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The tricuspid valve is an atrioventricular valve that prevents blood backflow from the right ventricle into
the right atrium during ventricular contractions. It is important to study mechanically induced
microstructural alterations in the tricuspid valve leaflets, as this aids both in understanding valvular dis-
eases and in the development of new engineered tissue replacements. The structure and composition of
the extracellular matrix (ECM) fiber networks are closely tied to an overall biomechanical function of the
tricuspid valve. In this study, we conducted experiments and implemented a multiscale modeling
approach to predict ECM microstructural changes to tissue-level mechanical responses in a controlled
loading environment. In particular, we characterized a sample of a porcine anterior leaflet at a macroscale
using a biaxial mechanical testing method. We then generated a three-dimensional finite element model,
to which computational representations of corresponding fiber networks were incorporated based on
properties of the microstructural architecture obtained from small angle light scattering. Using five dif-
ferent biaxial boundary conditions, we performed iterative simulations to obtain model parameters with
an overall R2 value of 0.93. We observed that mechanical loading could markedly alter the underlying
ECM architecture. For example, a relatively isotropic fiber network (with an anisotropy index value a
of 28%) became noticeably more anisotropic (with an a of 40%) when it underwent mechanical loading.
We also observed that the mechanical strain was distributed in a different manner at the ECM/fiber level
as compared to the tissue level. The approach presented in this study has the potential to be implemented
in pathophysiologically altered biomechanical and structural conditions and to bring insights into the
mechanobiology of the tricuspid valve.

Statement of Significance

Quantifying abnormal cellar/ECM-level deformation of tricuspid valve leaflets subjected to a modified load-
ing environment is of great importance, as it is believed to be linked to valvular remodeling responses. For
example, developing surgical procedures or engineered tissue replacements that maintain/mimic ECM-level
mechanical homeostasis could lead to more durable outcomes. To quantify leaflet deformation, we built a
multiscale framework encompassing the contributions of disorganized ECM components and organized
fibers, which can predict the behavior of the tricuspid valve leaflets under physiological loading conditions
both at the tissue level and at the ECM level. In addition to future in-depth studies of tricuspid valve patholo-
gies, our model can be used to characterize tissues in other valves of the heart.
� 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The tricuspid valve is one of the four valves in the heart. It
regulates blood flow from the right atrium (RA)1 to the right
ventricle (RV). The tricuspid valve complex consists of three leaflets
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Fig. 1. Tricuspid valve excised from a porcine heart showing the anterior, posterior
and the septal leaflets.
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(i.e., anterior, posterior and septal leaflets), the annulus, and the
chordae tendineae. The coordinated actions of the tricuspid valve
components allow the three leaflets to coapt during the systolic
phase and seal the passage between the RA and RV, directing blood
to the lungs and preventing backflow into the RA.

The macroscopic and microscopic structure of the tricuspid
valve is broadly classified within the tricuspid valve complex [1].
The tricuspid valve has three leaflets of different shapes and sizes
(Fig. 1) that are attached to the annulus. They are transparent and
thin; in contrast to the aortic and pulmonary valves, they cannot
be readily separated into individual leaflets. The tricuspid valve leaf-
let microstructure is composed of fibrous skeleton and an endocar-
dial surface. The anterior leaflet is the largest leaflet; it stretches
from the funnel-shaped area downward to the inferior lateral wall
of the right ventricle. The smallest leaflet is the posterior leaflet,
which is attached to the tricuspid ring along its posterior inferior
border. The septal leaflet is situated near the median plane of the tri-
cuspid valve; it is attached to the muscular part of the ventricular
septum and is supported by several chordae tendinae. The annulus
of the tricuspid valve has a fibrous, well-defined cartilage-like struc-
ture in some areas and undergoes dynamic deformations during the
cardiac cycle [2–4]. The chordae tendinae are composed of collagen
fibrils that collectively form fiber bundles, which are arranged along
the longitudinal axis of the chordae. Any disruption to the coordi-
nated action of these components in the tricuspid valve complex
results in tricuspid valve dysfunction (regurgitation or stenosis).

The mechanical integrity of the tricuspid valve leaflets relies on
the underlining reinforcement of collagen fibers and other extracel-
lular matrix (ECM) components. ECM collagen fiber networks have a
major influence on the biomechanics of soft tissues including the tri-
cuspid valve [5]. When surgical interventions are performed on the
tricuspid valve, primarily to restore normal valve hemodynamics,
the prevailing mechanical loading environment of the valve is mod-
ified. Among the few studies on the operative and overall mortality
of patients post-TV surgeries, a study on 81 patients that was con-
ducted between 1985 and 1999 [6] indicated that a high percentage
of patients required re-operations accompanied by further cardiac
procedures. From 1999 to 2008, approximately 150,000 patients
have undergone TV repair surgeries in the United States [7]. Accord-
ing to the Society of Thoracic Surgery Database, in terms of morbid-
ity and mortality, TV surgery remains the valve operation with the
highest risk [8]. Approximately 1.6 million people in the United
States suffer from TV regurgitation, which raises the number of
potential candidates for TV repair [8–10]. Induced changes in the
loading environment of the tricuspid valve due to repair surgeries
may alter the ECM structure and composition over time [11]. Thus,
it is necessary to clearly identify the link between the ECM
microstructural architecture, microscale biomechanics, and the
macroscale mechanical responses of the tricuspid valve leaflets. Such
knowledge of multiscale tricuspid valve biomechanics is necessary
to predict the response of the tricuspid valve when subjected to a
modified loading environment resulting from tricuspid valve repair
surgeries or other prevailing valve pathologies.

