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Abstract

Tens of millions across the world have tricuspid valve disease. Understanding the mechanics of the valve is important
to diagnosing and treating those patients. The objective of our current work is to fill remaining gaps in our knowledge
about tricuspid valve mechanics. Specifically, we are interested in quantifying the between-leaflet and within-leaflet
strain heterogeneity under varying hemodynamic and mechanical boundary conditions. To this end, we mounted whole
porcine hearts in-vitro, speckled their leaflets, and measured leaflet strains using 3D digital image correlation. We
did so while varying peak pressure (20-80 mmHg) and annular dilation (0-60%). To analyze our multi-level data we
used linear mixed models. We found that leaflet strains show high within- and between-leaflet heterogeneity, with both
depending on pressure but not on annular dilation. Additionally, we found strains to be directionally dependent. The
ratio between radial and circumferential strains, i.e., their anisotropy, also depended on pressure. Finally, we found no
apparent pattern of strain distributions across the anterior or posterior leaflet. That is, strains near the annulus, in the
belly, and near the free edge did not differ significantly. In contrast, we found that strains in the septal leaflet decreased
between the annulus and the free edge. Given the complexity of our data, we make all our raw data openly available for
others to access and analyze. In conclusion, our data provides a detailed account of the strains in the tricuspid valve
leaflets and may form a foundation for future leaflet-specific diagnostic and therapeutic approaches.
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1. Introduction

Tricuspid valve disease affects millions of Americans,
with over 80% of the population developing some degree
of valvular leakage during their lifetime [1]. Fortunately,
regurgitation remains mild for most. However, in approxi-
mately 1.6 Million Americans and many more across the
world, tricuspid regurgitation becomes severe enough to
affect their quality of life and life expectancy [2]. Histor-
ically, tricuspid valve disease was under-treated even in
those in whom the disease was severe [3, 4]. Recent
advances in surgical and interventional therapy, however,
have led to more aggressive treatment [5]. Valve replace-
ment and repair are among two of the available therapeu-
tic options, while the latter is generally preferred as it pre-
serves the native valve and has higher longevity [6, 7, 8].
Such repairs can be performed surgically during open
heart surgery or interventionally, i.e., using minimally in-
vasive technology [5, 9]. Either strategy requires knowl-
edge of the valve and should account for the heteroge-

neous valve anatomy, physiology, and mechanics. For ex-
ample, surgical incisions and subsequent sutures should
be placed in regions of low strain to avoid pull-out [10, 11].
Similarly, clipping devices used in transcatheter edge-to-
edge repair should consider local mechanics to prevent
device failure [12, 13, 14, 15]. However, this can be chal-
lenging given the limited locally resolved data available for
the tricuspid valve.

Prior efforts have explored the heterogeneous mechan-
ics of the tricuspid valve. First, Spinner et al. used pho-
togrammetry to quantify leaflets strains in excised porcine
valves [16]. However, their analysis was limited to global
strains without providing spatially resolved data for each
leaflet. Next, Amini Khoiy et al. implanted sonomicrom-
etry crystals in full porcine heart preparations but limited
their analysis to the septal leaflet alone [17]. Also us-
ing sonomicrometry, but in-vivo, Mathur et al. quantified
tricuspid valve leaflet strains in sheep across all three
leaflets [18]. Again, the limited spatial resolution of so-
nomicrometry restricted the level of detail in their findings.
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Finally, computational studies have also investigated the
mechanics of the tricuspid valve. These studies provide
both high-fidelity spatial information and include all valve
leaflets. As several examples, we highlight the work by
Singh-Gryzbon et al., who built a detailed model of the
tricuspid valve from micro-CT imaging; Johnson et al.,
who used a novel computational framework; and our own
work, in which we built subject-specific models of human
valves [19, 20, 21, 22]. However, none of these compu-
tational studies have been validated sufficiently against
ground-truth experimental strain data to guarantee the ac-
curacy of their highly resolved information.

The aim of our current work is to address this knowl-
edge gap by providing spatially resolved information on
the mechanics within and between all three tricuspid valve
leaflets. Specifically, we will calculate strain as a measure
of leaflet mechanics in whole heart preparations using 3D
digital image correlation (DIC). Moreover, we will report
strains as a function of pressure and annular dilation, and
evaluate its orientation dependence to characterize the
leaflets’ mechanical anisotropy.

