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Mechanical Characterization of
Porcine Tricuspid Valve Anterior
Leaflets Over Time: Applications
to Ex Vivo Studies

Mechanical characterization of the ex vivo tricuspid valve (TV) continues to provide key
insights into native valve function and the development of valvular diseases. However,
experimental methods to characterize TV biomechanical behavior ex vivo often fail to
account for potential changes in the tissue’s mechanical responses that may occur
during experiment preparation. Therefore, we assessed the mechanical responses of the
anterior tricuspid leaflet (ATL) via biaxial mechanical testing over the course of 5 h to val-
idate the accuracy of our fresh tissue experiments. We hypothesized that ATL mechanical
responses would remain consistent for the proposed time scale. We found that ATL stiffness,
represented by the upper tangent modulus (UTM), did not significantly change in either the
radial or circumferential directions for the 5-h test period. Similarly, no significant change
was observed in radial or circumferential strains corresponding to an estimated mean
systolic stress value of 85 kPa. Overall mean UTM (+standard error of the mean (SEM))
showed that ATL samples were significantly stiffer in the circumferential direction
(11.3 +£0.98 MPa) compared to the radial direction (2.29+0.20 MPa) across all time
points. Thus, our results indicate that the outcomes of ex vivo tricuspid valve studies requir-
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ing sample preparation up to 5 h remain reliable. [DOI: 10.1115/1.4062477)]
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1 Introduction

The tricuspid valve (TV) contributes to overall heart function by
regulating blood flow from the right atrium to the right ventricle. TV
function is heavily influenced by the mechanical behavior of its
leaflets and related valvular structures. For example, TV regurgita-
tion occurs when the leaflets fail to properly coapt, leading to back-
flow of blood across the valve and increased strain on the heart. If
left untreated, TV regurgitation can accelerate the development of
more serious heart conditions such as progressive right ventricular
failure [1,2]. However, high operative mortality rates and contrast-
ing opinions on surgical approaches severely limit treatment options
for over 1.6 million people in the US affected by tricuspid regurgi-
tation [1,3-6].

Hence, researchers have turned to biomechanical approaches to
characterize the complex mechanical behavior of the TV and gain
insight into the pathophysiology of TV regurgitation. In an increas-
ing number of studies, ex vivo experiments [7-12] and computa-
tional simulations [13-17] have been used to quantitatively
describe and predict the mechanical properties and function of
cardiac valves.
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Ex vivo approaches are of particular interest in this study, as we
have previously investigated porcine TV biomechanics in our ex
vivo beating heart system [18,19]. Such a system enables us to
isolate the mechanical behavior of the TV leaflets in whole hearts
without requiring dissection of the valve apparatus [20-24]. In addi-
tion, ex vivo experiments provide preliminary insights for designing
in vivo studies that better align with the principles of the three Rs
(replacement, reduction, and refinement) [25,26]. Ex vivo experi-
ments, however, often require relatively lengthy sample preparation
and setup procedures. For example, preparation of whole-heart
samples for our ex vivo TV experiments may take up to 5h on
average. Because the mechanical behavior of the tissue is essential
to the experimental outcomes, preparation procedures must be per-
formed efficiently to minimize degradation and maintain tissue
integrity.

While tissue storage conditions have been more extensively
studied [27-32], the effect of preparation and setup time on the
mechanical properties of the tissue has not been determined in
TV leaflets. Therefore, we characterized the mechanical properties
of the anterior tricuspid leaflet (ATL) over a relevant time scale
to validate the accuracy of our fresh tissue experiments using the
ex vivo beating heart system. We evaluated porcine ATL mechanics
by performing a series of biaxial mechanical tests over 5 h. We
hypothesize that the mechanical properties do not significantly
change at our time scale. While results of this study are important
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to our ex vivo test system, they can further be applied to other
mechanical tests on cardiac leaflet tissues [8,33-36].

2 Materials and Methods

2.1 Tissue Acquisition and Preparation. Healthy porcine
hearts (n=7, approximately 6 months old) were obtained from
Animal Biotechnologies (Tyler, TX, USA) within 24-36h of
being harvested. To preserve tissue freshness, hearts were shipped
in chilled phosphate-buffered saline (PBS) and used immediately
upon arrival. The ATL was excised from the heart with directional
integrity maintained, as described previously [28,37-39]. A square
specimen (11 x 11 mm) was cut from the center of the leaflet for
testing. ATL thickness was measured with a thickness gauge and
the average of five measurements was reported. Suture lines were
attached around the edges of the tissue, leaving a 7.6x7.6 mm
square test region. Four submillimeter glass markers were placed
at the center of the test region to quantify in-plane deformation
using digital image correlation.

