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Mechanically Induced
Deformation of Nuclei in the
Tricuspid Valve Interstitial Cells:
Experimental Measurements and
Multi-scale Computational
Simulation
We examined the mechanical deformation of valve interstitial cells (VICs) in the anterior
leaflet of the tricuspid valve and explored the relationship between the extracellular
matrix (ECM) structure and cellular mechanics. Fresh porcine hearts were used to
prepare specimens, subjected to biaxial tensile testing, and imaged using confocal micros-
copy with VIC nuclei staining. A multi-scale computational framework was developed to
analyze cellular deformation and orientation within the ECM, using nuclear aspect ratio
(NAR) as a metric. Experimental results showed that NAR values increased with mechanical
loading, from 2.57 ± 0.72 in a traction-free state to 3.4 ± 1.29 at 130 kPa. Model predic-
tions aligned with experimental findings. They also highlighted the significant impact of
ECM fiber orientation on VIC nuclei deformation. These results indicate that mechanical
forces profoundly influence cellular morphology and, potentially, their function. Further
development of models is necessary to understand the complex interplay between the
mechanical environment and cellular responses, crucial for identifying how mechanical
forces affect tricuspid valve function and malfunction. [DOI: 10.1115/1.4066002]
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1 Introduction
The tricuspid valve (TV), located on the pulmonary side of the

heart, ensures unidirectional blood flow from the right atrium to
the right ventricle (Fig. 1). The TV function may be compromised,
leading to a backward flow of blood from the ventricle to the atrium,
known as tricuspid regurgitation. Whether occurring in isolation or
alongside other valvular issues, tricuspid regurgitation is linked to a
more than two-fold increase in cardiac mortality when left untreated
[1,2]. However, surgical intervention on the TV, especially an iso-
lated TV surgery, is often discouraged due to elevated in-hospital
mortality rates ranging from 10% to 25% [3–6]. These sobering sta-
tistics, combined with our incomplete understanding of the patho-
genesis of tricuspid regurgitation, underscore the importance of
unraveling the mechanisms behind its development. Without eluci-
dating such mechanisms, our capacity to establish precise patient
selection criteria for surgery and to improve long-term outcomes
remains limited.
Proper TV function relies on the biomechanical behavior of its

three leaflets: the anterior, posterior, and septal leaflets. TV leaflets
have complex microstructure that significantly affects the macro-
scale biomechanical responses of the valve [7,8]. Specifically,
proper coaptation of the leaflets, i.e., how the edges of the leaflets
join together to close and seal the valve, is required for normal
TV function. In atrioventricular valves, leaflet coaptation can be
affected by changes in the mechanical integrity of the extracellular

matrix (ECM) constituents, such as collagen and/or elastin [9]. Bio-
mechanical remodeling of the ECM in TV leaflet may lead to val-
vular insufficiency and regurgitation [10]. For instance, Marfan
syndrome is a genetic disorder characterized by an abnormal
coding of the FBN1 gene for fibrillin-1. Fibrillin-1, part of the
microfibril family that, in conjunction with an amorphous core
made of elastin, constitutes the elastic fibers typically known as
elastin [11–15]. While collagen provides structural stiffness to
maintain leaflet coaptation during systole [16], elastin contributes
long-range elastic properties such that the leaflet can recoil and
extend during systole and diastole, respectively [11,16]. Marfan
syndrome impacts 1 in every 3000–5000 individuals in the
United States [17]. The mechanisms by which these genetically
induced ECM changes affect the function of TV, especially in the
context of tricuspid regurgitation induced by Marfan syndrome,
remain poorly understood and warrant thorough investigation.
Such a lack of knowledge is not unexpected, given that the TV
has been referred to as the “forgotten valve” over the years [18].
The TV leaflets have a layer-like structure composed of the ECM

and the residing valve interstitial cells (VICs) [19]. The VICs play a
critical role in maintaining the mechanical integrity of the valve [20].
Among different functions, the VICs contribute to ECM protein
synthesis and maintain a structurally competent leaflet. As such, it
is important to identify changes in the biomechanical micro-
environment of the TV interstitial cells in response to the ECM struc-
tural changes (Fig. 1). The VICs have the ability to sense its environ-
ment via mechanotransduction [21] and translate physical stimuli
into biochemical activity that triggers intracellular signaling. This
sensing mechanism is primarily initiated via fibrillar and focal adhe-
sion points on the surface of the VICs [22].Where fibrillar adhesions
are small and/or elongated adhesion complexes, focal adhesions are
much larger and contain cytoplasmic proteins (e.g., paxillin and vin-
culin) [23–25]. It is through the focal adhesion points on VICs that a
robust anchorage to the ECM is made [23,25–29].
To the point that VICs respond via mechanotransduction, recent

