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Abstract

The tricuspid valve ensures unidirectional blood flow from the right atrium to the right ventricle.
The three tricuspid leaflets operate within a dynamic stress environment of shear, bending, tensile,
and compressive forces, which is cyclically repeated nearly two billion times in a lifetime.
Ostensibly, the microstructural and mechanical properties of the tricuspid leaflets have
mechanaobiologically evolved to optimally support their function under those forces. Yet, how the
tricuspid leaflet microstructure determines its mechanical properties and whether this relationship
differs between the three leaflets is unknown. Here we perform a microstructural and mechanical
analysis in matched ovine tricuspid leaflet samples. We found that the microstructure and
mechanical properties vary among the three tricuspid leaflets in sheep. Specifically, we found that
tricuspid leaflet composition, collagen orientation, and valve cell nuclear morphology are spatially
heterogeneous and vary across leaflet type. Furthermore, under biaxial tension the leaflets’
mechanical behaviors exhibited unequal degrees of mechanical anisotropy. Most importantly, we
found that the septal leaflet was stiffer in the radial direction and not the circumferential direction
as with the other two leaflets. The differences we observed in leaflet microstructure coincide with
the varying biaxial mechanics among leaflets. Our results demonstrate the structure-function
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relationship for each leaflet in the tricuspid valve. We anticipate our results to be vital toward
developing more accurate, leaflet-specific tricuspid valve computational models. Furthermore, our
results may be clinically important, informing differential surgical treatments of the tricuspid valve
leaflets. Finally, the identified structure-function relationships may provide insight into the
homeostatic and remodeling potential of valvular cells in altered mechanical environments, such
as in diseased or repaired tricuspid valves.
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1. Introduction

The tricuspid valve separates the right atrium from the right ventricle of the heart. It is
circumscribed by a partially fibrous annulus and comprised of three leaflets (i.e., anterior,
posterior, and septal), while chordae tendineae secure each leaflet to the right ventricular
myocardium. The tricuspid valve functions as one of four check valves that ensure
unidirectional blood flow through the heart[1]. During diastole, the three leaflets open
toward the right ventricle allowing for ventricular filling. During systole, the three leaflets
coapt to prevent regurgitant blood flow into the atrium. Thus, the tricuspid valve leaflets
operate cyclically within a highly dynamic environment. Specifically, in a single heart beat
each tricuspid valve leaflet is exposed to shear forces from blood flow, biaxial forces from
transvalvular blood pressure, tethering forces from chordae tendineae, and forces from the
dilating and contracting tricuspid annulus [2, 3]. During the average human lifetime, this
cycle is repeated approximately two billion times.

The compositional, microstructural, and mechanical properties of the leaflets have evolved
to support the function of the tricuspid valve and resist those forces. Such changes are
ostensibly driven by mechanobiological activation of valvular interstitial cells and by
valvular endothelial cells undergoing endothelial-to-mesenchymal transition due to
mechanical stress [4, 5]. Therefore, developing such understanding requires the relating of
microstructural properties not only with mechanical properties, but also with the biologically
active mediators of these changes - the native valvular cells. Understanding the structure-
function relationships of the tricuspid valve leaflets is important not only from a basic
scientific perspective, but also a clinical perspective. For example, surgical 25 manipulation
of the leaflets during tricuspid valve repair likely changes the mechanical environment of the
leaflets. Surgery may thus disturb the mechanobiological homeostasis of the resident
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valvular cells and consequently of the valve tissue. As in the mitral valve, changes in
mechanobiological homeostasis may ultimately result in (mal-) adaptation of the leaflets in
the form of leaflet growth and remodeling [6, 7, 8, 9, 10]. Such changes may, at least in part,
be responsible for the currently poor clinical outcomes of tricuspid valve surgery, i.e.,
approximately 35% of tricuspid valve repairs fail within the first five years after surgery
[11].

Because of the erroneous notion that the tricuspid valve was the “lesser” of the two
atrioventricular heart valves, its study had been lacking behind that of the mitral valve [12,
13]. Fortunately, this gap is starting to fill recently (see references [14, 15] for detailed
reviews). However, there remains a need to further understand how the microstructure of
tricuspid valve leaflets determines their mechanical properties. Furthermore, it is of interest
whether this relationship differs between the three tricuspid valve leaflets. The distinction of
inter-leaflet differences may be vital to informing differential surgical treatments of the
leaflets, or more accurately informing the material properties of computational models of the
tricuspid valve [16, 17, 18, 19]. Finally, as leaflet regions fulfill different functions and
undergo different loading modes (i.e., the free edge is engaged in coaptation and is thus
compressed during systole, while the belly is primarily biaxially stretched), analyses of
spatial variations in microstructural properties may support recent spatially heterogeneous
mechanical analyses of the leaflets [20].

