wall stiffness, c,,,; in Eq. (9), was increased linearly such
that after 50 years its value was 2.68 times larger than the baseline
based on clinical data of Haskett et al. (2010). The stiffenings were
applied during the same stages as global growth.

2.3.4. Local growth of the aortic valve due to calcification

The calcification pattern was assumed to be around the coaptation
area based on prior clinical studies (Halevi et al., 2018; Thubrikar et al.,
1986). This region is one of the two most common calcification patterns
observed (Thubrikar et al., 1986). We assumed that the calcification
process starts at 60 years old (representing calcification at an older
age). The first two layers of elements in the aortic side of the leaflet
were tagged for calcification, based on the clinical observation that
calcification is more likely to occur on the aortic side (Otto et al., 1994;
Yip and Simmons, 2011). 100% local growth for these two layers was
prescribed from 60 to 85 years old. In other words, the Fg"“’ term
in Eq. (3) was switched on after year 60. In total, 500 local growth
stages were simulated and in each stage, the growth rate (with respect
to the healthy reference configuration) was increased linearly by 0.2%
to achieve the 100% local growth.



M.S. Sadrabadi et al.

End of simulation

Yes

No—» No———| term to Cauchy's
equation

Journal of Biomechanics 128 (2021) 110773

Start the

simulation

Add acceleration

Yes

:

Global growth

simulation

Remove acceleration
term from Cauchy's

Cardiac cycle

\ simulation
equation

!

Aging growth:

1-Increase global growth rate

2-Increase global stiffening |«
coeflicient of aortic valve

3-Increase stiffening
coefficient of aortic wall

Calcification growth:
1-Increase local growth rate

2-Increase local stiffening
coefficient of aortic valve

.

Local growth

T /;(] ext cycle/«

simulation

Fig. 3. The algorithm used in simulating long-term calcification and aging coupled with transient dynamics of the valve.

2.3.5. Local stiffening of the aortic valve due to calcification

Calcification causes valve thickening and stiffening. Stiffening was
modeled for the same elements that were tagged for local growth due to
calcification. In this part, it was assumed that calcification increases the
isotropic material constant ¢ (Arzani and Mofrad, 2017). The constant
was increased linearly such that at the end of 85 years old, it was 100
times more than the baseline value, representing the stiffening caused
by calcium deposits (Wong et al., 2012; Holzapfel et al., 2002). Local
stiffening was applied during each local growth stage.

2.3.6. Dynamics of the valve

Global and local growth and stiffening were considered to happen
over the timescale of years. However, each heartbeat is about one
second. In Cauchy’s equation of motion (Eq. (7)), the first left-hand-
side term (acceleration term) was assumed zero when each growth
step was first being prescribed. However, during the corresponding
transient cardiac cycle simulation, the acceleration term was consid-
ered. Boundary conditions (BCs) include fixing the vessel wall in the
circumferential and axial directions at the ends (zero Dirichlet BC) and
pulsatile pressure waveforms (shown in Fig. 1) applied at the vessel
wall and leaflet (Neumann BC) driving the transient tissue dynamics.
The flowchart of the algorithm summarizing all of the stages is sketched
in Fig. 3.

2.4. Strain-based local growth and remodeling
To study heterogeneous growth, which occurs due to the complex

hemodynamic environment, we modeled local growth and remodeling
driven by strain. During each growth stage, the updated time-average

circumferential strain in one cardiac cycle was calculated, and the
elements with strain higher than a pre-specified threshold of 0.07 were
calcified (Fisher et al., 2013; Arzani and Mofrad, 2017). This was done
by 100% local thickening of the elements and stiffening by a factor
of 100. To enable numerical convergence, the 100% local thickening
was achieved with 500 sub-growth steps. This algorithm was repeated
until the strain field was below the specified threshold. Global G&R
(aging) was not considered during these simulations to reduce the
computational cost.

3. Results
3.1. Model validation

First, the dynamics of the healthy valve at the start of our aging
simulation (35 years old) was compared to previous studies (Jahren
et al., 2017; Spiihler et al., 2018; Lee et al., 2020). The intra-cardiac
evolution of the geometric orifice area (GOA) is calculated as explained
in Garcia and Kadem (2006) and is shown in Fig. 4a. Additionally,
the temporal evolution of displacement for a point at the leaflet’s free
edge and belly for the healthy case were compared with other stud-
ies (Thubrikar, 1990; Weinberg and Mofrad, 2007) as shown Fig. 4b
and Fig. 4c respectively. Reasonable agreement between our idealized
model and other studies is observed for all of these results.

3.2. Growth results

GOA results for different ages (35 years old to 85 years old) are re-
ported in Fig. 5. The results show a lower reduction in GOA during the
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(c) and displacement of a point at the belly (middle of the valve) are compared to other studies.