findings from Refs. [30,31] have documented that certain types of
cells are able to sense confinement by means of nuclei deformation
[30,31]. In addition, aortic valve interstitial cells have been found to
respond to mechanical deformations. Ku et al. have documented
that under sustained mechanical stretching, aortic VICs up-regulate
the production of collagen type-III [32]. The physical stimuli that
VICs receive may translate to different outcomes that may be
tissue specific. In canine mitral valve, for instance, increased
stretch (be it static or cyclic) has been found to induce cellular sig-
naling that is favorable toward myxomatous pathology [33].
The objective of this study was to identify the relationship

between the deformation of VICs—particularly that of VICs
nuclei—and tissue-level mechanical loading. While existing com-
putational models can capture the overall responses of the TV,
they fall short in accurately predicting cellular deformation in
response to changes of the ECM [7,34–38]. Prior experimental
research has highlighted the variability of VIC nuclear shape in
response to macro-scale mechanical loading in TV leaflets [36].
Our experimental/computational approach has helped us to extend
such findings by identifying the correlation between the orientation
of the ECM fibers and the nuclear shape in VICs of the TV. We
examined cells in various alignments relative to the ECM fiber ori-
entation, using a computational approach since such studies were
not possible via experimental methods. Our computational
scheme allowed for a more nuanced examination of how cellular
orientation and ECM structure interplay in determining cell defor-
mation and valve mechanics.

2 Methods
2.1 Experimental Measurements

2.1.1 Specimen Preparation. Fresh porcine hearts were
acquired and delivered in phosphate buffered saline (PBS) to our
facilities by a known provider of biological specimens (Animal

Fig. 1 Comprehensive illustration of cardiac structure and
mechanical behavior during the cardiac cycle. The top panel
illustrates the anatomy of the porcine heart TVs. The middle
panel shows the TV transformation between diastole and
systole. The lower panel details the corresponding microstruc-
tural changes in cardiac tissue and ECM/VIC interactions
during the cardiac cycle. This image was created with
BioRender.com.
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Technologies Inc., Tyler, TX). Once the hearts were received, the
TV apparatus was located and the anterior leaflet was carefully iso-
lated while maintaining some of the annulus for orientation pur-
poses. This step allowed for differentiating the radial from the
circumferential directions on the anterior leaflet specimen. Follow-
ing the excision of the anterior leaflet, the specimens were kept at 4
◦C until the time of mounting on a custom-made biaxial tensile
machine. Details for the mounting procedure have been thoroughly
explained in previous publications [39–44]. Briefly, the specimen
was carefully sized and trimmed with the use of a tissue template
that was placed such that the edges coincided with the radial and cir-
cumferential directions.

2.1.2 Specimen Fixation Under Mechanical Loading. Prior to
mounting the specimen on the biaxial tensile machine, the thickness
of the tissue was recorded using a leaflet gauge with a resolution of
0.001 in. (25.4 μm). The thickness of each specimen was used in
determining, via the onboard software, the required equibiaxial
load needed to achieve the following target equi-biaxial stress
levels: 0, 5, 10, 40, 90, and 130 kPa. The tissue was mounted
such that one axis of the specimen coincided with the radial direc-
tion, and the other axis with the circumferential direction of the
leaflet. Once mounted, a total of ten preconditioning cycles were
applied prior to specimen fixation in a bath of 4% para-
formaldehyde in PBS. The biaxial tensile machine then executed
a script that maintained the target stress level during the 2-h fixation
process. Each fixation stress load included a sample size of 3,
leading to a total count of 18 samples across all load levels. The
samples were fixed under mechanical loading because the cross-
linking of the ECM fibers due to fixation guaranteed that any mor-
phological changes in the nuclei would be present after removal of
the loads and during imaging as shown previously [45]. Following
fixation, the samples were carefully removed and a surface sub-
millimeter glass marker was attached to the top-right corner so as
to establish orientation (radial from circumferential) for the forth-
coming steps. In addition, a small notch was placed adjacent to
the glass marker as a precautionary measure should the marker
become dislodged. Specimens were subsequently stored in 70%
ethanol.

2.1.3 Tissue Processing and Staining. Much the same with
previous approaches [46,47], fixed specimens were processed and
20 μm-sections were obtained along the transmural-circumferential
direction, coinciding with the bulk of collagen in the fibrosa layer of
the leaflet. Following de-parafinazation, the sectioned tissue was
permeabilized with Triton X-100 (Sigma Aldrich, SKU:
X100-500ML), at a concentration of 1:1000, for 20min, after
which the VIC nuclei were stained with SYTOX Green (Thermo
Fisher Scientific, Cat. No.: S7020) at 1:2000 for 15min. The
excess staining solution was then removed and the slide was
mounted with Fluormount-G (Thermo Fisher Scientific, Cat. No.
50-187-88).