Sheep have become one of the most widely accepted large animal models of heart
disease[21]. This is particularly true for right ventricular and tricuspid valve disease [22, 23,
24, 25]. For instance, we have developed an acute and chronic model of right heart disease
that presents with significant tricuspid valve regurgitation [26, 22]. One of our interests lies
in quantifying the effects of chronic disease on changes in the structure-function relationship
of the tricuspid valve leaflet as potential targets for therapeutic treatment. Naturally,
understanding this complex relationship begins with studying the normal tricuspid valve.
Therefore, the purpose of this study was to quantify and relate microstructural and
mechanical properties in matched healthy ovine tricuspid valve leaflets and include an
analysis of resident valve interstitial cell nuclear morphology.

2. Methods

We performed all surgical and experimental procedures according to the Principles of
Laboratory Animal Care, formulated by the National Society for Medical Research, and the
Guide for Care and Use of Laboratory Animals prepared by the National Academy of
Science and published by the National Institutes of Health. This protocol was also approved
by the local Institutional Animal Care and Use Committee (Spectrum Health IACUC No.:
18-01).

2.1. Animal Model Procedures

The tricuspid valve leaflets used in the current study were excised from sheep that were
included in a previous study [27]. Detailed descriptions of the surgical procedure and
medications that were used in this study are also available in our earlier work [28]. In short,
healthy Dorset sheep were anesthetized, intubated, and placed on cardiopulmonary bypass.
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Under bypass, but on the beating heart, we implanted sonomicrometry crystals on the
tricuspid valve complex and right ventricle myocardium. After weaning the animals off
cardiopulmonary bypass we waited until all hemodynamic metrics stabilized. Once we
collected all marker data, we euthanized the animals, removed all sonomicrometry crystals,
and excised the tricuspid valve complex tissue for inclusion in this current study.

2.2. Tissue Storage

Upon tissue excision, we photographed the unfolded tricuspid valve complexes while they
floated on 1xPBS. We then isolated each leaflet at the commissures and cryogenically stored
them at —80 °C in a 9:1 DMEM and DMSO solution with protease inhibitor using a
controlled freezing device (Mr. Frosty, Thermo Scientific, Waltham, MA, USA). All leaflets
remained in storage at —80 °C until testing. Before testing, we rapidly thawed the tissue in
25 °C 1xPBS and confirmed that no morphometric changes had occurred following
cryogenic storage by photographing the thawed isolated leaflets in similar floating
conditions as before (data not shown). We also used these photographs to characterize
morphological and chordae tendineae insertion metrics from atrialis and ventricularis views
of the leaflets, see Appendix A.

2.3. Histology

Upon tissue thawing, we excised a radial strip of tissue from annulus to free edge
immediately adjacent to the central belly region where excised biaxial samples would later
be taken for each leaflet, see Section 2.4 and Supplementary Figure S1. We fixed each radial
strip in 10% neutral buffered formalin for 24 hours and then stored them in 70% ethanol. We
shipped three tissue samples of each leaflet to a commercial histology service (Histoserv,
Inc., Germantown, MD, USA) which embedded, transversely sectioned (5 pm thick), and
Movat Pentachrome stained the samples. Using a light microscope (BX53 Upright
Microscope, Olympus, Tokyo, Japan), we subsequently stitched 4X magnification images to
view full radial strips. We used a custom MATLAB program to analyze these stitched
images for regional thicknesses, see Appendix B. Additionally, we imaged representative
annulus, belly, and free edge regions, defined as equally split thirds of the radial strips, with
a 10X objective for constituent analysis. On these images, a custom MATLAB program
quantified the regionally-dependent relative area fraction of structural constituents (i.e.,
collagen, elastin, glycosaminoglycans (GAGs), muscle/cytoplasm, fibrin) in each leaflet.
Note, we verified that this analysis was not dependent on the magnification under which the
images were taken, please see Supplementary Figure S2. To better visualize constituents,
please refer to Supplementary Figure S3 for a sample 10X magnification image with
representative constituents. At this magnification, collagen, elastin, GAGs, cell nuclei, and
muscle (not pictured) are visible.

2.4. Planar Biaxial Testing

We also excised a 7 mm x 7 mm sample from the central belly region of each leaflet to be
tested under planar biaxial tension and subsequent two-photon microscopy. When excising
the samples, we ensured the square edges were aligned with the radial and circumferential
directions of the leaflet. We first measured and averaged sample thickness from four
locations using a digital thickness gauge. For (pre-)strain analyses, we marked an
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approximate 3 mm x 3 mm square in the tissue center with ink dots. We then photographed
these fiducial markers under floating conditions on a calibrated grid to establish a stress-free
reference configuration. Next, we mounted each sample on a commercial biaxial tension
testing device (Biotester, Cellscale, Waterloo, ON, Canada), aligning the radial and
circumferential directions of the sample with the rakes of the device. Before testing, we
preconditioned the samples equibiaxially to 300 mN for 10 cycles. Prior to each subsequent
testing protocol, we applied a 10 mN preload to remove any tissue slack. We then performed
two cycles of five different loading protocols, including equibiaxial and off-biaxial
configurations (i.e., 300 mN : 300 mN, 225 mN : 300 mN, 300 mN : 225 mN, 150 mN :
300mN, 300mN : 150mN). For the final recovery stroke of each loading protocol, we
recorded (5 Hz) rake-to-rake distances, forces in the radial and circumferential directions,
and images of the fiducial markers to compute local tissue stretch. We performed all biaxial
tests in 37 °C 1xPBS within four hours of thawing. Immediately after biaxial tension testing,
we prepared the belly samples for two-photon microscopy.