2. Methods

2.1. Whole Heart Preparation
In this study, we used whole porcine hearts purchased

from a local abattoir. Upon receipt, all hearts were frozen
and stored at -80 ◦C until tested. Before testing, we re-
moved the right atria of the hearts and speckled the tri-
cuspid valve leaflets using an airbrush (Product, Brand)
and ink from a pigment liner (GEOTEC School and Office
Supplies GmbH, Wörgl, Austria).

2.2. Annular Shape Templates
One challenge of using postmortem whole heart prepa-

rations is the lack of information about the in-vivo valve
configuration. That is, we do not know the in-situ shape of
the annulus or the position of the papillary muscles. While
an inherent limitation to our approach, we tried to mini-
mize the uncertainty introduced through this limitation by
ensuring a common tricuspid valve annular configuration
across all valves. To this end, we created a 3D-printed
annular template with a long-axis to short-axis ratio of X
and a cross-sectional area of 650 mm2, which we found fit
all our hearts well. Additionally, we created scaled repli-
cas of this template with 30% and 60% of the original’s
effective orifice area. We subsequently refer to these as
the 0%, 30%, and 60% dilation templates.

2.3. Valve Mounting
Next, we used a suture template to mark mounting

points around the tricuspid valve annulus. The suture
points were next sewn to an adjustable annulus mount.
The mount itself featured mount arms with which we ad-
justed the annular shape to match the 0%, 30%, or 60%
dilation template (depending on the experiment). After,

we inserted an 5/8” Acetol tube into the pulmonary artery
trunk of the hearts and sealed them using cable ties.
Finally, we attached the heart to a custom 3D-printed
mount. In turn, we attached the mounted heart to the
bottom of an acrylic container (9” x 9” x 9”) and filled the
container with water.

2.4. Experimental Setup & Protocol

The experimental setup is shown in Figure 1. It con-
sisted of the acrylic container with the prepared and
mounted heart and a visual access assembly that en-
sured an even visual field for image acquisition. Ad-
ditionally, the setup included two high-resolution digital
cameras (Imager CX-5, LaVision GmbH, Göttingen, Ger-
many), an illumination source (LED Illumination Unit, LaV-
ision GmbH, Göttingen, Germany), and three water-filled
containers that were arranged at 11”, 27”, and 43” to pro-
duce static water columns of 20 mmHg, 50 mmHg, and
80 mmHg, respectively. Finally, the tubing attached to the
pulmonary artery was connected through check valves to
one of the three elevated water containers and a pres-
sure transducer (5 psig PX409, Omega Engineering Inc.,
Norwalk, CT).

During experimentation, we first adjusted the annular
mount to the 0% configuration and connected the pul-
monary artery tubing to the 20 mmHg pressure source
while recording images of the atrial surface of the valve
with both DIC cameras at 33 Hz. Simultaneously, we
recorded pressure in the tubing using the pressure trans-
ducer. The target pressure was reached within four sec-
onds, at which point the valve had closed and the exper-
iment concluded. We repeated this experiment by apply-
ing 50 mmHg and then 80 mmHg. before adjusting the
annulus to the 30% and 60% configuration and repeating
above experiments.

2.5. Digital Image Correlation

We conducted DIC using DaVis 11 (LaVision GmbH,
Göttingen, Germany). To this end, we loaded the atrial
images of each valve (2448 x 2064 pixels) from both cam-
eras and pre-processed them within DaVis. To enhance
speckle contrast, we normalized the images by pixel in-
tensity. After processing, we conducted image correlation
in two phases. In Stage 1, we chose the 5 mmHg state
– when the leaflets first coapt – as our reference config-
uration and correlated images up to 15 mmHg. In Stage
2, we chose the image at 15mmHg as our reference and
correlated images up to the peak pressure of 20, 50, or 80
mmHg, depending on the experiment. We split our anal-
ysis into two phases to maximize the visible and, thus,
correlatable leaflet surface. That is, in the image at first
coaptation the leaflet surfaces are only partially visible.
Given the nature of DIC, this partial view would limit corre-
lation, and thus strain information, to only those areas cur-
rently visible. All areas that are only visible under higher
pressures would remain un-analyzed. See Figure 2 for
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Figure 1: In-vitro whole heart preparation. We mounted whole hearts in a fluid chamber, removed their atria, speckled their leaflets, and finally
recorded leaflets strains via 3D Digital Image Correlation (DIC). During testing, we varied pressure by connecting the heart preparations to water
columns equivalent to 20, 50, and 80 mmHg. Additionally, we varied annular dilation using a 3D-printed custom annular mount.