While previous studies have addressed the biomechanical behav-
ior and complex geometry of the mitral valve (MV) and the aortic
valve, the behavior and geometry of the tricuspid valve, which was
once considered the forgotten valve, has not been studied thor-
oughly [12]. However, the tricuspid valve has received more atten-
tion in recent years due to efforts to increase the long-term
survival of patients who undergo tricuspid valve surgeries. A
follow-up survey revealed that even when normal tricuspid valve
function was restored immediately after surgery, some patients
developed mild, moderate and severe tricuspid valve regurgitation
within five years [13]. Previous in vivo studies on the mitral valve
showed that surgery affected the macroscale biomechanics of the
valve [14]. Such induced changes in the macroscale biomechanics
result in modifications in structure and microscale mechanics [15].
Computational models are effective tools to obtain insights into
the biomechanical changes in the valve following surgery. At the
current time, two computational models of the tricuspid valve have
been mentioned in the literature [16,17]; however, the scope of
these models is limited, as they are constructed based on homoge-
nous mechanical properties. Without a microstructurally and
mechanically accurate model of the tricuspid valve, it is difficult to
conduct hypothesis-driven studies of valve pathologies, develop bet-
ter surgical procedures, or improve treatment strategies.

Over the years, phenomenological constitutive models have
been formulated that assume isotropic, linear/non-linear [18–21]
and orthotropic or transversely-isotropic [22–29] material proper-
ties to define the response of tissues. However, the deformation of
the tissue at ECM/cellular levels cannot be captured in these
roughly approximated models, as the models did not consider
the complex interactions of tissue components [30–33]. In an
attempt to bridge this gap, a few investigators developed struc-
turally based constitutive models that consider the ECM architec-
ture of the tissue [34–41]. These models have been applied to
other soft tissues such as those in the lungs, myocardium, and
walls of the urinary bladder. In addition, a few man-made materi-
als (e.g. elastomeric tissue scaffolds) have been studied using these
structurally based models [42]. Although such microstructurally
based models provide much more detail when compared to phe-
nomenological models, they are limited by the assumption that
ECM fibers affinely follow the macroscale (tissue-level) deforma-
tion [43]. For example, if at a point on the macro level, the tissue
is stretched 10% in one direction, the same 10% stretch should be
applied to the ECM at the micro-level. In other words, the indepen-
dent rotation and extension of the fibers within the RVE (non-
affine deformation) does not exist in these models. In most of the
physiologically relevant cases, however, tissue deformations are
not fully affine [44,45], and such models do not represent the accu-
rate response of the tissue. However, the non-affinity of deforma-
tion specific to cardiac valves remains to be established.

The mechanical behavior of the cardiac valves at various length
scales is currently a subject of wide interest. A multiscale approach
for such structural constitutive models can provide valuable
insights into the normal and abnormal functioning of cardiac
valves [42,46,47]. Currently, no structurally based models are able
to predict the behavior of the tricuspid valve. Our modeling
approach allows for a more physiologically accurate representation
of the tissue extra-cellular matrix, i.e. the non-affine deformation
of the collagen fibers. Our modeling approach is consistent with
the earlier experimental findings in other heart valves of noticeable
changes in the orientation of collagen fibers under mechanical
loading [48–50] and predicts the changes in the micro-
environment under tissue-level loading. In this study, for the first
time, we develop a framework to capture the complex biomechan-
ical interactions in the tricuspid valve at different length scales.
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2. Materials and methods

2.1. Macroscale characterization

Fresh porcine hearts were acquired from a local slaughterhouse
(3-D Meats, Dalton, Ohio) and immediately transferred to our lab
in a cold isotonic phosphate buffer saline (PBS) solution. As soon
as the hearts arrived at the lab, the tricuspid valve leaflets were
carefully excised from each heart and temporarily placed in speci-
men dishes containing PBS. A square-shaped sample (Fig. 2a) of the
tricuspid valve anterior leaflet was extracted using a specially
designed phantom [51]. The sample was then carefully mounted
onto the biaxial testing equipment (Fig. 2b) using fish hooks as
described by Amini-Khoiy et al. [51]. Ten cycles of equibiaxial load-
ing were applied as preconditioning before the data were recorded.
Each axis was loaded to 100 N/m and unloaded for approximately
20s after applying a tare load of 0.5 g. The load verses displacement
data (Fig. 2c) was recorded at the end of the tenth cycle. In this
study we consider loading the sample up to 40 N/m which corre-
sponds to normal physiological pressure.