2.1.4 Image Acquisition and Processing. Specimens were
imaged on a Zeiss LSM 880 having multi-photon capability with
a Zeiss Plan-Apochromat 10×/0.45 objective. The stained VICs
were imaged at an excitation wavelength of 504 nm, laser power
set at approximately 1.5%, and the photomultiplier level at 550.
The Z-stack acquired, throughout the thickness of the specimen,
was captured at a resolution of 1024 × 1024 (16-bit).
Processing for the microscope images was carried out in IMARIS

(Oxford Instruments, v. 9.9.0). Once the microscopy images were
converted into native IMARIS format, the segmentation of VICs
took place. In this step, VICs were identified as “Surfaces” and seg-
mented with the background segmentation set at 7 μm and a seed
point of 4.5 as a starting point. Seed placement was based on an
“Intensity Mean” filter such that segmentation took place outward
from the volume of higher average intensity of the stained VICs.
After completing the segmentation wizard, further manual adjust-
ments took place to ensure that the surface segmentation accurately

represented that VICs in the Z-stack. Any surfaces segmented
within 2 μm from the XYZ border was discarded so as to not
include erroneous artifacts in subsequent analysis. A sample
image set displaying native image acquisition with IMARIS-
segmented surfaces can be seen in Fig. 2(a).

2.1.5 Nuclear Aspect Ratio Calculation. Data were exported
from IMARIS and processed with a custom script in MATLAB (Math-
works Inc., Natick, MA). Among the metrics exported from
IMARIS were the vectors for each axis of each of the segmented
VICs. From there, in order to obtain the nuclear aspect ratio
(NAR), as a measure nuclear deformation [45,48], the following
equation was used.

NAR =
‖c‖
‖a‖

(1)

where c the largest axis vector and a the smallest axis vector were
generated by IMARIS based on a fitted ellipsoid of each segmented
surface. This calculation was carried out to acquire an overall
NAR for the imaged sample.

2.1.6 Leaflet Mechanical Testing and Structural Analysis of the
Underlying Extracellular Matrix. Data on macro-scale mechanical
responses of the tissue and the underlying structure of the ECM
were necessary inputs for the computational model. As such, we
performed the following experiments on a selected fresh anterior
leaflet. We first used our custom-made biaxial testing device to
identify the tension/deformation responses of the tissue as described
in detail previously [39–44]. The specimen was subsequently
unmounted from the biaxial testing equipment once the data were
recorded and then mounted on a small angle light scattering
(SALS) device for imaging purposes [7,8,49–51]. The experimental
method of SALS is provided in our previous publications [7,8].
Briefly, a 5mW He–Ne laser beam (Model 1125) with random
polarization passed through the sample, scattering off the fibrous
structures. The scattering pattern was captured by a digital camera
(Grasshopper3 2.3 MP Mono USB3 Vision, GS3-U3-23S6M-C)
placed behind a Mylar screen. Each fiber bundle contributed its
scattered light intensity at an angle of θ + 90 deg, as the pattern
was perpendicular to the fiber direction θ. The post-processed
SALS scan output was employed to generate a second-order orien-
tation tensor Hij [52,53]:

Hij =
∮
rirjR(θ)dθ (2)

where θ is the fiber direction, R(θ) is the fiber distribution function
obtained from SALS, and ri is a unit vector in the direction of θ

Fig. 2 (a) Image data set showing stained VIC nuclei along with
IMARIS-segmented surfaces and (b) a representative segmented
VIC nuclei with the semi-axes notation a, b, and c used for
nuclear aspect ratio calculation
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defined by

r1 = cos θ

r2 = sin θ

(3)

From the eigen analysis of Hij, we obtained

Hij = λ(1) w(1)
i w(1)

j

( )
+ λ(2) w(2)

i w(2)
j

( )
(4)

where w(k)
i and λ(k) are the eigen vectors and eigen values of Hij,

respectively. Note that λ(2) ≥ λ(1). The anisotropy index, α, a
measure of ECM network spread, and the main fiber direction, μ,
were then defined by

α = 1 −
λ(1)

λ(2)

( )
× 100% (5)

μ = tan−1
w(2) · e2
w(2) · e1

( )
(6)

where e1 and e2 were the unit vectors in the horizontal and vertical
directions of the scanned image (corresponding to circumferential
and radial anatomical directions), respectively.

2.2 Computational Modeling

2.2.1 Multi-scale Finite Element Model. In this study, we
employed a multi-scale model approach originally developed for
analysis of collagen gels [54]. This model, used in a range of
fibrous soft tissues and biomaterials, has been described in detail
previously [55–57,51,7,58–62]. Briefly, each finite element
included eight Gauss points, with individual representative
volume elements (RVEs) positioned at each Gauss point (Fig. 3).
The macroscopic volume-averaged Cauchy stress S′ij was generated
by the RVE boundary deformations, which caused the RVE
network to rearrange and deform. This process was reflected in
the microscopic stress tensor s′ij at each integration point within
each finite element using a volume averaging approach [63].