a sample data set with raw images, processed images,
and correlated images in Stages 1 and 2. For the DIC
analysis itself, we chose a subset size of 31 pixels with
a step size of 11 pixels. Finally, we exported all correla-

tion data as Green-Lagrange strain in a software-chosen
global Cartesian coordinate system.
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2.6. Data Analysis

After exporting the data, we post-processed them in
Matlab (Version R2024b, Mathworks, Natick, MA). Here,
we first projected the strains onto the leaflet surfaces and
defined leaflet-specific local coordinate systems. Specif-
ically, we manually chose coordinates for the valve cen-
ter and defined a radial axis between each leaflet point
and the valve center. We defined the circumferential
axis as the axis orthogonal to both the local radial di-
rection and the local leaflet surface normal. Finally, we
transformed the global Green-Lagrange strain tensor into
each local coordinate system. Subsequently, we report
maximum principal, radial, and circumferential Green-
Lagrange strain. Per leaflet, we obtained approximately
1,000 spatial points and corresponding strains. We ad-
ditionally removed any duplicate or outlier points. To
report within-leaflet strain distributions, we divided the
points according to their relative positions between annu-
lus and free edge into near annulus, belly, and free edge
[23, 24, 25].

2.7. Statistical Analysis

We report all strain values as means ± one standard
deviation. To test and report the dependence of strains
on annular dilation, strain type or strain orientation, pres-
sure, relative position, and leaflet, as well as their interac-
tions, we use a linear mixed model. Specifically, we used
the afex library in R (Version 4.1.2, The R Foundation,
Vienna, Austria). All multicomparisons were conducted
using the “emmeans” library, also in R. We defined statis-
tical significance as p ¡ 0.05.

3. Results

We analyzed leaflet strains in two stages. During Stage
1, we quantified strains between a pressure of 5 and 15
mmHg, and in Stage 2 we quantified strains between
15 mmHg and the target peak pressure (20, 50, or 80
mmHg). Figure 3 summarizes our findings in which we
grouped strains across all degrees of dilation and target
pressures (for Stage 2). Figure 3A shows mean maxi-
mum principle, radial, and circumferential strains across
the anterior, posterior, and septal leaflets for Stage 1,
i.e., at small pressures. We found that the strains are
statistically different between leaflets (p¡0.001) and are
statistically different between the radial and circumferen-
tial directions (p¡0.001). We also found significant inter-
actions between leaflets and local directions (p¡0.001).
However, we found no difference with degree of dilation
(p=0.7757). In detail, we found that mean strains dif-
fer between leaflets depending on strain type. For maxi-
mum principal strain, the posterior leaflet had larger mean
strain than the anterior (p¡0.001) and the septal leaflets
(p=0.0322), while the septal and anterior leaflet mean
strains did not differ (p=0.1046). For the radial strain, the
posterior leaflet, again, had larger strains than the anterior

(p¡0.001) and the septal (p¡0.001) leaflets, while the ante-
rior leaflet had larger mean strains than the septal leaflet
(p=0.0022). Finally, for circumferential strain both the pos-
terior (p=0.0207) and the septal (p=0.0078) leaflets had
larger mean strains than the anterior leaflet. There was no
difference for circumferential strain between the posterior
and septal leaflets (p=0.9429). When inspecting the dif-
ference between mean radial and circumferential strains,
we found that radial strain is larger than the circumferen-
tial strain in the posterior leaflet (p¡0.001). In contrast, the
radial strain is smaller than the circumferential strain in the
septal leaflet (p¡0.001). In the anterior leaflet, there was
no statistical difference between the mean of both strains
(p=0.4401). In summary, at small pressures mean leaflet
strains differ between leaflets and directions.