2.5. Two-Photon Microscopy

On the same samples we used for mechanical testing (i.e., post mechanical testing), we
applied a cell-permeant nuclear counterstain (Hoechst 33342, Thermo Fischer Scientific,
Waltham, MA, USA) in staining buffer for 20 minutes. To ensure full thickness image
acquisition, we then optically cleared the tissue in a 50:30:20% isotonic solution of
Glycerol, DMSO and 5xPBS for 30 minutes under sonication. We transferred the belly
samples to a two-photon microscope (Ultima IV, Bruker, Billerica, MA, USA) for the in
vitro collagen fiber orientation analysis via second-harmonic generation (SHG) and cell
nuclei morphology analysis via fluorescent excitation. During imaging, the samples were
covered by coverslip and stress-free in that no external tension was applied to the tissue. We
acquired all images with the atrialis surface facing the 20X water immersion objective
(XLUMPLFLN, Olympus, Center Valley, PA). At excitation wavelengths of 900 nm and 800
nm for SHG and fluorescence, respectively, we epi-collected the backscattered signal
through a PMT channel filter (460nm + 25 nm). We imaged 500x500 pm z-stacks at three
locations in the center of the sample with step sizes of 10 um, see Supplementary Figure S1.
Thus, we did not image the entire tissue but sampled the tissue at only three points which we
subsequently averaged. All tissues were imaged on a foil-lined glass slide, to provide visual
indication of full-thickness acquisition. After imaging, we returned the samples to 1X PBS
for one hour to reverse the effect of glycerol clearing. We then prepared the samples for
histology to validate unaltered tissue histology from optical clearing processes (data not
shown).

To analyze the collagen fiber orientation distribution of the images, we used /mageJ[29]. In
analyzing each image, we first normalized the image histogram based on saturation, and
then passed this processed image into the /mageJplugin OrientationJ[30]. From
OrientationJ, we acquired a coherency-weighted histogram of fiber orientations. Using data
averaging and interpolation, we represent the data from all three locations of a sample into a
single z-stack of histograms by depth, where 0% and 100% depths represent the atrialis and
ventricularis surfaces, respectively. We then averaged these distributions by leaflet type,
acquiring an average distribution of each leaflet by depth. We then fit a von Mises
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distribution to the histogram of each leaflet at each depth, which is characterized by the
parameters and «, i.e., the mean fiber angle and the fiber orientation concentration,
respectively. We also implemented a custom MATLAB program which identifies each
individual nucleus contour and quantifies metrics of circularity, nuclear aspect ratio (NAR),
and orientation. Please see Supplementary Figure S4 for a comparison between the
automatic algorithm and manual measurements of these metrics. To analyze these
parameters, we implemented similar location and sample averaging and interpolation of
histograms as described above. In these analyses, we fit von Mises distributions to
orientation histograms and normal distributions, with parameters ¢ and o (i.e. mean and
standard deviation, respectively), to circularity and NAR histograms.

2.6. Biaxial Membrane Tension and Stretch Calculations

To acquire the in-plane stretch during testing, we calculated the deformation gradient tensor,
F, with respect to the floating stress-free reference configuration via the previously acquired
images of the four fiducial markers. Specifically, using linear shape functions, we computed
the deformation field ¢, mapping the positions of the four fiducial markers between
reference and deformed configurations. The deformation gradient tensor is the material
gradient of the linear deformation field, i.e., F = Vx¢. We then calculated the right Cauchy-
Green deformation tensor, C, via C = FTF. To calculate stress, we transformed measured
load data into Cauchy stress o. To this end, we determined the deformed cross-sectional area
from the deformed rake-to-rake distance and the projected deformed configuration thickness
tunder the assumption of tissue incompressibility. We calculated the membrane tension, T,
asT = lo

2.7. Statistical Analysis

For all biaxial, histological, and morphological data comparisons, we used a linear mixed
effects model as implemented in R via the package afex. For all two-photon distribution data
comparisons we used a linear model, as implemented in /. When applicable, our models
included within-effects of region and depth, between-effects of leaflet type, and the
interactions of those effects. Additionally, our linear mixed effects models included random
effects from subject and crossed random effects between subject and within-effects. After
ANOVA analyses between models, we performed appropriate multicomparison Tukey post-
hoc analyses in R via the library emmeans. For all correlative analyses, we performed
Pearson correlation tests. We defined statistical significance as p-values smaller than 0.05.
We reported all data as mean * standard error, unless indicated otherwise.