S′ij =
1
V ′

∫

V
s′ijdV (7)

S′ij =
1
V ′

∑

boundary crosslinks

x′if j (8)

where x′i represents the i
th component of the position at the boundary

cross-link (i.e., on one of the six edges of the RVE) and fj denotes
the force exerted on the boundary cross-link in the j-direction. An
undeformed RVE embodied a computational space with a dimen-
sionless unit measure [55]. The conversions of V ′ = γ3V and x′i =
γxi enabled the representation of the physical space of the tissue
using the unit computational domain. The scaling parameter γ
denotes the edge length of the RVE at the tissue level (i.e., physical
domain), resulting in a total fiber length of γL, with L being the total
length of fibers in the computational domain. Consequently the total
(actual) fiber volume was γLA f , with A f representing the mean
cross-sectional area of all fibers. The volume fraction ψ was
expressed by dividing the total volume of the fibers, γLA f , over
total volume of the undeformed RVE, γ3 [7]:

ψ =
LA f

γ2
(9)

The volume fraction (a property of the network that is experimen-
tally measured) was related to the computational values of the
RVE (i.e., xi and V) and the volume-averaged Cauchy stress
tensor S′ij was achieved [54]:

S′ij =
ψ
LA f

1
V

∑

boundary crosslinks

xif j (10)

The fibers within the model were represented as nonlinear springs,
where the force f in the fibers followed a nonlinear constitutive
equation [64] for as long as the fiber stretch λ f remained below a
critical stretch value of λcf . Once the critical stretch value of λcf
was surpassed, the fiber was modeled as a linear spring:

f =
Ef A f

β eβεG − 1
( )

, λ f < λcf
E f A f

β e(βε
c
G) − 1

( )
+ Ef A f λcf e

(βεcG) λ f − λcf
( )

, λ f > λcf




 (11)

where εG = (1/2)(λ2f − 1) is the fiber Green strain, εcG is the strain
value when the stretch reaches the critical value of λcf , Ef is a
parameter that relates to the fiber stiffness with the same dimension
as elastic modulus, and β is a dimensionless parameter representing
the nonlinearity of the force response.

Fig. 3 Diagram illustrating the model. Cell nuclei were represented as ellipsoids. Deformation of these
ellipsoids resulted from the rotation and stretching of extracellular matrix fibers within the micro-scale rep-
resentative volume element and the NAR was calculated for various macro-scale loading levels.
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The stress contribution arising from the non-fibrous matrix,
denoted as Smij , was determined using a neo-Hookean model [65]:

Smij =
G
J

Bij − δij
( )

+
2Gν

J(1 − 2ν)
ln (J)δij (12)

with Bij being the left Cauchy green deformation tensor at macro-
scale, J being the determinant of the deformation gradient tensor
Fij, G being the shear modulus, and δij being the Kronecker delta.
The parameter ν serves as a material constant which, in the linear
elasticity range, corresponds to the Poisson’s ratio. As demonstrated
earlier, employing the Poisson’s ratio as a material parameter in the
initial configuration enables the assumption of nearly incompress-
ible material behavior when ν approaches a value of 0.5 [66–68].
The stress contribution originating from the non-collagenous
matrix was considered to exhibit variations solely on the macro-

scopic scale. Microscopic equilibrium s′ij,i = 0
( )

was presumed,

and the Leibnitz theorem was employed to derive the divergence
of the macroscopic stress tensor [54]:

S′ij,i + Smij,i =
1
V

∮

∂V
s′ij − S′ij

( )
uk,inkdA (13)

where uk,i is the gradient of the displacement u at the surface and
nk is the normal to the surface of the RVE. To solve the macro-
scopic boundary value problem, the deformation of the RVE
boundaries was first determined using the macroscopic deforma-
tion field. Then, the fiber force balance was computed for each
RVE. The volume-averaged Cauchy stress of the ECM fibers
was determined and subsequently applied in a macroscopic
stress balance equation, which was solved through an iterative
process. The solution involved iterating between the nonlinear
macroscopic finite element problem and the microscopic force
balance using the Newton–Raphson method until convergence
was achieved [7].
Three-dimensional fiber networks for each RVE were generated

to match experimental data obtained from SALS as described in
detail previously [7]. At the tissue level, the model was discretized
into 2352 macro-scale elements in three layers along the thickness.
Each RVE was composed of approximately 450 micro-scale ele-
ments. As such the model had a total of ∼ 108 degrees-of-freedom.
Similar to our previous work [7], the load-control biaxial experi-
mental data of the leaflet were then used to estimate the model
parameters: G = 2.0 kPa, Ef = 20 kPa, λcf = 1.1, and β = 89.7
(Fig. 4). The coefficient of determination R2 was utilized to evaluate
the agreement between the finite element model and equibiaxial
experimental data:

R2 = 1 −
∑n

i=1 yi − ŷi
( )2

∑n
i=1 yi − !y

( )2 (14)

where yi represents the experimental data, !y denotes the mean of yi,
and ŷi represents the values obtained from the simulated model.

2.2.2 Computational Estimation of Valve Interstitial Cell
Nuclear Deformation. An approximation of the complex cell–
ECM fiber matrix mechanism was considered as our VIC deforma-
tion model. Mechanical stresses are transmitted to the cell nuclei
from the ECM fibers through a sophisticated network involving
focal adhesions and intracellular structures. Focal adhesions serve
as the connection points between cells and the external ECM at
the cell membrane, facilitated by transmembrane proteins known
as integrins [29]. Omitting the intricate intracellular structural com-
ponents, we developed a representative model to predict the nuclear
deformation in coordination with the deformation of the fiber
network in response to applied macro-scale loading.
An ellipsoidal geometry was assumed for the cell nucleus [69].