2.2. Microscale characterization

Once the data were obtained, the sample was carefully
unmounted from the biaxial testing equipment. It was then rinsed
thoroughly and mounted on a small angle light scattering (SALS)
device (Fig. 2e) [52]. An in-house MATLAB code was used to control
SALS equipment. A step size of 0.25 mm � 0.25 mmwas chosen for
our SALS analysis and a single image was obtained. Details about
our custom-made SALS setup are provided in our recent publica-
Fig. 2. (a) Schematic diagram of the tricuspid valve anterior leaflet marked with the sam
custom made biaxial testing equipment [51]. (c) Equibiaxial tension test response of the
diagram of the setup for small angle light scattering (SALS). (e) A contour map obtaine
contour and the mean fiber direction (l) calculated based on Eqs. (1)–(3). Warmer colors
this figure legend, the reader is referred to the web version of this article.)
tion [50]. Briefly, a random polarized 5 mW He-Ne laser beam
(Model 1125) passing through the sample is scattered by the
fibrous structures. The scattering pattern, which is projected on a
Mylar screen, is digitized using a digital camera (Grasshopper3
2.3MP Mono USB3 Vision, GS3-U3-23S6M-C) installed behind the
screen. Since the scattering pattern is perpendicular to the fiber
direction h, each fiber bundle contributes its scattered light inten-
sity at an angle of hþ 90�. Fig. 2d shows the post-processed SALS
scan output of a tricuspid valve anterior leaflet sample with the
contour of anisotropy index a and mean fiber direction l [50].
These network parameters were computed using a second-order
orientation tensor H (Eq. (1)) [53,54]. In particular, the eigenvalues
(k1; k2) and eigenvectors (V1;V2) of H were used to calculate the
anisotropy index a (Eq. (2)) and the mean fiber direction l (Eq. (3)).

H ¼
I

r � r R hð Þdh ð1Þ
a ¼ 100 1� k1
k2

� �
where k1 6 k2 ð2Þ
l ¼ tan�1 V2:j
V2:i

� �
ð3Þ

In Eq. (1), the symbol � represents the dyadic multiplication, r is a
unit vector in the direction of h (i.e., r ¼ cosh sinh½ �), and R hð Þ repre-
sents the fiber network distribution. An anisotropy index value
close to 100% indicates a well-oriented fiber network, whereas an
index value close to 0% indicates a randomly oriented fiber network.
ple extracted using a specially designed phantom [51]. (b) Schematic diagram of our
sample in the circumferential (solid) and radial (hollow) directions. (d) Schematic

d for the anterior leaflet sample using SALS [50], showing the anisotropy index (a)
indicate a more organized network. (For interpretation of the references to colour in



Fig. 3. (a) Random points generated between �1 and 1. (b) Delaunay triangulation algorithm applied to generate fibers. (c) Unit domain (1 � 1 � 1) chosen from the central
region. (d) Representative volume element (RVE).
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2.3. Generating three-dimensional representative volume elements

An internally-developed MATLAB program (based on the
method described previously by Sander et al. [55] and Dhume
et al. [56]) was used to generate 3D fiber networks to match the
2D measurements obtained using SALS. Random points were gen-
erated in three-dimensional (3D) space between �1 and 1 (Fig. 3a).
Using the Delaunay triangulation algorithm, we identified three
unique points to form a triangle whose edges were treated as fibers
(Fig. 3b). A unit domain (1� 1� 1) was then clipped from the cen-
tral region (Fig. 3c), which represents the fibrous component of the
ECM (the solid line segments in Fig. 3c), and non-collagenous part
of the ECM (the shaded region in Fig. 3d). The clipped domain was
used as representative volume element (RVE). Since the points
were chosen randomly at the initial steps, these types of RVEs were
equivalent to a randomly oriented fibrous network. However, to
generate a network with fibers aligned in any specific direction,
the initial network was stretched and rotated with specific values
prior to the clipping step. A library of network files having the
desired a and l when the fibers are projected on a two-
dimensional plane (similar to projection of the fibers in SALS) were
subsequently generated by adjusting the amount of stretch in the
fibers and rotating them accordingly. The required networks were
chosen from the library and were assigned to their corresponding
finite elements according to the SALS measurement.

2.4. Description of the multi-scale model

The backbone of a multi-scale model initially developed to ana-
lyze collagen gels [47] was employed in this study. This model is
designed at the macroscale and the microscale, representing the
functional aspect and the structural aspect of the tissue, respec-
tively. The three main assumptions of the model [47,57,58] are
as follows:

1. The non-collagenous ECM and collagen fiber network are inde-
pendent, and their stresses are additive.
2. The non-collagenous ECM is modeled as a compressible neo-
Hookean material at the macroscale [59–61]. The Poisson ratio
is set to 0.49 for modeling a nearly incompressible material.

3. The ECM collagen fiber–fiber interaction at the microscale is
used to determine the mechanical response of the fiber
network.

Separate RVEs are arranged at each of the eight Gauss points for
every element in the finite element (FE) model. A schematic of the
model arrangement is shown in Fig. 4, where the macroscale defor-
mations are mapped to deformations of microscale RVE boundaries
[57]. The RVE network rearranges and deforms in response to the
RVE boundary deformations, which generates a macroscopic
volume-averaged Cauchy stress S0ij in terms of microscopic stress
tensor s0ij at each integration point within each FE as in Nemat-
Nasser and Hori [62].

S0ij ¼
1
V 0

Z
V
s0ijdV ð4Þ

Further, on applying Green’s theorem and assuming microscopic
equilibrium (i.e. s0ij;i ¼ 0), Eq. (4) in its discrete form is given by
Eq. (5), where the prime denotes dimensional quantity.

S0ij ¼
1
V 0

X
boundary crosslinks

x0if j ð5Þ

Since an undeformed RVE represents a computational space of a
unit length, it is dimensionless. Dimensionless quantities are
scaled and converted to dimensional quantities (i.e., V 0 ¼ cV and
x0i ¼ cxi, which are described in more detail in Table 3 in the Appen-
dix) to represent a physical space in the tissue. The parameter c
represents the RVE edge length at the tissue level and, conse-
quently, the total fiber length at the tissue level is cL. The fiber vol-
ume is computed as cLAf , in which Af is the cross-sectional area of
the fiber. The volume fraction w is, then, given by Eq. (6):

w ¼ LAf

c2
ð6Þ



Fig. 4. Schematic diagram showing the arrangement of the multiscale finite element model.