2.5
—35 years old
42 years old
2 50 years old
) 55 years old
~ 15 = o Maderat Stenosis —65 years old
3
g 0 Y e . .t | | L) S —75 years old
:C/ i Severe stenosis 85 years old
o
Q
0.5
o0 b \
0 0.1 02 03 04 05

Time (s)

Fig. 5. The intra-cardiac temporal evolution of the geometric orifice area (GOA) during
different ages is plotted. GOA for severe stenosis (1.3 cm?) is reported in Clavel et al.
(2015) and Westermann et al. (2011), and the GOA for moderate stenosis (1.5 cm?) is
reported in Baumgartner et al. (2017).

early years when only the global growth and stiffening were applied to
the model. However, after year 60 when calcification (local growth and
stiffening) is applied, the GOA reduction is elevated. The GOA of the
75 years old model was near the moderate stenosis level (Baumgartner
et al.,, 2017), and the GOA of the 85 years old was near the severe
stenosis level that was reported in clinical studies (Westermann et al.,
2011; Clavel et al., 2015).

The intra-cardiac temporal displacement patterns of a point at the
leaflet’s free edge for different ages (35 years old to 85 years old) are
plotted in Fig. 6. As expected, with increased aging the displacement
is reduced. Interestingly, the displacement patterns of the healthy
35 years old subject, cases between 35 years to 60 years old (global
growth and stiffening), and the cases after 60 years old (global and
local growth and stiffening) are distinct. For example, the rapid valve
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Fig. 6. The intra-cardiac temporal evolution of displacement for a point at the middle
of the free edge (symmetry plane) during different ages is plotted.

opening time increases suddenly after age 60 when the calcification was
added to the model. Similar to the GOA results, the largest reduction
in displacement occurs after calcification was applied (after 60 years
old).

The spatial patterns of displacement during peak systole and leaflet
tissue growth during diastole are shown in Fig. 7 for four different
ages. The global thickening of the aortic valve leaflet due to aging
and local thickening due to calcification (after 60 years old) could be
observed. Additionally, the effect of leaflet thickening and stiffening
during different ages on valve opening patterns is observed.

The Von-Mises stress and circumferential strain are shown in Fig. 8
for four different ages during diastole (the color bar range is different
in different plots). It can be seen that the distribution of stress on the
leaflet changes at different ages. The maximum stress value is increased
during aging. The maximum stress occurs at the leaflet attachment
during most ages. However, with significant growth of calcification at
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cal/global thickening of the valve leaflet during diastole (bottom row) are shown for
four different ages. Local growth/stiffening due to calcification starts at age 60.
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Fig. 8. Circumferential strain and the Von-Mises stress are shown during diastole for
four different ages. Local growth/stiffening due to calcification starts at age 60. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

age 85, a localized increase in stress is observed in the calcification
region due to compliance mismatch and growth-associated residual
stress. The circumferential strain is generally reduced due to thickening
and stiffening.

Rapid valve opening time (RVOT), which is defined as the time it
takes for the valve leaflet to become fully opened is compared to the
data in the literature. RVOT values are reported in Table 1 for healthy
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Table 1
Comparison between the rapid valve opening time (RVOT) in the current study and
the data reported in the literature.

Configuration RVOT (ms)
Healthy aortic valve
35 years old (current study) 41
Maleki et al. (2014) (numerical simulation data) 50
Maleki et al. (2014) (experimental data) 60
Tango et al. (2021) (numerical simulation data) 50
Kemp et al. (2013) (numerical simulation data) 40
Kemp et al. (2013) (experimental data) 37 +3
Leyh et al. (1999) (experimental data) 57 + 11
Aortic valve with severe stenosis
85 years old (current study) 86
Maleki et al. (2014) (numerical simulation data) 100
Maleki et al. (2014) (experimental data) 72

and severely stenosed aortic valves and are compared with the numer-
ical and experimental data in Leyh et al. (1999), Kemp et al. (2013),
Maleki et al. (2014) and Tango et al. (2021). The results indicate that
RVOT is increased during aging and a fairly good agreement is seen
between our results and those reported in the literature.

The results for the strain-based local G&R are shown in Fig. 9. Thirty
cycles of growth were simulated, after which no element had strain
greater than the pre-specified threshold and therefore the algorithm
stopped. The local calcification growth pattern together with the time-
average circumferential strain and Von-Mises stress results are shown.
In regions where calcification became established, the time-average
circumferential strain was reduced due to the stiffening and growth.

4. Discussion

CAVD growth influences aortic valve biomechanics in multiple
ways. In this study, we developed a G&R framework to model long-term
calcification growth and aging coupled with transient valve dynamics.
The model enables automated simulation of intra-cardiac aortic valve
dynamics within the process of CAVD growth. The model was used to
study changes in the aortic valve opening patterns (tip displacement
and GOA) and structural stress during a 50-year time span of aging
and calcification growth.

There are two leading theories for the G&R of soft tissues (Am-
brosi et al., 2019): 1- The constrained mixture theory, in which each



M.S. Sadrabadi et al.

constituent in the tissue, such as vascular cells and collagen fibers,
can change at different rates and control different stress-free config-
urations that evolve during G&R while deforming as a continuum
model (Humphrey and Rajagopal, 2002). 2- Kinematic growth, which is
based on the multiplicative decomposition of the deformation gradient
into elastic and growth components (Rodriguez et al., 1994). Modeling
constrained mixture growth is highly complex because it is hard to
track the evolving configuration of the constituents during G&R (Lee
et al., 2016). In this manuscript, because of the complex geometry and
coupling to nonlinear and highly transient dynamics, the latter theory
was preferred.