3. Results

3.1. Tricuspid leaflets exhibit varying degrees of mechanical anisotropy

The biaxial behavior of tricuspid valve leaflets has previously been reported, though
primarily in the context of either informing mechanical constitutive models or comparing
tricuspid valve leaflets to other valve leaflets [31, 32, 33, 34]. Toward providing
microstructural and mechanical data in matched samples, we excised samples from the belly
region of each tricuspid valve leaflet, and tested each sample under biaxial tension in radial
and circumferential directions (Figure 1A). All samples exhibited the classic J-shaped
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constitutive behavior of fibrous soft tissues. Under equibiaxial test conditions, the
circumferential behavior of the anterior, posterior, and septal leaflets was highly consistent.
The radial behavior data, however, suggested varying degrees of leaflet-dependent
mechanical anisotropy (Figure 1B). In order to further investigate these differences, we
quantified four metrics: toe region stiffness, stiffness at 20 N/m, transition stretch (i.e., the
heel stretch of the J-shaped curve, where collagen engages), and a mechanical anisotropy
index (i.e., the ratio of circumferential and radial stretches at 20 N/m) (Figure 1C). Our
analysis did not reveal any significant differences among toe region stiffnesses, nor
stiffnesses at 20 N/m. We observed significant differences between radial and
circumferential transition stretches in the posterior leaflet (0 < 0.01) and nearly in the
anterior leaflet (p= 0.087), suggesting directional-dependent stretches required for collagen
engagement. Additionally, we observed the radial transition stretch of the posterior leaflet to
be significantly larger than that of the septal leaflet (p < 0.05). Strikingly, our mechanical
anisotropy index analysis revealed an index greater than one for the septal leaflet indicating
larger stretches in the circumferential direction than in the radial direction under equibiaxial
tension. The mechanical anisotropy index of anterior and posterior leaflets was less than one
indicating larger stretches in the radial direction than in the circumferential direction under
equibiaxial tension. Statistical analysis revealed that leaflet type has a significant effect on
leaflet mechanical anisotropy (p < 0.01). From post-hoc multicomparisons, we found
significantly different mechanical anisotropy indices between septal and posterior leaflets (o
< 0.01), while the other pairwise comparisons failed to meet significance (anterior-posterior:
p=0.14, anterior-septal: p=0.09). Overall, our analysis identified varying degrees of leaflet
mechanical anisotropy under equibiaxial tension, i.e., the septal leaflet has greater
circumferential compliance, while the anterior and posterior leaflets have greater radial
compliance.

3.2. Tricuspid leaflet constituents vary spatially

Previous studies have reported tricuspid valve constituent analyses [33], but there is limited
data regarding their spatial variation within and between leaflets. To perform these analyses,
we colorimetrically analyzed Movat’s Pentachrome stained histological sections of radial
strips (i.e., from annulus to free edge) immediately adjacent to previously excised biaxial
samples (Figure 2A).

We quantified the area fractions of five constituents from Movat’s Pentachrome staining:
GAGs (blue), collagen (yellow), elastin (black), muscle/cytoplasm (purple), and fibrin (red,
data not shown) (Figure 2B). For spatial analyses, we define approximations for annulus,
belly, and free edge regions as equally split thirds of the radial strips. We separated our
comparisons into within-leaflet and between-leaflet differences. In comparing GAG area
fractions, the septal leaflet free edge GAG content was less than that in the annulus (p <
0.05) or belly (p < 0.01) regions. Additionally, in the belly region, the GAG area fraction
was larger in the septal leaflet than in the anterior leaflet (0 < 0.05). For collagen area
fractions, the septal leaflet free edge collagen content was greater than that in the annulus (p
< 0.05) or belly (p< 0.01) regions. Similarly, the posterior leaflet free edge collagen content
was greater than that in the belly and annulus regions (both p < 0.05). Additionally, in the
belly region, the collagen area fraction was larger in the anterior leaflet than in the septal
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leaflet (p < 0.05). For elastin area fractions, our analysis revealed no within-leaflet or
between-leaflet differences, likely due to large inter-subject variability. For muscle/
cytoplasm area fractions, all significant findings involved comparisons with the annulus
region, which is likely due to the peri-annular muscle integrating in annular regions of the
leaflet, and not necessarily attributed to cell count, see Figure 2A, posterior. Overall, our
area fraction analysis suggests that constituents are heterogeneously distributed and that
there are compositional differences between leaflets.

3.3. Collagen fiber orientation and concentration varies by depth and leaflet

Collagen is the major structural protein responsible for the tensile properties of biological
materials [35]. Therefore, studying collagen structure and orientation is important when
relating microstructure to mechanical behavior. However, collagen structure analyses of
tricuspid valve leaflets have only been reported via bulk tissue small-angle light scattering
analyses [36] and single-depth SHG imaging [34], two methods which have limited z-
direction spatial resolution. To fill this gap, we utilized two-photon microscopy to acquire
full-thickness images of collagen via SHG in the same tricuspid valve leaflet belly samples
that were mechanically tested.