528 V.S. Thomas et al. / Acta Biomaterialia 94 (2019) 524–535
which can be rewritten as Eq. (7)

c ¼
ffiffiffiffiffiffiffi
LAf

w

s
ð7Þ

Substituting the scaled quantities in Eq. (5), the macroscopic RVE
volume averaged Cauchy stress tensor Scij is computed as in Chan-
dran and Barocas (Eq. (8)) [47].

Scij ¼
w
LAf

1
V

X
boundary crosslinks

xif j ð8Þ

A balance between the stress generated and the macroscale
deformation is then obtained in an iterative manner [58]. The
fibers are modeled as nonlinear springs with force f in the fibers
governed by a nonlinear constitutive equation from Billiar and
Sacks (Eq. (9)) [63], as long as the fiber stretch kf is less than a crit-
ical stretch value of kc. Beyond the critical stretch value of kc , the
fiber forces are considered to change linearly with fiber stretch kf :

f ¼
Ef Af

b ebeG � 1ð Þ; kf < kc
Ef Af

b ebe
c
G � 1

� �þ Ef Af kcebe
c
G kf � kc
� �

; kf > kc

(
ð9Þ
where eG ¼ 1
2 k2f � 1
� �

is the Green strain of the fiber and ecG denotes

the strain value corresponding to the critical stretch value kc .
The stress contribution from the non-collagenous matrix Smij is

computed using a neo-Hookean model from Bonet and Wood
(Eq. (10)) [64].

Smij ¼ G
J

Bij � dij
� �þ 2Gm

J 1� 2mð Þ ln Jð Þdij ð10Þ

where G is the shear modulus, B is the left Cauchy–Green deforma-
tion gradient tensor, and J is the determinant of the deformation gra-
dient tensor F. Consistent with previous studies [65], the symbol m is
used as a material constant that within the range of linear elasticity
will be identical to the Poisson’s ratio. As shown previously, such use
of the Possion’s ratio as amaterial parameter in the undeformed con-
figuration allows the assumption of nearly incompressible material
behavior for the values of m close to 0.5 [46,67–69]. It is worth noting
that in generalized hyperelastic theory, the Possion’s ratio is a func-
tion of stretch [71,71], which was not considered in our study. The
stress contribution from the non-collagenous matrix is assumed to
vary only on the macroscopic scale. Microscopic equilibrium



Fig. 5. (a) Deformed configuration of the FE model under equibiaxial loading conditions. (b) Simulated multiscale model response after fitting the model parameters to five
loading protocols represented on the top left corner of the plot (circumferential: radial – 0.5:1 (�), 0.75:1 (+), 1:1 (⁄), 1:0.75 (D), 1:0.5 (})) measured using biaxial tensile
testing equipment (R2 ¼ 0:93). Deformed configuration of FE model with contours of green strain components (c) E11 & (d) E22 and Cauchy stress components (e) S11 & (f) S22.
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(scij;i ¼ 0) is assumed, and the Leibnitz theorem is applied to derive Eq.
(11) for the divergence of the macroscopic stress tensor, where the
right-hand side of Eq. (11) results from the pairing of the non-
uniform stress and non-uniform deformation of the RVE boundary
as described in detail in Chandran and Barocas [47].

Scij;i þ Smij;i ¼
1
V

I
@V

scij � Scij
� �

uk;inkdS ð11Þ

To solve the macroscopic boundary value problem with the
applied boundary conditions, the deformation of the RVE bound-
aries is first determined by the macroscopic deformation field.
The fiber force balance is then solved for each RVE. The volume-
averaged Cauchy stress for the ECM fibers are calculated; it is then
substituted into a macroscopic stress balance and solved itera-
tively. The Newton-Raphson method is used to iterate the nonlin-
ear macroscopic FE problem and microscopic force balance until
the solution converges. More details about this modeling approach
are available in the literature [46,47,54,57,72,73].

2.5. Macroscale finite element model specification

A 3D finite element model of the anterior leaflet sample (7 mm
� 7 mm � 0.406 mm) was developed and meshed with 2352 ele-
ments in three layers along its thickness (Fig. 4). An average of
Table 1
[Minimum, maximum] strain (E11 & E22) and [minimum, maximum] stress (S11 & S22) com
loading protocols.

Loading Protocols E11 E22

0.5:1 [�0.0667, 0.1240] [0.0024, 0.24
0.75:1 [�0.0452, 0.1514] [0.0022, 0.25
1:1 [�0.0522, 0.2072] [0.0022, 0.25

1:0.75 [�0.0522, 0.2239] [0.0023, 0.26
1:0.5 [�0.0643, 0.2744] [�0.0141, 0.26
450 fibers was maintained while generating RVEs for all elements,
based on the microstructural parameters (anisotropy index a and
mean fiber direction l) obtained using the SALS equipment [52–
54]. The networks generated were arranged in the model as shown
in the schematic diagram in Fig. 4. The collagen fiber diameter and
fiber volume fraction for our simulations were assumed to be
450 nm [74] and 43% [76,76], respectively. Five boundary condi-
tions were simulated based on the five protocols (0.5:1, 0.75:1,
1:1, 1:0.75 and 1:0.5) test data. For each specific value of applied
tension, the corresponding actuator displacements recorded dur-
ing the experiment were used as the displacement boundary con-
ditions on their respective edges of the model. The finite element
model was simulated using a trial set of fitting parameters (shear
modulus G, fiber modulus Ef , fiber critical stretch threshold kc ,
and parameter b to control the nonlinearity of the response), and
the model response was validated using five protocols biaxial test
data. Based on the model response in both the circumferential and
the radial direction, changes to the four parameters were made,
and the model was simulated again with the modified set of fitting
parameters. This process was repeated until the measure for fitting
quality R2 approached 1.