In the kinematic theory, there is a relationship between stress gener-
ated within the tissue and tissue growth. Stress dependent growth and
residual stress arising from growth are two different mechanisms of the
kinematic growth theory (Rodriguez et al., 1994). The first mechanism
has been used to show how soft tissues grow due to overload in
stress. For example, high blood pressure in the ventricles causes heart
hypertrophy (Genet et al., 2016). In our work, the first mechanism was
modeled with our strain-based growth model. Regarding the second
mechanism, aging caused by fibrosis and collagen degeneration leads to
growth and thickening in the aortic valve (Sell and Scully, 1965). This
thickening was modeled by our global growth approach and leads to an
increase in the residual stress in the leaflet. For example, by comparing
the stress value of 35 and 55 years old cases in Fig. 8, the peak stress
is observed to increase with age. The stress increment is higher near
the attachment of the leaflet, and it may contribute to calcification,
which often starts from the attachment region (Thubrikar et al., 1986).
Additionally, the locally elevated stress generated in the calcification
region could be a potential risk factor for stroke (Sturla et al., 2016)
by detaching the calcium deposits and generating emboli that could
travel to the brain.

The propagation phase of CAVD is driven by high mechanical
stretch (Pawade et al., 2015; Arzani and Mofrad, 2017). That is, cal-
cification, followed by G&R, is a function of stress and strain. Although
there may be a nonlinear relationship between G&R and stress, we
simplified the model by increasing the growth rate value linearly
and assuming a pre-defined calcification pattern. Also, we applied
local growth for a band in the first two layers of elements on the
fibrosa side of the leaflet. Interestingly, abnormal deformation of the
elements on the ventricular side of the leaflet was observed (results
not shown). Since the growth tensor F, is incompatible locally, elastic
deformation is required to maintain the continuity of the leaflet. Our
model highlights two stress-driven mechanisms associated with G&R
in CAVD. The local remodeling (stiffening) due to calcification causes
stress concentration, which has been previously linked with calcifica-
tion growth (Pawade et al., 2015; Arzani and Mofrad, 2017). Moreover,
local and global growth in thickness generates residual stress. We
hypothesize that these mechanisms together promote CAVD growth.

The complex geometry induced by local growth causes numerical
difficulties, particularly when coupled with a nonlinear transient solver
with large structural deformations. To improve the numerical conver-
gence of the nonlinear Newton solver in FEniCS, we reduced the growth
rate in the local and global growth models. This led to several hundred
cycles of growth in our simulation. However, the interesting feature
of our model is that the transient cardiac cycle simulations do not
necessarily need to be carried out at every growth step. We may think
of this as a temporally multiscale model. The time-scale for transient
dynamics is on the order of one second, whereas the time-scale for G&R
is months and years.

Our study has several limitations. While we studied non-uniform
local growth based on strain, non-uniform global growth due to aging
was not modeled due to lack of sufficient data. Although we defined
variable thickness dimensions for our geometry based on previous
studies and clinical data, our geometry is still idealized and needs
to be extended to patient-specific geometries. Our constitutive model
could also be improved. For example, Gasser et al. (2006) and Dong
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and Sun (2021) represent fiber dispersion for vascular tissues, which
was not considered here. These more complex models could influence
the intra-cardiac elastodynamics patterns but we expect the overall
growth patterns to be similar. Fluid-structure interaction (FSI) and
hemodynamics were ignored but are known to influence aortic valve
dynamics (Luraghi et al., 2017). Other growth mechanisms exist during
CAVD; for example, glycosaminoglycans are known to play a role in
CAVD (Porras et al., 2018), which could influence valve biomechanics
by swelling and could be considered in G&R models (Roccabianca
et al., 2014). The biochemical stimuli in the G&R associated with
CAVD were not considered and require FSI transport models (Sadrabadi
et al., 2021) to be appropriately incorporated. These limitations will
be addressed by a growing interest in coupling systems biology mod-
els with continuum models of disease growth to develop multiscale
mechanobiology models (Loerakker and Ristori, 2020; Sree and Tepole,
2020). Future work will consider mechano-sensitive microscale bio-
chemical effects coupled with macroscale continuum G&R to develop
a comprehensive model of CAVD growth. In general, growth is a
manifestation of biological processes and affects the biomechanical
environment. Additionally, the biomechanical environment regulates
biological activities, thereby creating a feedback loop that has been
referred to as the “hallmark of mechanobiology” (Taber, 2020).

5. Conclusion

We developed a G&R framework for simulating long-term calcifica-
tion growth and aging during CAVD growth. Our model incorporated
transient dynamics of the aortic valve within the G&R framework
and was used to study changes in aortic valve dynamics and stress
during CAVD growth and aging. This model could be coupled with cell-
scale models of CAVD to develop a multiscale systems mechanobiology
model of CAVD.
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