Figure 3B shows the mean maximum principle, radial,
and circumferential strains across the anterior, posterior,
and septal leaflets for Stage 2, i.e., large pressures. As
expected at higher pressures, we found that strains in
Stage 2 are larger than in Stage 1. Please note that the
strain analysis in Stage 2 includes one additional vari-
able, peak pressure (20, 50, 80 mmHg) in addition to
leaflet and strain direction. However, in the figure we
grouped strains for all pressures. For the complete data,
please see our data availability statement for raw data
tables. Quantitatively, we found that strain, again, de-
pends on leaflet (p¡0.001) and direction (p¡0.001), and
also pressure (p¡0.001). At high pressures, too, we
found that strains do not depend on the degree of di-
lation (p=0.5526). Additionally, we found significant in-
teractions between pressure and leaflet (p¡0.001), pres-
sure and direction (p¡0.001), and leaflet and direction
(p¡0.001). For simplicity, we limit our results to a gen-
eral description of these findings, but refer the interested
reader to 6 with a detailed list of all comparisons between
pressures, leaflets, and directions. Overall, we consis-
tently found that all strains in all leaflets increase with
pressure. Furthermore, we found that the relative magni-
tude between radial and circumferential strains is mostly
invariant to peak pressure. Specifically, we found that
mean circumferential strain was generally larger than ra-
dial strain in the anterior and the septal leaflets, while the
opposite was true for the posterior leaflet. For the poste-
rior and septal leaflet, these findings are consistent with
the direction-dependence we found in Stage 1. Finally,
we found that the relative strain between leaflets is mostly
invariant to pressure. That is, maximum principal and cir-
cumferential strain are consistently largest in the septal
leaflet than the anterior leaflet, and smallest in the pos-
terior leaflet. For radial strains, the relative magnitude
depends on the pressure levels and a detailed account
is providing in the 6. In summary, mean strains increase
with pressure across all leaflets while their anisotropic dis-
tribution and their heterogeneity among leaflets is mostly
invariant to pressure.

We also multiplicatively combined strains of Stage 1
and 2 and, thus, computed total leaflet strains. Our sta-
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Figure 2: Sample data from 3D Digital Image Correlation. We first recorded speckled leaflet images with two digital cameras before processing the
data for contrast normalization. Finally, we used DaViz 11 to correlate images and derive surface strain maps across each leaflet. Please note, we
did so in two stages: A) In Stage 1 we tracked images between 5 and 15 mmHg; B) In Stage 2 we tracked images between 15 mmHg and target
pressures 20, 50, or 80 mmHg.

tistical findings closely reflect those of the two-stage anal-
ysis. That is, total strains depend on leaflet, direction,
and pressure (all p¡0.001), but not dilation (p=0.957). Ad-

ditionally, all interactions between leaflet, direction, and
pressure are significant (all p¡0.001). A detailed list of all
comparisons between pressures, leaflets, and directions
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Figure 3: Between-leaflet heterogeneity and anisotropy of tricuspid valve strains. A) Strains induced between 5 mmHg and 15 mmHg (Stage 1). B)
Strains induced between 15 mmHg and 20-80 mmHg. Please note, we grouped strains across all degrees of dilation and target pressures (for Stage
2). Emax = maximum principal Green Lagrange strain; Erad = radial Green Lagrange strain; Ecirc = circumferential Green Lagrange strain.

is again available in the 6 and all tabulated raw data are
available. In short, we found that strains increase with
pressure. Furthermore, we found that the relative magni-
tude between radial and circumferential strains is mostly
invariant to peak pressure. As in Stage 2, here, we found
that mean circumferential strain was generally larger than
mean radial strain in the anterior and the septal leaflets,
while the opposite was true for the posterior leaflet. Fi-
nally, we found that the relative strain between leaflets is
mostly invariant to pressure. Specifically, we found that
maximum principal and circumferential strain are consis-
tently larger in the posterior than the anterior leaflet. This
contrasts our findings of Stage 2 in which this relationship
was reversed. Consistent with Stage 2, we found that
maximum principal and circumferential strains are larger
in the septal than the anterior and the posterior leaflet. Fi-
nally, for radial strains, as in Stage 2, we found that the
relative strain magnitude depends on the peak pressure.
In summary, combining strains from Stage 1 and Stage
2 suggests that strains increase with pressure across all
leaflets while their anisotropic distribution and their het-

erogeneity among leaflets is mostly invariant to pressure.
Figure 4 shows the combined maximum principal, ra-