In Figure 3A, representative images of collagen are shown from within the indicated depth
regions, where 0% depth represents the atrialis surface, and horizontal fibers align with the
circumferential direction. Although the anatomical layers are difficult to delineate from SHG
images alone, we adopt three general regions, i.e., 0-33%, 33-67%, and 67-100% depths, as
approximate definitions for atrialis, spongiosa, and fibrosa/ventricularis, respectively.
Subsequently, we analyzed the collagen orientation throughout the leaflet depths, see Figure
3B, with 90° aligning circumferentially. We summarized the von Mises distribution
parameters 4 and «x for the collagen orientation distributions (i.e., mean and concentration,
respectively) in the same three regions for statistical comparison. Additionally, we report the
von Mises distribution parameters in Table 1 by depth and for each leaflet. Note that larger
values for concentration parameter, x, indicate more concentrated collagen fiber
orientations. We found that collagen mostly aligned circumferentially throughout the leaflet
thickness. However, we found statistically significant differences in the mean collagen
direction of the atrialis for all three leaflets when compared to that in the spongiosa and
fibrosa/ventricularis layers (all p< 0.0001). Specifically, we found a consistent radial shift of
the collagen orientation in the atrialis of all leaflets, which was most prominent in the septal
leaflet. Furthermore, we found statistically significant differences between the mean
collagen direction of the septal leaflet when compared to the anterior and posterior leaflets
in the spongiosa (p < 0.01 and p < 0.001, respectively) and fibrosa/ventricularis (p < 0.05
and p < 0.001, respectively) layers. Additionally, in anterior leaflets we found significantly
smaller fiber orientation concentrations in the atrialis and fibrosa/ventricularis than in the
spongiosa (both p< 0.0001). In posterior leaflets, we found no significant differences in
fiber orientation concentrations between layers. In septal leaflets, we found significantly
lower orientation concentrations in the fibrosa/ventricularis than in the atrialis and spongiosa
layers (both p < 0.0001). Across leaflets, we found that the septal leaflet showed
significantly lower fiber orientation concentration in the fibrosa than the anterior and
posterior leaflets (both p < 0.0001). Additionally, the posterior leaflet showed significantly
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higher fiber orientation concentration in the atrialis than in the anterior and septal leaflets
(both p< 0.0001).

In our analysis, we also noted a qualitative change in collagen morphology at different
depths. In the atrialis, collagen organized as individual fibers, typically shifting from fibers
with radial and circumferential components toward mostly circumferential fibers. In the
spongiosa, collagen was still organized as individual fibers but was mostly aligned
circumferentially. In the fibrosa/ventricularis, collagen organized into what appears to be
higher-order sheets aligned circumferentially, most notably in posterior leaflets.

Overall, our SHG data suggest that collagen is aligned primarily in the circumferential
direction throughout all leaflet depths. Some radial direction variability arises from mean
direction shifts in the atrialis (posterior and septal leaflets), or low fiber orientation
concentration in the atrialis (anterior and septal) and fibrosa/ventricularis (septal).
Additionally, collagen qualitatively appeared as individual fibers in the atrialis and
spongiosa for all leaflets, but was organized sheets in the fibrosa/ventricularis, especially in
posterior leaflets.

3.4. Cell nuclei morphology agrees with collagen organization

Resident valve cells and their nuclei are mechanobiologically active constituents responsible
for maintaining the valvular extracellular matrix. Valvular interstitial cells and their response
to mechanical stimuli have been investigated in the aortic and mitral valves [37, 38].
However, tricuspid valvular interstitial cells have not received this same attention. Toward an
initial understanding, we utilized two-photon microscopy to perform full-thickness image
acquisition of cell nuclei via Hoechst 33342 fluorescence. We captured these images in the
same tricuspid valve leaflet belly sample previously imaged for collagen SHG (Figure 4A).
We report the von Mises distribution parameters of nuclei orientation and the normal
distribution parameters of NAR and circularity by depth for each leaflet in Table 2. As
before, we refer to 0-33%, 33-67%, and 67-100% regions as atrialis, spongiosa, and fibrosa/
ventricularis respectively. Interestingly, we found that cell nuclei orientation varied by leaflet
and depth in similar ways that collagen orientation varied by leaflet and depth (Figure 4B).
Pearson correlative analysis between mean collagen orientation and mean nuclei orientation
through the depth of each leaflet showed strong linear correlation (Anterior: r=0.708,
Posterior: r=0.934, Septal: r=0.954, all p< 0.0001). Specifically, we found that nuclei
mostly aligned circumferentially throughout the leaflet thickness. Similar to collagen, we
found significant radial shifts in the mean nuclei direction in the atrialis of all three leaflets
when compared to the spongiosa and fibrosa/ventricularis layers (Anterior: p < 0.001,
Posterior, Septal: 0 < 0.0001). We also found the mean nuclei direction of the septal leaflet
varied significantly from the anterior and posterior leaflets in the fibrosa/ventricularis layers
(p<0.01 and p< 0.05, respectively). Additionally, we found lower nuclei orientation
concentration in the atrialis of all three leaflets (all p< 0.0001), possibly due to the more
circular shapes of the nuclei in this layer. Furthermore, we found that the septal leaflet nuclei
orientations were less concentrated in the fibrosa/ventricularis than in the anterior and
posterior leaflets (both p < 0.0001). Overall, our data suggest that cell nuclei orientation
agrees with the respective leaflet’s collagen orientation pattern.
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Qualitatively, we observed cell nuclei morphology to vary by depth (Figure 4A).
Quantitatively, we measured the NAR and circularity of each nucleus to quantify the
elliptical and irregular shapes, respectively, by leaflet and depth (Figure 4C,D). Specifically,
across all three leaflets, we observed that atrialis nuclei were significantly more circular (i.e.,
NAR nearer 1) than fibrosa/ventricularis layer nuclei (all p< 0.0001). The NAR transitioned
to more oblong shapes consistently within the spongiosa layer. Additionally, the septal
leaflet nuclei in the fibrosa/ventricularis were less oblong than anterior and posterior leaflet
nuclei (both p< 0.01). For circularity, we observed similar shape transitions in the
spongiosa. In all three leaflets, atrialis nuclei were significantly more regular shaped (i.e.,
circularity nearer 1) than fibrosa/ventricularis layer nuclei (all p < 0.0001) which possessed
more irregular undulated shapes. This transition in circularity consistently occurred within
the spongiosa layer. Additionally, the septal leaflet nuclei shapes were significantly more
regular than anterior and posterior leaflet nuclei in the fibrosa/ventricularis (both p <
0.0001). Overall, our findings suggest that near the spongiosa, cell nuclei shifted from
circular to irregular elliptical shapes, most drastically in anterior and posterior leaflets.