The center of the ellipsoid was positioned within the geometric
center of the RVE in the undeformed configuration. The change
of the ellipse aspect ratio was used as a measure of the cellular
deformation similar to the NAR calculation described in Eq. (1).
The following mathematical equation was used to express the ellip-
soids in quadratic forms [70]:

(x̂i − vi)Dij(x̂j − vj) = 1, Dij = QikQ jlΛkl (15)

Λij
[ ]

=

1
‖a‖ 00

0 1
‖b‖ 0

0 0 1
‖c‖







 (16)

Qij
[ ]

=

V (1)
1 V (2)

1 V (3)
1

V (1)
2 V (2)

2 V (3)
2

V (1)
3 V (2)

3 V (3)
3








(17)

where x̂i is the position of each point on the surface of the ellipsoid,
and vi is a vector that identifies the center of the ellipsoid. In Eq.
(15), Dij represents a positive definite, real, symmetric matrix,
with eigenvectors V (i)

k ’s corresponding to the ith semi-axes of the
ellipsoid. Furthermore, ‖a‖, ‖b‖, and ‖c‖ used in Eq. (16) are the
lengths of the semi-axis of the ellipsoid. Using the results of our
multi-scale finite element model described above, the following
steps were performed to calculate the computational estimation of
NAR:

(1) The initial lengths of the semi-axes a, b, and c in the unde-
formed configuration were chosen based on the experimen-
tally measured NARs (as described above), at the
traction-free (referential) configuration.

(2) For any RVE used for this calculation, the vector vi was
chosen as the position vector of the center of RVE at the
stress-free configuration. Unless otherwise specified, the
semi-axes of the ellipsoid (V (i)

k ’s) were chosen in such a
way that the largest axis was aligned with the main fiber
direction of each RVE at the stress-free configuration [43].
Choosing a single ellipsoid in any of the RVEs was justified
based on the geometric and scaling parameters used in the
multi-scale model. In particular, while RVEs were generated
in a 1 × 1 × 1 computational domain, the length of fibers and
the size of the nucleus were scaled using fiber diameter equal
to 450 nm [71], and volume fraction ψ equal to 0.43 [72].
Based on the physical size of RVE edge length (computed
as γ =

66666666
LA f /ψ

√
= 12.6 μm, where L is 101 and Af is

3.925 × 10−07 mm2) and the averaged measurements of the
major and minor axes length obtained from confocal micros-
copy images (and the subsequent analysis in IMARIS), we were
able to locate at least one nucleus in each RVE.

Fig. 4 Simulated multi-scale model response after fitting the
model parameters to equibiaxial data measured using biaxial
tensile testing equipment (R2 = 0.94)
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(3) At the stress-free configuration, the intersection of the ellip-
soid with eight randomly chosen fibers were identified and
used as eight points representing the location of eight focal
adhesion points.

(4) At each deformed state of the RVE obtained from the multi-
scale model, the deformed positions of the eight focal
adhesion points were obtained simply by identifying their
location relative to the deformation of the two ends of the
deformed fiber to which they belonged.

(5) The updated position of the eight focal adhesion points,
along with the assumption that the volume of the ellipsoid
was unchanged during process of deformation, were used
to obtain a new ellipsoid using Eq. (15) and via Newton–
Raphson’s iterative method. In particular, to define an ellip-
soid in the deformed configuration, we needed to find the
position of the center of the deformed ellipsoid vi (three
unknowns), and the six parameters necessary to define the
symmetric matrix Dij. Equation (15) for the deformed posi-
tion of each focal adhesion point gave us a single indepen-
dent equation (i.e., total of eight independent equations)
which along with the assumption of incompressibility were
enough to find the unknowns via a system of nonlinear alge-
braic equations.

(6) The updated NAR for each loading step were then calculated
using parameters of the new ellipsoid at each deformed
configuration.

To evaluate changes in the response of the nuclei of TV intersti-
tial cells to macro-scale equibiaxial mechanical loading, as pre-
dicted by our nuclear deformation model, numbers of fiber
networks were randomly selected from three layers of the TV ante-
rior leaflet. We determined the changes in the NAR under equibiax-
ial mechanical load in four different scenarios in initial
configurations (Table 1):

(i) A single representative fiber network, wherein nuclei with
the same initial NAR value (2.57, identified as the average

of microscopy data) was oriented in 80 different directions
relative to the network.

(ii) A single representative fiber network, encompassing nuclei
with 80 different initial NAR values but all aligned with the
main fiber direction of the fiber network.

(iii) A total of 80 fiber networks with nuclei of the same initial
NAR value (2.57) aligned with the mean fiber directions
of their respective encompassing fiber network.

(iv) A total of 80 fiber networks with various initial NAR and
random cell alignments relative to the mean fiber
orientation.