Each RVE has �450 fibers, which equates to nearly 2700
degrees of freedom, leading to more than 50 million degrees of
freedom for our FE model with 2352 elements. To expedite the
ponents in the final deformed configuration of the FE model for the simulated five

S11 (kPa) S22 (kPa)

33] [�0.1108, 27.8545] [�0.0636, 75.3780]
05] [�0.1230, 53.3879] [�0.0760, 90.0844]
94] [�0.1379, 117.9156] [�0.0902, 110.0844]
16] [�0.1420, 141.7450] [�0.0934, 115.3076]
84] [�0.1539, 221.9012] [�0.1019, 130.3874]



530 V.S. Thomas et al. / Acta Biomaterialia 94 (2019) 524–535
solving process, the code was parallelized using the message pass-
ing interface (MPI) technique and submitted the Ohio Supercom-
puter Center (OSC) to run on its Ruby Cluster (which uses 200
2.6-GHz Intel Xeon E5-2670 processors) [77]. Typically, each sim-
ulation required a clock time of �15 h to complete.
2.6. Statistical method

To evaluate the quality of fit between the model and the exper-
imental data, we computed the coefficient of determination (R2)
[78]. The R2 value was defined using Eq. (12):
Fig. 6. Initial configuration of fiber networks chosen from (a) the belly region (N1 in Fig. 4
top boundary (N3 in Fig. 4). The fiber distribution histograms of the selected network at
network as compared to (e) N2 (a ¼ 27%) and (f) N3 (a ¼ 28%). The final deformed confi
values shown in lighter colors. The fiber distribution histograms of deformed configurat
larger changes in (k) N2 and (l) N3. Distribution of fiber strains (e) at the final deformed
fibers in (n) N2 and (o) N3 experienced larger range of strains. (For interpretation of the r
this article.)
R2 ¼ 1�
Pn

i¼1 yi � ŷið Þ2Pn
i¼1 yi � yð Þ2

ð12Þ

where yi refers to the experimental data, y is the mean of yi and ŷi
refers to the values obtained from the simulation.
3. Results

Fig. 5a shows the deformed profile of the FE model in the final
step of an equibiaxial tension test simulation. The multiscale
model fitted all five loading protocols (0.5:1 [R2 = 0.82], 0.75:1
), (b) a location close to the left boundary (N2 in Fig. 4), and (c) a location close to the
the undeformed configuration showing that (d) N1 (a ¼ 41%) had more organized
gurations of fiber networks (g) N1, (h) N2 and (i) N3, with fibers under higher strain
ions showing that fiber orientation of (j) N1 changes very little as compared to the
configuration show that the majority of fibers in (m) N1 had similar strain, whereas
eferences to colour in this figure legend, the reader is referred to the web version of
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[R2 = 0.99], 1:1 [R2 = 0.98], 1:0.75 [R2 = 0.93] and 1:0.5 [R2 = 0.85])
with an overall R2 value of 0.93 for the tricuspid valve anterior leaf-
let sample (Fig. 5b). While in situ loading for the most part was
close to equibiaxial response (based on the assumption of law of
Laplace), three loading protocols 0.75:1, 1:1 and 1:0.75 were con-
sidered for which, the model response fitted the data set with a R2

value of 0.97. The R2 obtained was on par with phenomenological
models [25,63,26]. The model fit parameters for the anterior leaflet
sample were as follows: G = 2.1 kPa, Ef = 10.5 kPa, b = 50.5 and
kc = 1.12. The contour maps for Green strain (E11 & E22) and Cauchy
stress (S11 & S22) components were shown in Fig. 5(c,d) and (e,f),
respectively. Table 1 lists the minimum and maximum macroscale
strain and stress components for each of the five simulated loading
scenarios.

To demonstrate changes in the response of the ECMmicrostruc-
ture to macroscale equibiaxial loading as predicted by our multi-
scale model, three representative networks were chosen at
different locations on the model as shown in Fig. 4: N1, from a
location in the belly region (Fig. 6a); N2, from a location close to
the left boundary (Fig. 6b); and N3, from a location close to the
top boundary (Fig. 6c). The color contour of true strain in the fiber
was plotted; it shows that the initial strain for all fibers in the
undeformed configuration is zero. The measure of fiber spread
(i.e. the anisotropy index) in the undeformed networks were 41%
for N1 (Fig. 6d), 27% for N2 (Fig. 6e), and 28% for N3 (Fig. 6f). Fiber
networks at the end of the simulated deformation are shown in
Fig. 6(g–i). The fiber networks were found to have translated and
rotated based on the RVE boundary deformation, and they rea-
ligned primarily in the direction of the applied load. The network
N1 in Fig. 6j did not show a prominent change in its alignment
compared to its initial state. In contrast, networks N2 (Fig. 6k)
and N3 (Fig. 6l) showed higher anisotropy index values after defor-
mation, indicating that these networks became more aligned. The
majority of fibers in network N1 underwent strain values of
approximately 13% (Fig. 6m). However, networks N2 and N3

showed a relatively even distribution of fibers up to a maximum
strain of � 30% (Fig. 6(n,o).