dial, and circumferential strains as a function of pressure
for each leaflet. For illustrative purposes, we fit an ex-
ponential function to these data. We interpret the slopes
of these curves as “effective compliance” as they are not
material inherent, but depend on both structural param-
eters – such as leaflet thickness – and boundary condi-
tions – such as chordal insertions. Nonetheless, these
data suggest the effective compliance differs with direc-
tion, i.e., is generally higher in the radial direction than
the circumferential direction. Moreover, these data sug-
gest that the anterior leaflet is less compliant in the radial
direction than the septal and posterior leaflets. Addition-
ally, these data suggest that the septal leaflet is the most
compliant of the three in the circumferential direction.

Until now, we have reported all strains as mean values
across the anterior, posterior, and septal leaflets. Figure
5 shows strains across the whole leaflets as functions of
pressure and leaflets for Stage 1, Figure 5A, and Stage 2,
Figure 5B-D. Clearly, strains are widely distributed across
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Figure 4: Strain as a function of pressure for each leaflet. Fitted lines are least square regressions of an exponential function. Emax = maximum
principal Green Lagrange strain; Erad = radial Green Lagrange strain; Ecirc = circumferential Green Lagrange strain.

each leaflet with strains of 0.161 ± 0.093, 0.197 ± 0.088,
and 0.177 ± 0.098 for the anterior, posterior, and septal
leaflets in Stage 1, respectively. Interestingly, for a tar-
get pressure of 20 mmHg, the strain distributions signifi-
cantly narrow as indicted in 5B. That is, we found strains
of 0.044 ± 0.037, 0.041 ± 0.024, and 0.055 ± 0.039
for the anterior, posterior, and septal leaflets. With in-
creasing pressure, i.e., 50 and 80 mmHg target pressure,
the distribution means increase and widen relative to 20
mmHg (50mmHg: 0.086 ± 0.064, 0.083 ± 0.041, and
0.150 ± 0.094; 80mmHg: 0.114 ± 0.098, 0.108 ± 0.057,
and 0.218 ± 0.132, for the anterior, posterior, and sep-
tal leaflets, respectively) as shown in 5C-D. Among the
three leaflets, the septal leaflets stands out as showing
the widest strain distribution, i.e., the most heterogeneity.

Finally, we divided strains across the leaflets into three
categories according to their relative position between the
annulus and the free edge: “Free Edge”, “Belly Region”,
“Near Annulus.” We did so only for Stage 2 because the
belly and free edge regions are, at least partially, hidden
at small strains and can thus not be included in our strain
analysis. Figure 6 illustrates strains for all leaflets divided
by regions. Please note that we grouped results for all
degrees of dilation and all target pressures. Statistically,
we find that strains depend on region only in the septal
leaflets, but not the anterior or posterior leaflets. Within
the septal leaflet maximum principal strain differs between
the near annulus and free edge (p<0.001) and the belly
and the free edge (p=0.008). Radial strain differs between
the near annulus and the belly as well as the near annu-
lus and the free edge (both p<0.001). Finally, circumfer-

ential strain differs between annulus and belly (p=0.0234)
as well as free edge (p<0.001), and between belly and
free edge (p=0.008). In summary, within-leaflet hetero-
geneity is limited to the septal leaflet in which strains differ
between the near annulus, belly, and free edge regions.

4. Discussion

Tricuspid valve mechanics are a critical determinant of
its function and dysfunction. Understanding the valve’s
response to hemodynamic and mechanical loading may
provide a mechanistic insight into why the valve fails in
millions of patients and suggest how to best repair it [26,
27]. To date, there are few studies that have investigated
the valve’s mechanical response and none of these have
compared the mechanics of the three leaflets as well as
the mechanical heterogeneity within each leaflet. In our
current work, we combined an in-vitro heart flow loop with
3D DIC to spatially resolve strains across each leaflet and
within each leaflet. We did so under physiological and
pathological pressures as well as under varying degrees
of annular dilation.

Unsurprisingly, we found that the mechanics of the tri-
cuspid valve are complex. Most importantly, we found that
there is high heterogeneity in strains among the leaflets
and within the leaflets. We also found that leaflet strains
are anisotropic and that this anisotropy differs between
the leaflets. Interestingly, we found that dilation – even
when very large – had no effect on leaflet strains.