3 Results
Based on microscopy and subsequent image analysis, the average

NAR of the overall population of segmented VIC nuclei exhibited
an upward trend as mechanical loading increased. The NAR values,
starting from the traction-free state to the highest loading condi-
tions, were 2.57± 0.72 (mean± standard deviation), 2.45± 0.70,
3.13± 1.21, 2.81± 0.91, 3.19± 1.14, and 3.4± 1.29 for 0, 5, 10,
40, 90, and 130 kPa loading conditions, respectively. Microscopy
also showed that VIC nuclei are predominantly circumferentially
oriented, aligning with the primary fiber direction in the valve
leaflet, albeit with some deviations in out-of-plane directions
(data not included).
As shown in Fig. 4, and similar to our previous published works

[7,51], we were able to fit the experimentally obtained mechanical
testing outcomes to the micro-structurally accurate multi-scale
model reasonably well (R2 = 0.94). Figure 5 displays the unde-
formed and deformed configurations of the finite element model
under two levels of equibiaxial loading conditions. Additionally,
it demonstrates the changes in NAR within a representative fiber
network when subjected to various mechanical loads. It should be
noted that the nucleus in this specific case was aligned with the
main fiber direction in the undeformed configuration.
Figure 6 shows how NAR alterations were apparent under

increasing stress levels in all four tested scenarios as compared to

Table 1 Different configurations of the fiber network and nucleus in four scenarios (mean±standard deviation)

Scenario Number of chosen networks Initial NAR Total number of cell modeled Orientation of nuclei μ

I 1 2.57 80 59 deg ± 42 deg 59 deg
II 1 2.57 ± 0.73 80 In alignment with μ 59 deg
III 80 2.57 80 In alignment with μ 59 deg ± 40 deg
IV 80 2.57 ± 0.71 80 59 deg ± 41 deg 61 deg ± 42 deg

Fig. 5 Comparison of the undeformed and deformed states of the finite elementmodel under different equibiaxial loading con-
ditions. Each configuration shows the effect of fiber stretching on the deformation of a representative embedded ellipsoid-
shaped cell nucleus. The cell nucleus was positioned to align with the mean fiber direction of the network at the initial unde-
formed configuration.
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the measurements obtained experimentally. Figure 6(a) illustrates
changes in NAR that occur at various loading levels when the
nucleus are oriented at different angles relative to the mean fiber
direction (scenario I). Our model response revealed an increase in
NAR, increasing from 2.57 to 4.00. Notably, the computational
findings align consistently within the experimentally measured
values, and the model response mainly falls within the standard
deviation of the experimental finding.
Figure 6(b) shows the model response under different loading

levels in one representative fiber network (scenario II), where
initial NAR varied between 1.33 and 4.69. The mean NAR values
increased from 2.57 to 4.27 under the increase in loading level
from 0 to 130 kPa. Additionally, the results obtained from the com-
putational model has the same increasing trend as those values mea-
sured through microscopy. As shown in Fig. 6(c), similar trend was
observed in scenario III (i.e., nuclei in 80 fiber networks all with the
same initial NAR value of 2.57) where NAR increased with rising
stress levels with an increase in NAR from 2.57 to 3.66.
The mean NAR values of randomly oriented nuclei in relation to

the mean fiber direction of 80 different networks (scenario IV) are
shown in Fig. 6(d ). A rapid initial rise in the NAR followed by a
continued increase but at a reduced rate (increasing from 2.57 to
3.91) is shown in Fig. 6(d ). The predictions of the computational
model under scenario IV further increased our confidence in its
capability for investigating the biomechanical behavior of nuclei
in fiber networks subjected to various loading conditions. As
shown in Fig. 6(d ), the model responses matched the trend observed
in experimental findings.

4 Discussion
Research on the TV has traditionally been overshadowed by

more extensive studies on the aortic and mitral valves, largely

due to the greater prevalence of left heart diseases that involve
these latter valves. [18,73]. However, with the increasing focus
on right heart disease, the significance of tricuspid valve disease
as a major contributor to morbidity and mortality is now being
acknowledged [74–76]. In the realm of biomechanics, many
researchers in recent years have extensively examined the structure,
function, and malfunction of TV [36,77–81]. A pivotal aspect in
advancing our comprehension of tricuspid valve disease involves
distinguishing the connection between the microstructure of the
tissue and the mechanics of the leaflets, initially in a healthy state
and subsequently in disease.
The findings of this study provide valuable insights into the intri-

cate relationship between VIC nuclear deformation and tissue-level
mechanical loading within the TV complex. By leveraging a com-
bined experimental and computational approach, we were able to
elucidate the correlation between ECM fiber orientation and
nuclear shape in VICs. Although research on the mechanobiology
of VIC nuclei in relation to macro-scale loading in both healthy
and diseased hearts is scarce, the importance of NAR in the mechan-
obiology of other cell types is well established [82–84]. The mor-
phology of the cell nucleus is continuously modulated by various
mechanical forces applied to the cell [83]. Changes in nuclear
shape, influenced by cellular geometry and mechanical stress, sig-
nificantly impact gene expression. For instance, cells cultured on
different geometries, such as elongated rectangles and small
circles, exhibit distinct nuclear shapes. These variations lead to
changes in gene expression due to alterations in nuclear architecture
[85]. Altering the shape of the nucleus can disrupt the homeostasis
between cell and nuclear mechanics [82], leading to irregular
nuclear morphology and affecting the ability of the cell to generate
force and follow chemical gradients. This disruption can influence
gene expression, particularly of proteins associated with cell migra-
tion. Such changes are crucial in physiological processes like
wound healing and immune response and pathophysiological