Fig. 7 shows the distribution of maximum principle strain E1 in
2352 finite elements. The majority of elements in the FE model
underwent strain levels below 20%. Fig. 7 also shows the distribu-
tion of fiber level strains using one-eighth of the fiber-containing
RVEs in the model. To generate this distribution histogram, one
RVE per FE was selected, and the fiber strain data were augmented
in a master fiber strain data file. The reason for choosing only one
Fig. 7. Distribution of the maximum principal strain E1 in the macroscale FE
elements (light shaded region bounded with dotted line) and distribution of
engineering strain e in the fibers in all the elements (dark shaded region bounded
with solid line).
RVE per element (instead of using all eight RVEs in each FE) was
the limitation in storing a large number of data files at the high
performance computer center. The fiber strain histogram shows
that the majority of fibers underwent less than 20% strain, and only
a small number of fibers had strain values between 20% and 30%.
This complied with our fitted threshold fiber stretch value of
1.12 (�13% Green strain) which was less than 20% strain. Direct
comparison of maximum principle strain E1 and fiber strain is per-
haps not an ideal method. Nevertheless, the two strains (one rep-
resenting the macroscale and the other representing the
microscale) were distributed in a noticeably different manner.
4. Discussion

Using our multiscale approach, for the first time, it is possible to
estimate changes in the ECM microstructural architecture of the
tricuspid valve anterior leaflet in a controlled loading environment
(Fig. 6). For example, when comparing the final deformed configu-
ration (Fig. 5) with the undeformed configuration (Fig. 4), we
observed slight changes in the anisotropy index contour in the cen-
tral region of the model. However, towards the boundaries, we
noticed more prominent changes in the anisotropy index with
deformation (Fig. 5). One could assume that the central region
was under in-plane biaxial deformation, whereas regions close to
boundaries underwent non-biaxial deformations. Such differences
could also be noticed by examining individual RVEs at different
locations in the model. For instance, networks N2 and N3 (high-
lighted in Fig. 4) had similar anisotropy indices in the undeformed
configuration (Fig. 6(b,c). For N2, located close to the left boundary
of the model, the anisotropy index increased from 27% to 36%
(Fig. 6k). For N3, the anisotropy index increased from 28% to 40%
(Fig. 6l). Since tricuspid valve leaflets undergo complex deforma-
tions under more physiologically relevant conditions [79], our
model can be used to predict ECM-level microstructural changes
that are more relevant to the valvular mechanical environment.
It is worth noting that our current SALS experimental measure-
ments are limited, as we were not able to examine changes in
the structural architecture of the same specimen under controlled
biaxial deformation. We have recently conducted experiments
showing that, on an average, the anisotropy index of the tricuspid
valve anterior leaflet increases when it undergoes deformation due
to an increase in the right ventricular pressure [50]. Future exper-
imental measurements of ECMmicrostructural changes under con-
trolled biaxial experiments using SALS or polarized light
microscopy [54] can be used to quantitatively validate our results.
Another emerging method to image ECM collagen fiber is second
harmonic generation (SHG) microscopy, which is highly sensitive
to changes in the collagen fiber structure due to its fundamental
physical origin [80]. Fata et al. [81] were able to measure collagen
recruitment under real-time deformations during biaxial tests
using SHG microscopy. Therefore, such imaging techniques could
aid in validating the microstructural response of our model.

We also observed that the mechanical strains between the ECM
fibers of the tricuspid valve anterior leaflet are distributed differ-
ently than the strains in macroscale tissue. It is important to quan-
tify the ECM-level strains, especially in the field of
mechanobiology. Heart valves experience a dynamic mechanical
environment due to the nature of their functions during each car-
diac cycle. As such, one would expect that the ECM fibers undergo a
range of homeostatic strains during their normal functions. Devia-
tions from such homeostatic strains, whether they are caused by
pathological lesions (such as chordae rupture [82]) and/or surgical
interventions (such as ring annuloplasty [83]), could lead to
changes in the mechanical integrity of the valve leaflets via dam-
age and/or remodeling responses.
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Increased levels of strains in soft tissues can lead to tissue dam-
age, and previous studies have shown that ECM-level strains could
predict such tissue damage under excessive mechanical loading
[58]. Interestingly, the valvular ECM remodeling response is initi-
ated due to both increased and decreased mechanical stresses,
and decreased stress could lead to ECM degradation and a subse-
quent loss of structural integrity of the valve. Cardiac valves are
known to contain molecules that control and regulate collagen
degradation. In all types of cardiac valves, matrix metallopro-
teinase 1 (MMP-1) has been found [84]. In the tricuspid valve in
particular, tissue inhibitors of metalloproteinases (TIMP-1, TIMP-
2, and TIMP-3) are also present in the tissue and are believed to
be synthesized by valve interstitial cells [85,85]. It is interesting
that the mechanical environment directly affects enzymatic degra-
dation of the ECM collagen. Experimental studies have shown that
ECM collagen is more stable and degrades more slowly under
homeostatic mechanical strain. In particular, Zareian and col-
leagues have shown that 1.5% mechanical strain decreases enzy-
matic activity by 50% and consequently delays rapid native ECM
collagen degradation [86]. Flynn et al. [87] also investigated the
concept of strain-dependent collagen degradation in a microbiore-
actor under controlled environment in which rearranged type I col-
lagen micro-networks were strained gently between micropipettes
[87]. A notable increase in the degradation time of loaded fibrils
exposed to active MMP-8 was observed with applied mechanical
tensile strain. These studies collectively show that the mechanical
strains at the ECM level have a protective role and without some
minimum level of strain, the ECM collagen degrades more rapidly.
Although no study has been conducted on the tricuspid valve leaf-
lets in particular, it is well known that many soft tissues have rate-
dependent viscoelastic responses [89,89]. In fact, a recent study
[90] has shown that a 1000-fold change in the strain rate can lead
to different mechanical behavior in semilunar valve samples under
biaxial loading. Notwithstanding the importance of this study,
heart valves generally function within a narrow range of frequency
(�50–�200 beats per minutes). While frequency is not the only
paramter that can affect strain rates, as consistent with previous
investigations [92,92], we used a quasi-static approach in the sim-
ulation of tricuspid valve leaflets. The current version of our model
framework is not applicable for the simulation of viscoelastic
materials that undergo a wide range of strain rates.