2.2 Equibiaxial Mechanical Test Procedure. Similar to our
previous studies, samples were mounted onto a custom biaxial
tensile machine such that the radial and circumferential directions
are aligned with both axes [15,28,37-39]. Tissue samples were sub-
merged in a PBS bath during testing to mimic physiological osmo-
larity and prevent tissue swelling [38]. To recreate the ex vivo
testing environment [18,19], tissue samples and the PBS bath
were kept at room temperature (21 °C).

Based on our most recent ex vivo beating heart tests (n=35), the
average time to run an experiment, from time of receival to data col-
lection, was approximately 5h. Thus, we performed biaxial
mechanical testing over a period of 5Sh to capture potential
changes in ATL mechanical responses that may occur during our
experiments. Tissue dissection and specimen preparation were ini-
tiated immediately upon receiving the fresh tissue and were com-
pleted in approximately 30 min. Specimen preparation was
directly followed by initial mechanical testing (time =0). The fol-
lowing five tests were spaced 1 h apart to ensure the tissue returned
to an unloaded state between time points [40]. Samples remained
submerged in the room temperature PBS bath in an unloaded
state between tests.

Biaxial data were collected at all six time points using procedures
consistent with our previous publications [28,37-39]. For this anal-
ysis, the stress-controlled equibiaxial loading protocol was used
with a target stress of 120 kPa to ensure full engagement of collagen
fibers [41-43]. The maximum target stress of 120 kPa corresponds
with physiological loading conditions based on previous calcula-
tions for the average stress on the ATL in a healthy heart
[37,38,44]. Each test consisted of ten continuous loading/unloading
cycles: nine for preconditioning and the tenth used for analysis.
Because the applied stress depends on sample thickness, it is impor-
tant to note that the applied loads were unique for each sample [15].

2.3 Data Processing. Positional data obtained from tracking
the fiducial markers were used to calculate the deformation gradient
tensor, F [45]. The Green-Lagrangian strain tensor, E, was calcu-
lated using F and the identity matrix, I:

1
E:E(FTF—I) (D
The first Piola-Kirchhoff stress tensors were calculated using the
forces applied by the actuators [38] in the radial and circumferential

directions, F, and F,, respectively:

Prrzi (2)
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and
P.=—"- 3)

where P,, and P, designate normal stresses in the radial and cir-
cumferential directions, respectively. The cross-sectional area, A,
was defined as the product of the specimen’s unloaded length
(7.6 mm) and thickness. Shear forces were assumed to be zero, as
described previously [46].

To provide a comparative measure of stiffness, the upper tangent
modulus (UTM) was obtained by fitting the post-transitional linear
region of the equibiaxial response curve (60-120 kPa) using a
least-squares approach as shown in Fig. 1. The circumferential
upper tangent modulus (UTMc) and radial upper tangent modulus
(UTMR) were defined as the slope of the fitted lines in the radial
and circumferential directions, respectively [47]. As described pre-
viously [37], the physiological stress on the ATL during systole was
estimated to be 85 kPa using Laplace’s law for a healthy mean right
ventricular pressure of 25 mmHg [48]. Hence, the corresponding
radial and circumferential strains for an applied stress of 85 kPa
were obtained for a physiological strain comparison.

2.4 Statistical Analysis. Results were tested for normality
using the Shapiro-Wilk test and subjected to a one-way analysis
of variance (ANOVA) to isolate the effect of time on the mechanical
response of the ATL. Radial and circumferential results were
compared for each time point with a paired Student’s t-test. A
value of p<0.05 was considered significant for both tests.
Results are presented as mean =+ standard error of the mean
(SEM). All data analyses and statistical tests were performed in
MATLAB (Mathworks, Nantick, MA, USA).

3 Results

The mean mechanical response of the ATL (mean thickness =
360+ 81 ym) was determined using equibiaxial test data from all
specimens (n="7) at each of the six consecutive time-steps. The
mean response is represented by the averages of the first Piola-
Kirchhoff stress and Green strain curves shown in Fig. 2. Visual
examination of the overall biaxial mechanical response (Fig. 2)
does not reveal any major differences in radial direction or circum-
ferential direction with increasing time. While stress—strain curves
remain relatively consistent in both directions, a higher degree of
variability is observed in the radial direction.