Fig. 6 Variations in NAR under equibiaxial mechanical loading across four scenarios. (a) Scenario I represents a
fiber network with cell nuclei oriented in 80 different alignments relative to the mean fiber direction. (b) Scenario II
features a network where cell nuclei have 80 different initial NAR values. (c) Scenario III represents 80 fiber net-
works with different alignments, with an identical initial NAR of 2.57 aligned with the main fiber direction of each
network. (d) Scenario IV represents 80 fiber networks with variable nuclei alignment relative to the mean fiber ori-
entation and variable initial NARs. Shaded regions represent standard deviation.
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conditions such as cancer metastasis [86]. Considering such an
important role of nuclear mechanobiology in cell function, it was
not surprising to observe micro-structurally dependent changes in
nuclear shape in VIC, a cell type that is subjected to high levels
of macro-scale scale strains during opening and closure of the
valve leaflets [77,87].
A more detailed analysis of our experimental data revealed a con-

sistent alignment of cell nuclei with the surrounding collagen [88].
Such an observation was consistent with previously published work
[36]. Given the complexity of the deformation of an entire cell
(including the membrane and cytoplasm in addition to that of the
nucleus) within intact tissues, NAR as a measurement of overall cel-
lular deformation was deemed a more appropriate metric. However,
it should be noted that exclusion of intracellular structure and organ-
elles from the computational model was a limiting factor in our
study.
A key aspect of our modeling approach was our ability to

examine cells in different orientations relative to the ECM fiber
architecture. Such a strategy has the potential for a more nuanced
understanding of how cellular orientation and ECM structure inter-
play in determining cell deformation and valve mechanics. We
examined the NAR alteration under equibiaxial mechanical
loading in four different scenarios pertaining to the initial popula-
tion of the cell nuclei (Table 1). As shown in Fig. 6, an initial
rapid increase in NAR, followed by a more gradual rise, was
most probably due to the decreased undulation of ECM fibers and
the eventual full recruitment of collagen, for all four scenarios.
Such an observation was consistent with trends in prior experimen-
tal studies in soft tissues (e.g., refer to the study of Foong et al. in the
corneoscleral shell [89]). It also underscores the predictive capabil-
ity of our computational model in simulating the biomechanical
behavior of fiber networks under different loading levels. In our
computational approach (Fig. 6), we primarily focused on the

responses of a cell population, as this method seemed most relevant
for comparison with experimental data. Interestingly, the mean
responses of the nuclei under increasing stress were similar across
all four simulated scenarios and aligned with the experimental out-
comes. These responses, characterized by an initial rapid rise fol-
lowed by a slower increase, were consistent with the observations
of Lee et al. in mitral valve leaflets [90].
It should be noted, however, that the computational model has the

capability of providing detailed information for individual cells,
which is valuable for understanding the multi-scale mechanobiol-
ogy of the VIC. For example, Fig. 7 shows the comparative defor-
mation of two nuclei with the same initial shape, exposed to
identical macro-scale mechanical loading. However, the network
in Fig. 7(a) consisted of fibers primarily aligned with the circumfer-
ential direction of the leaflet, whereas the network in Fig. 7(b) had
fibers predominantly aligned in the radial direction (i.e., perpendic-
ular to those in Fig. 7(a)). In other words, the nucleus in Fig. 7(a)
was aligned with the main fiber direction, whereas the nucleus in
Fig. 7(b) had its main axis perpendicular to the main fiber direction.
The comparison of loading-induced changes in the NAR is intrigu-
ing. In the case of Fig. 7(a), the NAR initially increased rapidly
before the rate of increase slowed down. Conversely, in the case
shown in Fig. 7(b), the changes in NAR were much smaller, and
it appeared that the NAR did not change with loading after a
certain point. This differential behavior between the two fiber net-
works underscores the significance of ECM fiber alignment in dic-
tating the mechanical response of the cell nuclei. The link between
macro-scale mechanical loading and ECM collagen remodeling has
been well established [91,92]. The aforementioned example illus-
trates how such changes in the ECM network could be directly
linked to nuclear mechanobiology.
Finally, the interdependency between VIC NAR and macro-scale