Considering the biomechanically induced remodeling responses
of the ECM demonstrated in the above mentioned studies, it is not
surprising that reducing fiber-level strains in the cardiac valves
from their homeostatic levels would lead to changes in the ECM
integrity. For example, Stephens et al. [93] have shown that mak-
ing a surgical hole in the mitral valve leaflets in order to initiate
regurgitation (and consequently changing the mechanical loads
applied on the leaflets) would alter their ECM collagen content.
However, without multiscale methods similar to the one devel-
oped in this study, it will not be possible to quantify the amount
of change in the ECM-level strain values. The lack of such informa-
tion precludes quantitative analysis of strain-dependent tissue
remodeling. As stated above, macroscale changes in the tricuspid
valve mechanical environment may occur due to many primary
lesions (such as chordae rupture [82]), secondary diseases (such
as pulmonary hypertension [94]), or surgical interventions (such
as ring annuloplasty [83]). Such changes could directly affect colla-
gen synthesis/degradation and subsequently affect the integrity of
the valve and its normal function. The interdependence between
ECM-level changes of strains/microstructure and the macroscale
mechanical environment of the tricuspid valves in response to sur-
gical procedures is a topic of active research in our laboratory.

We compared the fitted parameters of the tricuspid valve ante-
rior leaflet with those obtained for other tissues (e.g., arterial wall,
aorta, blood vessels, collagen gels, etc.) using similar multi-scale
models [46,47,57,58,66,95]. We noticed that the values for the crit-
ical stretch (kc) and shear modulus (G) were similar to those of
other tissues. However, values for the non-linear parameter b,
which ranged from 0.25 to 10 in the studies with similar models,
were smaller than our fitted b value of 50.5. The fiber modulus
(Ef ) parameter in the above mentioned studies was 2–3 orders of
magnitude larger (ranging from 1.3 MPa to 43.2 MPa) than our fit-
ted fiber modulus parameter. While our model was the first one
developed using volume-averaging theory for the multi-scale
responses of any cardiac valves, others have used the exponential
fiber constitutive equations in modeling of the aortic valve leaflets
using a top-to-bottom affine approach [63]. In particular, Billiar
and Sacks used a similar exponential equation (formulated based
on tension rather than stress) and found a wide range of values:
between 0.0042 N/m and 0.16 N/m for the counterpart of the fiber
modulus parameter in their model for glutaraldehyde-treated
native aortic valves [63]. In the realm of phenomenological models,
parameters for a non-linear Fung-type model of porcine tricuspid
valve leaflets also covered a wide range of values between
0.4 kPa and 6.1 kPa [25]. Similarly, fitting non-linear models for
carotid arteries under biaxial loading before and after exposure
to elastase enzyme led to a wide range of parameter values with
a high standard deviation in both groups [96]. Clearly, the non-
linear nature of the constitutive models could be a reason for such
wide range of fitted parameters. Since the primary focus of this
study was development of a modeling framework for the tricuspid
valve, a single sample (10 mm � 10 mm � 0.406 mm) extracted
from the belly region of the tricuspid valve anterior leaflet was
considered. Further analysis incorporating a larger number of sam-
ples of the tricuspid valve leaflets is necessary to identify a range of
parameter values that can be used in future sensitivity studies [97].

To examine the uniqueness of the obtained model parameters, a
sensitivity analysis was conducted by perturbing each of the four
model fitting parameters by �5% and keeping the other three
parameters unchanged. Perturbing parameters by �5% and +5%
resulted in percentage changes in the sum of the squared error
(SSE) of 160.28% and 325.42% for kc , 35.66% and 39.74% for G,
36.94% and 42.82% for Ef , and 143.36% and 69.30% for b relative
to the SSE computed for the model predicted response in Fig. 5.
While it is necessary to conduct a more rigorous sensitivity analy-
sis in the future, the increase in the SSE values after perturbing the
parameters provides some level of confidence in the uniqueness of
the obtained model parameters within the proximity of every sin-
gle parameter domain. Further perturbation of the parameters and
examination of the concavity of the error space can strengthen the
fidelity of the specific fitted parameters for this sample [100,99].
Such perturbation analyses, however, are computationally costly
due to the large size of the multi-scale model.