4. Discussion

The tricuspid valve has historically received less attention than the aortic and mitral valves,
each of which are associated with left heart disease [12, 13]. As research is focusing on right
heart disease, tricuspid valve disease is becoming recognized as a significant source of
morbidity and mortality [39, 40, 41]. Toward a greater understanding of tricuspid valve
disease, a critical component to discern is the relationship between tissue microstructure and
leaflet mechanics, first in health, and ultimately in disease. In our current work, we
performed a matched investigation of biaxial mechanical behavior with a full-thickness
analysis of microstructural properties and native cell nuclei morphology in healthy ovine
tricuspid valve leaflets. The novelty of our work lies, among other results, in: i) This being
the first report on the leaflet-specific, biaxial mechanical behavior and morphology of ovine
tricuspid valve leaflets, ii) this being the first report on the leaflet-specific, depth-resolved
microstructure and cell shape/orientation in tricuspid valve leaflets, and iii) this being the
first report on the leaflet-specific, correlation between the depth-dependent microstructural
orientation and cell orientation in tricuspid valve leaflets.

In our study, the tricuspid valve leaflets showed a distinct J-shaped constitutive behavior
under biaxial tension. This finding is consistent with our understanding of the behavior of
collageneous soft tissues [35] and has been reported by numerous investigators [31, 34, 20]
and in various species [32, 33, 42]. We added to the current body of literature by carefully
referencing our mechanical data to a “floating” stress-free reference configuration, rather
than a pre-stretched state. Our choice of this reference configuration was inspired by a
previous study on murine skin where we found that even small pre-loads (in the mN range)
during biaxial testing can significantly alter the interpretation of biaxial data [43]. This
sensitivity follows from the highly compliant behavior of these tissues at small forces. The
discrepancy in reference configurations between our current study and previous studies may
explain incongruencies in the observed behaviors. Specifically, we observed that leaflets
were more compliant than reported elsewhere [31, 20, 34]. Additionally, we observed a
smaller degree of mechanical anisotropy (i.e., ratios closer to 1, or near isotropic) when
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compared to some previous reports [34, 32, 33]. These discrepancies may also be due to
species differences or testing protocol differences.

Additionally, we added to previous reports by including all three leaflets in our mechanical
analysis. Thereby, we revealed that all three leaflets show a nearly identical behavior in the
circumferential direction, while showing differing behavior in the radial direction. The
anterior and posterior leaflets stretched less in the circumferential direction than in the radial
direction. In contrast, the septal leaflet stretched less in the radial direction than in the
circumferential direction. We are the first to have noted this difference in mechanical
anisotropy. It may be speculated that the septal leaflet’s unique behavior among the tricuspid
leaflets follows from its reduced range of motion when compared to the other two leaflets.
Specifically, we recently reported on the in vivo strains of the ovine tricuspid valve leaflets
[27]. There we found that the septal leaflet has a smaller opening angle (30° vs. 60°
(anterior) and 45° (posterior)). Additionally, the septal leaflet took a convex shape during
systole as opposed to the other two leaflets that were predominantly concave. Furthermore,
previous studies have shown that the septal region of the tricuspid annulus is the most
fibrous and stiffest [44, 45, 46], which may explain the altered motion of the septal leaflet.
These differences in septal leaflet motion and dynamic shape may create a mechanical state
that favors increased matrix deposition in the radial direction (see also discussion on
collagen organization below).