mechanical loading is of great importance, as heart valves

Fig. 7 Comparison of the nuclear deformation simulation in two networks with different mean fiber orientations. The figure
depicts the NAR changes, within a representative fiber element (RVE): (a) The fibers in the RVE are mainly aligned circum-
ferentially and (b) RVE fibers are mainly aligned radially. Both models have identical macro-scale mechanical loading in the
circumferential direction. The macro-scale model is not shown.
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experience significant cyclic mechanical strain throughout an indi-
vidual’s life. In our previous in vivo studies, we demonstrated how
surgical procedures such as ring annuloplasty could drastically alter
the macro-scale deformation of the mitral valve anterior leaflet in an
ovine model [93]. Our current modeling suggests that the deforma-
tion of VIC nuclei in the tricuspid valve would be altered during
each cardiac cycle when macro-scale loading is changed from
that of a healthy valve, following surgical procedures such as ring
annuloplasty.
Our study was not without limitations. The discrepancy between

the model and the experimental data could stem from several
factors. The anisotropic contribution of the intricate intracellular
structure was not included in the computational model. In this
study, we assumed that nuclei undergo affine deformation in corre-
spondence with the positional changes of the ECM at the focal
adhesion point within each representative volume element. Our
model can be improved upon by the addition of the non-affine
deformation of the intracellular structure such as actin microfila-
ments, microtubules, and/or intermediate filaments. Moreover, it
has been shown that nuclear properties vary by leaflet and depth
in similar ways that collagen orientation varies by leaflet and
depth [36,88]. Our simulation, however, assumed similar structure
along the thickness of the valve. Another limitation of our experi-
mental approach was the inability to image the same leaflet under
different mechanical loads. Utilizing imaging techniques that
allow for the mechanical deformation of the valve while being
imaged (e.g., see Ref. [94]) could better represent the load-
dependent deformation of the nuclei. Despite such limitations, we
found reasonable agreement between the outcomes of the computa-
tional model and the experiments.

5 Conclusions
In this study, we conducted a comprehensive analysis of the

impact of mechanical loading on nuclei deformation in the TV ante-
rior leaflet. Our observations revealed a notable influence of
mechanical forces on nuclear shape, with significant changes in
average NAR potentially triggering deviations in gene expression
and protein synthesis. We also identified a relation between the ori-
entation of collagen fibers and the NAR of VICs. Our findings high-
light the importance of considering ECM fiber alignment in future
studies of valve biomechanics to develop more accurate models
for predicting cellular responses to mechanical stimuli. Overall,
our study highlights the complex interplay between the mechanical
environment of the valve and the cellular responses, providing
insights into how mechanical forces impact the health and function
of the tricuspid valve.
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Nomenclature
f = fiber axial force
v = ellipsoid center
x̂ = ellipsoid surface
!y = experimental measurement mean
ŷ = simulated measurement
a = cell nuclei tertiary axis
b = cell nuclei secondary axis
c = cell nuclei primary axis
G = shear modulus
J = deformation gradient tensor determinant
L = total fiber length
V = volume
fj = boundary cross-link force in j-direction
nk = RVE surface normal vector
ri = fiber direction unit vector
sij = microscopic volume-averaged Cauchy stress tensor
uk,i = displacement gradient
yi = experimental measurement
Af = mean fiber cross-sectional area
Bij = left Cauchy–Green deformation tensor
Dij = ellipsoid shape tensor
Ef = dimensionless fiber stiffness parameter
Fij = deformation gradient tensor
Hij = orientation tensor
Qij = eigenvector matrix
e(i) = SALS reference frame vectors
R2 = coefficient of determination
V ′ = non-dimensionalized volume
V (i) = ellipsoid eigenvector
w(k)
i = orientation tensor eigenvalue
x′i = boundary cross-link position
S′ij = macroscopic volume-averaged Cauchy stress tensor
Smij = matrix stress tensor

Greek Symbols

α = anisotropy index
β = dimensionless nonlinearity parameter
γ = RVE edge length
δij = Kronecker delta function
εG = fiber Green strain
εcG = critical fiber Green strain
θ = fiber direction

Λij = diagonal eigenvalue matrix
λ(i) = orientation tensor eigenvector
λcf = critical stretch
λf = fiber stretch
μ = primary fiber direction
ν = Poisson’s ratio
ψ = fiber volume fraction

Abbreviations

ECM = extracellular matrix
FE = finite element

NAR = nuclear aspect ratio
PBS = phosphate buffered saline
RVE = representative volume element
SALS = small angle light scattering

TV = tricuspid valve
VIC = valve interstitial cell

Appendix
To further extend the impact of our research and in line with our

prior efforts [7,44,95–98], we have created an educational compo-
nent related to the findings presented in this paper. In this appendix,
we include a learning exercise suitable for a graduate-level intro-
ductory course in biomechanics or continuum mechanics.
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Problem—Approximate changes in the NAR by assuming that
the nuclear shape deforms affinely with the macro-scale tissue
deformation. As a first approximation, consider a two-dimensional
shape (i.e., an ellipse) for the nuclei with an initial NAR of 2.57.
Use the experimental data for tissue-level tension and displacement
provided in Fig. 4 for a 7mm× 7mm× 0.432 mm sample. Compare
your results with the mean of the experimental and computational
outcomes presented in Fig. 6.
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