Mean radial and circumferential UTMs are shown for all time
points (t=0-5h) in Fig. 3. As previously described [37], physio-
logical stress was approximated to be 85 kPa at a mean normal ven-
tricular pressure of 25 mmHg [48]. Thus, the corresponding strain at
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Fig. 1 Representative equibiaxial testing results with mechani-

cal parameters for UTMc and UTMg obtained from fitting the cir-
cumferential (CIRC) and radial (RAD) response curves,
respectively. The tricuspid valve diagram (right) indicates the
region of the ATL excised for biaxial tests (square with dotted
lines), where radial (RAD) and circumferential (CIRC) directions
are defined with respect to ATL orientation.
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Fig. 2 First Piola-Kirchhoff stress versus Green strain curves remained consistent
in the radial (RAD) and circumferential (CIRC) directions for the six consecutive time-
steps of equibiaxial experiments. Each time-step shows the average stress—strain
response (n =7), where shaded regions indicate SEM.

stress of 85 kPa was determined to be the approximate physiologi-
cal strain, as shown in Fig. 3.

A one-way ANOVA revealed that mean UTM and physiological
strain did not significantly change over time in either the radial
direction or circumferential direction for the 5-h test period.
Overall mean circumferential stiffness was significantly higher
than overall mean radial stiffness for all time points as shown in
Table 1.

4 Discussion

Equibiaxial loading of the porcine ATL resulted in an anisotropic
and nonlinear mechanical response that was stiffer in the
circumferential ~direction, consistent with previous studies
[37,39,43,44,47,49]. The initial un-crimping of collagen fibers
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translates to the initial toe region of the curves shown in Fig. 2, fol-
lowed by a steeper region which signifies full collagen fiber engage-
ment. Thus, the upper tangent moduli (UTM) provided physiologic
estimates of the ATL elastic modulus.

Importantly, there was no significant difference in the mean
mechanical response of the leaflets over the course of 5h, as
described by the UTM fitting in the radial and circumferential direc-
tions. The UTM was chosen as a measure of ATL stiffness to
capture the mechanical response of the fiber network under physio-
logical loading, when collagen fibers are fully engaged [44,50].
Similarly, ATL strains corresponding to a calculated mean systolic
stress value (85 kPa) showed no significant change over 5 h. Collec-
tively, these observations show that the mechanical responses of the
tricuspid valve leaflets are expected to remain unchanged at short
time scales, especially pertaining to ex vivo experimental setups
[18,37].
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Fig.3 Mean (a) UTM and (b) estimated systolic strain did not significantly change in the radial
(RAD) and circumferential (CIRC) directions over 5 h. Error bars show SEM. Systolic strain esti-
mates shown in (b) correspond to a mean systolic stress of 85 kPa, calculated previously.
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Table 1 Mean UTM and physiological strain in the radial
and circumferential directions for all samples presented as
mean + SEM

Radial Circumferential
Mean UTM (MPa) 2.29+0.20 11.3+0.98
Mean systolic strain (%) 27.6+2.9 7.37+0.85

We acknowledge that our study is not without limitations. As
previously mentioned, heart samples were shipped to our lab in
chilled PBS within 24-36 h of being harvested. Thus, we were
unable to characterize the tissue’s mechanical properties during
the shipment period. However, in our previous study, we found
that the mechanical properties of freshly harvested porcine ATLs
remained unchanged after 2-h submersion in PBS, as evaluated
with equibiaxial testing [38]. Therefore, we expect any changes in
mechanical properties due to short-term storage in chilled PBS
during shipment to be minimal. Furthermore, we did not character-
ize the ATL microstructure over time; any changes in the composi-
tion of the constituent proteins of ATL extracellular matrix were not
assessed in this study. As such, our results only indicate that the
tissue-level mechanical response is not affected at a time scale rel-
evant to our ex vivo beating heart experiments.

Consistent with our proposed hypothesis, we observed that the
mechanical response of the anterior tricuspid leaflet does not
change significantly over a period of 5h at room temperature.
Therefore, outcomes of our ex vivo tricuspid valve studies remain
reliable for tissue samples requiring up to 5 h of preparation and
manipulation.
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Appendix A: Biaxial Data Analysis Exercise

As part of our commitment to broadening the impact of our
research and consistent with our previous work [51,52], we have
developed an educational component related to the work presented
in this manuscript. In this Appendix, we have provided a learning
exercise that is appropriate for a graduate-level introductory
course in biomechanics or continuum mechanics. The purpose of
this exercise is to practice calculating stresses and strains of a hyper-
elastic material using data from biaxial mechanical testing experi-
ments presented in this work.