Naturally, the mechanical behavior of soft collagenous tissues is determined by its
constituents and their microstructural organization. While the tricuspid leaflet composition
has previously been analyzed and reported, we added an area fraction-based, spatially-
resolved analysis. Of particular interest were collagen, elastin, and GAGs. Elastin is thought
to determine the mechanical behavior of soft collagenous tissues at small stretches, when the
undulated collagen fibers are not yet activated [47]. In contrast, collagen is thought to
provide strength at higher stretches as the fibers progressively recruit and uncrimp [35]. On
the other hand, GAGs are thought to lubricate and support regions of tissue that undergo
shear and compression, attributed to their ability to sequester (income-pressible) water [48,
49]. Thus, GAGs have been proposed to support leaflet function at the free edge, where
hydrostatic forces on the ventricularis side and contact from opposing leaflets on the atrialis
side create compressive environments [49]. We did not find significant differences in elastin
content between leaflets or within leaflets. On the other hand, we did find that collagen and
GAGs varied by location and leaflet. Interestingly, GAGs were least abundant in the free
edge, contradicting the above hypothesis. Surprisingly, there was evidence that collagen was
more abundant in the free edge than elsewhere. This finding is particularly interesting and
may suggest that leaflet stretch, rather than compression, occurs at the free edge, possibly
due to chordal attachment at the free edge. Finally, collagen appeared more abundantly in
the anterior leaflet than in the other leaflets. This point is particularly interesting in light of
our recent observation that the anterior leaflet undergoes the largest in vivo strains. This may
suggest that increased stress increases mechanobiologically-mediated matrix deposition.

In our analysis, we quantified collagen orientation in the leaflets’” bellies throughout their
thickness. Being the principal structural protein, collagen orientation is thought to determine
the tissue’s axes of mechanical anisotropy [35]. We found that collagen was predominantly
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oriented in the circumferential direction throughout the thickness of the leaflets, with a small
radial shift in the atrialis of all leaflets. This radial shift is likely due to the atrialis’ surface
exposure to radial shear stress from blood flow in vivo. Overall, the orientation of collagen
does indeed coincide with the principal axis of mechanical anisotropy, except for septal
leaflets. As mentioned above, the septal leaflet appeared to stretch less in the radial direction
than in the circumferential direction. Thus, there seems to be an inconsistency between the
preferred mechanical direction of anisotropy and the mean fiber direction of collagen. This
inconsistency may be, at least in part, explained by the low collagen fiber orientation
concentration in the septal leaflet, its smaller degree of organization in the normally
collagen-dense fibrosa, and the relatively low overall collagen density. The latter point may
imply that other structural components may have a larger weight in determining the septal
leaflet mechanics than in the other two leaflets. Additionally, we consider the effect of
surrounding components - its annulus and chordae tendineae - on a potentially unique stress
environment for the septal leaflet, resulting in a unique collagen microstructure. As
mentioned before, the septal region of the tricuspid valve annulus is uniquely more fibrous
and stiffer than the rest of its perimeter [44, 45, 46]. Consistently, we have also noted a
reduced dynamic range within the septal region of the human and ovine annulus throughout
the cardiac cycle [50, 51]. Therefore, we hypothesize the fibrous septal annulus may
effectively shield the septal leaflet from large circumferential strains in vivo. This point can
be further corroborated by our recent finding that ovine septal leaflet belly regions undergo
the smallest in vivo circumferential strains among leaflets[27]. We also observed that the
septal leaflet possessed unique chordal attachments. Specifically, septal leaflet chordae
attached closer to the leaflet midline and inserted at radial angles more often than other
leaflets’ chordae, see Appendix A, (Figure A1G-J). As chordae tendineae are organized
unidirectional collagen structures and attach to the collagen-rich fibrosa/ventricularis, their
insertion angle likely influences surrounding collagen orientation and the direction of
applied stresses. Thus, the septal leaflet, with the most radially oriented chordae tendineae
insertion angles, may experience more radial stresses, increasing the likelihood of radial
collagen deposition. Overall, we hypothesize that the unique mechanical behavior of the
septal leaflet may be, in part, attributed to annular stress shielding and radial tethering,
creating a stress environment more favorable for circumferential collagen degradation and
radial collagen deposition.

It has been shown in other valvular leaflets that mechanical stimuli can activate valvular
interstitial cells rendering them myofibroblast-like [52, 53, 54] and result in
transdifferentiation of vascular endothelial cells into a synthetic phenotype via endothelial-
to-mesenchymal transition [37, 10]. Both cell types may be involved in the maintenance and
remodeling of their surrounding extracellular matrix [55, 4, 56]. We found that cell nuclei
consistently aligned with their surrounding collagen in all three leaflets. Additionally, the
cell NAR and nuclei circularity consistently shifted from round to more elliptical and
irregular shapes between the atrialis and fibrosa/ventricularis layers of the leaflets. This
trend occurred most drastically in anterior and posterior leaflets. We speculate that the
highly organized collagen sheets we observed in these leaflets may impose spatial
limitations onto the cells and their nuclei and thereby influence the morphology of the
nuclei. When considered together, morphological metrics of cell nuclei shape may be

Acta Biomater. Author manuscript; available in PMC 2021 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meador et al.