Our study is not without limitations. In our model, we have
broadly classified the tissue sample into a fibrous component rep-
resenting collagen and a non-fibrous component representing the
remaining non-collagenous portion of the ECM and cells. This
assumption was motivated by the fact that collagen is the main
load-bearing component of the valve. However, classifying the
fibrous part of the ECM into collagen and elastin can further
improve our model. The addition of elastin fibers as a new fiber
family will introduce three additional fitting parameters (elastin
fiber modulus Ee

f , elastin fiber critical stretch threshold kec and a

parameter be that controls the nonlinearity of the response for
elastin fibers) into our model. Further, in this step of model devel-
opment, we used porcine heart valve samples, which have been
used in many other valvular biomechanical studies [100]. How-
ever, caution should be taken when drawing conclusions regarding
human tissues from porcine studies. For example, a previous study



Table 2
Abbreviations used in this document.

Abbreviation Full form

3D Three-dimensional
ECM Extracellular matrix
FE Finite element
MPI Message passing interface
MV Mitral valve
PBS Phosphate buffer saline
MMP Matrix metalloproteinase
RA Right atrium
RV Right ventricle
RVE Representative volume element
SALS Small angle light scattering
TIMP Tissue inhibitor of metalloproteinases
SHG Second harmonic generation
SSE Sum of the squared error

Table 3
List of model parameters.

Model
Parameter

Description

w Fiber volume fraction
c RVE edge length
L Dimensionless length of the fibers
Af Fiber cross sectional area
V RVE volume
xi Position of the boundary cross-link
f j Force generated at the fiber level
eG Fiber Green strain
�cG Green strain at threshold fiber stretch
Ef Fiber modulus
kf Fiber longitudinal stretch ratio
kc Fiber critical stretch threshold
b Exponential parameter representing the non-linearity of the

force response
G Shear modulus
l Poisson’s ratio
J Determinant of the deformation gradient tensor F (Fij ¼ @xi

@Xj
)

Bij Left Cauchy–Green deformation tensor (Bij ¼ FikFjk)

Scij Volume averaged Cauchy stress from collagenous matrix

Smij Stress contribution from non-collagen matrix

scij Microscopic stress tensor from collagenous matrix

uk Displacement of the RVE boundary
nk Unit normal vector
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comparing the biomechanical properties and microstructure of
aged human and healthy porcine aortic valve leaflets showed sig-
nificant differences in both the mechanical (human valve leaflets
are less compliant) and structural aspects (human valve leaflets
contained more collagen and elastin) of the tissues of the two spe-
cies [101].

5. Conclusions

The computational multiscale finite element model imple-
mented in our study is capable of capturing the mechanical
response of the tricuspid valve anterior leaflet. This model provides
insight into changes in the tricuspid valve ECM microstructural
architecture and fiber strains due to an altered mechanical loading
environment. It has the potential to predict remodeling responses
in pathophysiological conditions that affect the mechanical loading
of the tricuspid valve, similar to remodeling response models
developed for other biological materials [102].
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Appendix A

As part of our commitment to broadening the impact of our
research work, we have developed an educational component
related to the research work presented in this manuscript. In this
Appendix, we have provided a ‘‘homework assignment” that is
appropriate for a graduate-level introductory course in biome-
chanics or continuum mechanics.

Problem – As discussed in the method section, the stress in the
non-collagenous matrix Sij was computed using a neo-Hookean
model from Bonet and Wood (Eq. (13)) [64].

Sij ¼ G
J

Bij � dij
� �þ 2Gm

J 1� 2mð Þ ln Jð Þdij ð13Þ

We also stated that the use of the Possion’s ratio as a material
parameter in the undeformed configuration in this formulation
allows the assumption of nearly incompressible material behavior
for the values of m close to 0.5. As shown by Bonet and Wood [64],
within the range of small strains, the standard fourth order elastic-
ity tensor can be recovered from Eq. (13). In such a case, the
assumption that m! 1

2 leads to incompressibilty is easy to prove.
The purpose of this exercise, however, is to show that even for
large strains, the specific form of the constitutive relation pre-
sented in Eq. (13) guarantees that as m! 1

2, the volume has to stay
constant and, thus, the material behavior becomes nearly incom-
pressible. To demonstrate such a response, you may start from
any arbitrary deformation gradient tensor Fij that is expressed in
terms of its eigenvalues ki in a coordinate system (Eq. (14)), which
aligns with its orthogonal eigenvectors:

F ¼
k1 0 0
0 k2 0
0 0 k3

2
64

3
75 ð14Þ
In the first part of the problem, calculate the components of the
left Cauchy–Green deformation tensor and subsequently use them
to calculate the components of Cauchy stress. The Cauchy stress
tensor should be in the following form (Eq. (15)):
S¼

G
J k21�1þ 2m

1�2mð Þ ln Jð Þ
h i

0 0

0 G
J k22�1þ 2m

1�2mð Þ ln Jð Þ
h i

0

0 0 G
J k23�1þ 2m

1�2mð Þ ln Jð Þ
h i

2
6666666666664

3
7777777777775
ð15Þ
In the second part of the problem, show that as m! 1
2, the only

acceptable finite deformation is the one in which ln Jð Þ ! 0, i.e.,
J ! 1 and, thus, the material behavior has to be incompressible.
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