To our negative finding first: We found that dilating the
annulus to 30% and 60% of our original effective orifice
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Figure 5: Maximum principal strain distributions across each leaflet. A) Strains induced between 5mmHg and 15 mmHg (Stage 1). B) Strains induced
between 15 mmHg and 20-80 mmHg. Please note, we grouped strains across all three degrees of dilation.

Figure 6: Spatial distribution of strains within all three leaflets. Please note, we grouped strains across all three pressure levels and degrees of
dilation. Emax = maximum principal Green Lagrange strain; Erad = radial Green Lagrange strain; Ecirc = circumferential Green Lagrange strain.

area did not change leaflet strains. This finding is un-
expected and contradicts ours and others’ prior assump-
tions. Importantly it should be noted that even at 60% di-
lation, no leakage was observed. Us and others have pre-
viously assumed that leaflet strain – and therefore stress
– would increase with increasing dilation [26, 28, 29]. Of-
ten, Laplace’s law is cited which suggests that increasing
diameter leads to increasing tension [30, 31, 32]. This re-
mains a crude assumption given the many ways in which

the tricuspid valve fails to meet the assumptions of a thin-
walled sphere. We suspect that the complexity of the
leaflet geometry, the importance of the leaflet contact me-
chanics, and the insertion of chordae tendineae within the
leaflets together render Laplace’s equation a poor approx-
imation for the complex mechanics of the tricuspid valve.
We also suspect that our finding may change once the an-
nulus dilates enough to induce regurgitation. That is, we
expect that hemodynamic changes and insufficient con-

8



tact may alter leaflet strains, especially close to the leaflet
free edge [23, 26, 33]. However, future studies will have
to test this hypothesis. For now, our findings provide crit-
ical insight into the lack of sensitivity of valve mechanics
to “moderate” annular dilation.

To our positive findings: we found that strains differ
across the three leaflets and we showed this between-
leaflet heterogeneity through multiple comparisons. First,
we found that strains magnitudes differ between leaflets
with strains generally being larger in the septal leaflet
than in the anterior and posterior leaflets, while we found
that strains between the anterior and posterior leaflets
are generally comparable. Please note that the specific
findings are highly nuanced as the exact relationship be-
tween leaflets depended, for example, on pressure. Sim-
ilarly, we found that strains differ with direction. However,
no clear pattern emerged. In the posterior leaflet radial
strains exceeded circumferential strains, while this rela-
tionship was reversed in the anterior and septal leaflets.
Here, again, these general patterns were complicated by
dependencies on pressure. In short, while some gen-
eral patterns emerge, between-leaflet heterogeneity and
anisotropy are complex.

Additionally, our full-field DIC technique enabled spatial
quantification of strain across the majority of the leaflet
surfaces. We found that strains were highly heteroge-
neous across the leaflets. This heterogeneity likely stems
from leaflets thickness heterogeneity which we have re-
ported previously, as well as chordal insertion sites that
impact leaflet strains [23, 28]. Interestingly, no simple
spatial pattern emerged. That is, we tested whether
strains near the annulus, the leaflet belly, or the near
edge differed, but found signficant results only in the sep-
tal leaflet. Additionally we found that the “degree of het-
erogeneity” as measured by the strain distribution width
differed among leaflets and with pressure. It appeared
that increasing pressure widened the strain distributions
in all leaflets and that the septal leaflet had notably larger
strain heterogeneity. This latter finding is consistent with
previous reports that point out the uniqueness of the sep-
tal leaflet [34, 18, 24, 28]. For example, we have previ-
ously shown that chordal insertions into the septal leaflet
differ significantly from those of the anterior and posterior
leaflet [24, 25].