As described in Sec. 2.3, the positional coordinates of the four
fiducial markers on the specimen’s surface and the applied loads
in each direction were recorded during biaxial testing. From these
data, the strains and stresses applied on the tissue can be
determined.

021032-4 / Vol. 2, 2023

Dataset. Equibiaxial test data for one sample (n = 1) at the initial
time point (=0 h) are provided in the Supplemental Material on the
ASME Digital Collection. The first column is the time (s), the second
and third columns are the applied loads (gram-force) on each side of
the sample, and the remaining columns are the positions of the fidu-
cial markers, with x;’s being the next four columns and x,’s being the
last four columns. The marker positions corresponding to the lowest
applied load (occurring at =0.004 s) are considered the referential
marker positions. Before performing the following calculations,
adjust the forces such that the first force in each column starts from
0. To do this, subtract the first force value in each column (the one
that corresponds with #=0.004 s) from all force values in that
column. Then convert the forces to Newtons.

Problem. In the first part of this exercise, the four markers’ posi-
tional coordinates are used to calculate the deformation gradient
tensor, F [45]. Recall that the current configuration x and the refer-
ential configuration X are related to each other by the mapping func-
tion ¢. In a two-dimensional scenario, the simplest way of such a
mapping is described by

x1(X1, X)) =a1X) + b1 X3 + ¢ (A1)

X1, X2) =ax Xy + b2 Xo + 2 (A2)
or in matrix form

el fE]

X2 a by o )

where the components of

ar b ¢

as bz (%)
are constant parameters. If F is the deformation gradient tensor, its
components can be written as

Fii Fi ar b
= A4
|:F21 Fzz] |:L12 bz] a4
We have no data on the third (out-of-plane) direction. However, it is

safe to assume that only sample thickness changes in the
out-of-plane direction, and no out-of-plane rotation occurs. Thus,

X3 =M13X3 (AS5)

Using the assumptions given by Egs. (A1), (A2), and (AS), and if
we further assume the sample is incompressible (i.e., detF = 1),
the deformation gradient tensor becomes

ap bl 0
F=| @ (1) (A6)
0 -
a1b2 - (lzb]
p2 [=K]
¢ -
Q /—\ p3
2
P ps
p1

p4
1

Fig. 4 Four fiducial markers identified by P', P2, P3, and P* are

mapped from the referential configuration (o) to the deformed
configuration (), defined by the mapping function ¢
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Now, let us assume that we have four fiducial markers as shown in
Fig. 4. If we assume that the mapping function defined by Egs. (A1)
and (A2) is identical for the entire domain Q encompassed by the
markers, we can show that

X x x xt
1 3 4 1 1 1 1
oo X _|la b o« X! x2 x x
¥ B 8 9 @ b o S
1 1 1 1

(A7)

where the superscripts refer to the number of the fiducial marker.
For example, x% is the x, coordinate of marker P3.
Show that the approximate solution for Eq. (A7) can be written as

a; by ¢ _ T T1y-1
[az " CJ—[X][X IXIXT) (A8)
where
[ I R G
m=[ ] @
and

X X3 xj Xx}
X=X, X3 X3 X5
I 1 1 1

(A10)

Using the experimental data, calculate the deformation gradient
tensor F for all data. Then use F and identity tensor I to calculate
the right Cauchy-Green deformation tensor and Green-Lagrangian
strain tensor, represented by C and E, respectively:

C=F'F (A11)

1

E= 3 Cc-1
In the second part of the problem, we will determine the first Piola-
Kirchhoff stress, P. Based on our measurements, the average
sample thickness at the referential configuration was approximately
0.36 mm. The load on each side was applied over a length of
7.6 mm. Thus, the undeformed area Ay on each side of the sample
can be calculated as 0.36 mm x 7.6 mm. We assume that only two
components of P are nonzero, i.e., Py, and Pa»:

(A12)

fi
Py == Al3
e (A13)
and
fa
Py === Al4
2= (Al4)
where f; and f, are the forces measured in directions 1 and 2,
respectively.

Calculate the stresses for all data, then plot the stresses against the
strains calculated in the first part of the problem. Based on
the curves presented in Fig. 2 of this paper, appropriately label
the radial and circumferential directions.
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