Although our work is unique for its report of full strain
fields, our findings are – at least in part – comparable to
prior work by others and ourselves. For example, Spin-
ner et al. have previously reported leaflet strains across
two porcine leaflets (anterior and posterior), while ignor-
ing the septal leaflet and not reporting on spatial het-
erogeneity [16]. Overall, their reported stretches are of
similar magnitude to our reported strains. For example,
they reported “maximum axis stretch ratios” of 1.17 and
1.54 for their anterior and posterior leaflets, respectively.
These stretch translate to strains of 0.18 and 0.69 at 50
mmHg. Consistent with our findings, annular dilation in
their study did not induce any statistically significant differ-

ences in leaflet strains. Additionally, they found strains to
be larger in the posterior leaflet than the anterior leaflets,
which agrees with our finding for that same pressure and
same strain measure (maximum principal strain). In an-
other study, Amini Khoiy et al. used whole porcine hearts
in-vitro to measure septal leaflet strains using sonomi-
crometry crystals [17]. Interestingly, their reported strains
were significantly smaller than ours. That is, they reported
maximum principal strains of 0.112 at a pressure of 30
mmHg. They also found no anisotropy and did not test
for heterogeneity. Thus, only limited comparison between
our findings are possible. Finally, in comparison to our
own work, Mathur et al. reported in-vivo ovine strains
similar to those of our current study [18]. For example,
we previously found in-vivo maximum principal strains of
0.47, 0.31, and 0.65 (when averaged across “regions”)
for the posterior, septal, and anterior ovine leaflets, re-
spectively. We note that our ability to investigate spa-
tial heterogeneity in our prior in-vivo study was severely
hampered by the poor spatial resolution of the sonomi-
crometry based technique which only allowed for calcu-
lating strains at two locations in the leaflet. In contrast to
our current study, we previously found that radial strains
were larger than circumferential strains and that the an-
terior leaflet had the largest strains. Overall, our findings
are in good agreement with prior studies where compar-
ison is possible. Disagreements likely stem from using
different strain measurement techniques, different experi-
mental settings (in-situ versus in-vitro versus in-vivo) and
inter-species differences.

Of course our study is subject to limitations. Most im-
portantly, our study was conducted in explanted porcine
hearts which has important implications. First, our hearts
do not contract. Thus, we ignore the complex hemo-
dynamics of a beating heart and the dynamism of the
tricuspid annulus and the papillary muscles. Addition-
ally, the impact of post-mortem changes to tissue prop-
erties may impact material stiffness and thus our strain
measurements. Also, we did not know the native in-vivo
shape of the tricuspid annulus or the position of the pap-
illary muscles. We assumed a common in-vivo annular
configuration for all valves. As to the papillary muscles,
we accepted their natural position within the myocardium.
Both limitations likely affect our findings. In future studies,
we plan on using in-vivo imaging to extract both annu-
lar shape and papillary muscle positions to build subject-
specific annular and papillary muscle mounts. Lastly, we
studied the tricuspid valve mechanics at static pressures
which ignores any inertial effects on leaflet mechanics.

5. Conclusion

In our work we provide a comprehensive in-vitro analy-
sis of tricuspid valve leaflet strains. Our analysis investi-
gates between-leaflet heterogeneity, within-leaflet hetero-
geneity, mechanical anisotropy, and the role of annular di-
lation and pressure. Overall, we found that leaflet strains
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are highly heterogeneous between and within leaflets.
We further found that strains increase with pressure and,
surprisingly, are independent of annular dilation. We also
found that strains in the near annulus region, in the belly
region, and the near free edge only differ in the septal
leaflet, but not the anterior or posterior. Through these
findings, our work fills an important knowledge gap about
the mechanics of the tricuspid valve.

6. Appendix

Dilation (%) Anterior Posterior Septal

Phase 1: 5-15 mmHg

0 0.166±0.097 0.195±0.094 0.176±0.110

30 0.164±0.096 0.208±0.087 0.172±0.084

60 0.154±0.087 0.186±0.082 0.183±0.100

Phase 2: 15-20 mmHg

0 0.045±0.034 0.031±0.019 0.067±0.046

30 0.041±0.029 0.037±0.021 0.054±0.040

60 0.048±0.048 0.053±0.031 0.043±0.029

Phase 2: 15-50 mmHg

0 0.088±0.063 0.067±0.039 0.162±0.100

30 0.087±0.070 0.103±0.047 0.148±0.096

60 0.083±0.059 0.079±0.037 0.140±0.086

Phase 2: 15-80 mmHg

0 0.116±0.097 0.112±0.072 0.244±0.142

30 0.112±0.108 0.098±0.050 0.206±0.128

60 0.113±0.089 0.114±0.049 0.204±0.126

Table 1: Mean ±1 standard deviation Emax for each leaflet, dilation, and
pressure over all six hearts.
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