Page 13

reflective of stress environments in different layers. It may be speculated, for example, that
cell nuclei in the atrialis are rounded as they are exposed to low oscillatory shear from
adjacent blood flow. Conversely, cell nuclei may be elongated in the fibrosa/ventricularis due
to exposure to high biaxial tension and shear. Cell nuclei orientation may also identify
deformational susceptibilities during abnormal stress environments, such as in disease, that
can result in transdifferentiation and increased extracellular matrix remodeling. Altogether,
these spatially-resolved morphological metrics of cell nuclei may provide additional
knowledge about the homeostatic and remodeling potential of the mechanobiologically
sensitive valvular cells within leaflets.

Our leaflet-dependent analyses may become critically important as they provide insight into
how surgical/interventional repair could differentially affect the mechanobiologically
sensitive valve leaflets. This is particularly important to novel, transcatheter approaches such
as the TriClip or PASCAL devices [57]. These devices hold the key to treating the large
population of patients with tricuspid regurgitation that are currently not being treated [58].
For example, the TriClip device, which mimics edge-to-edge repair, is applied to
approximate/fuse any two leaflets. Understanding the leaflet-specific mechanical and
biological properties could inform the decision which leaflets to clip to minimize the risk of
short-term (e.qg., tissue tearing) and long-term (e.g., fibrotic tissue remodeling) failure.

Our study is naturally subject to several limitations. Primarily, we performed this study on
ovine, not human tissue. Thus, any extrapolation of our findings to humans must be done
with care. Additionally, previous studies have identified the tricuspid valve as a spatially
heterogeneous tissue. Multiple approaches in this study, namely histology and two-photon
microscopy, simplify complex three-dimensional structures into planar observations and thus
may lose valuable third-dimension information. Additionally, two-photon microscopy is a
highly localized imaging technique that allows for detailed, but spatially constrained
observations. Therefore our study may, in the future, be well-complemented with a bulk
structural observation method, such as small angle light scattering. Furthermore, our study
would be further complemented by a cell shape analysis, as mechanobiological processes in
cells are not solely initiated by nuclear deformation. Lastly, the biaxial behavior of tricuspid
valve leaflets has been shown to be spatially heterogeneous and our study only characterized
the mechanics and microstructure of belly region samples, leaving additional analyses to be
performed on samples from other leaflet regions [20]. Finally, as all mechanical tests, ours
may potentially be affected by boundary effects. However, as per Saint Vernant’s principle,
we analyzed strain in the sample center, away from the boundaries. While others have
accounted for the boundary effects due to the rake insertions, we found that the small
reported error accrued by ignoring such effects are negligible in comparison to the inter-
subject variations that we observed in our study [59].

5. Conclusion

In this work, we simultaneously investigated the compositional, microstructural, and
mechanical properties of the three ovine tricuspid leaflets. We found that the composition of
collagen and GAGs is spatially heterogeneous within leaflets, and varies across leaflets.
Also, we found that the microstructural and mechanical properties vary among the three
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tricuspid leaflets and that variations in microstructural properties between leaflets correlate
with varying mechanical properties. Specifically, collagen (and cell nuclei) orientation align
mostly circumferentially, with varying radial deviations among leaflets in the atrialis and
fibrosa/ventricularis regions. Correspondingly, the anterior and posterior leaflets
demonstrated higher stiffness in the circumferential direction. Interestingly, we found that
the septal leaflet (in contrast to the other two leaflets) was stiffer in the radial direction than
in the circumferential direction. We anticipate that our results will be vital toward
developing more accurate, leaflet-specific tricuspid valve computational models and could
be used toward tissue engineering heart valve replacements. Additionally, our findings may
provide clinical insight into how surgical repair could differentially affect the
mechanabiologically sensitive valve leaflets, and thus inform leaflet-specific surgical
treatments.
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Appendix A.

Tricuspid valve morphology and chordal insertions vary by leaflet

Previous reports have described the different sizes and shapes of the tricuspid valve leaflets
[60], but limited quantification of their morphological metrics exist for ovine tissue.
Therefore, we quantified leaflet area, perimeter, major cusp height, and major cusp width
from images of isolated leaflets (Figure ALA-B). Total leaflet perimeter was largest for
posterior leaflets (107 £ 5 mm) when compared to anterior (78 = 2 mm, p< 0.001) and
septal leaflets (79 £ 3 mm, p< 0.001) (Figure A1C). Additionally, posterior leaflets had a
larger total area (362 + 28 mm?) than septal leaflets (258 + 14mm2, p< 0.01). Anterior
leaflet area (314 + 23 mm?2) was not found to be significantly different from posterior (o=
0.21) and septal (p= 0.13) leaflets (Figure A1D). Major cusp height was largest in anterior
leaflets (19.1 £ 0.8 mm) when compared to posterior and septal leaflets (16.1 £ 0.4 mm,
15.4 £ 0.4 mm, respectively, both p< 0.01) (Figure A1E). No significant differences were
found between the major cusp width of anterior, posterior, or septal leaflets (19 + 1 mm, 21
+ 2 mm, 23 £ 2 mm, respectively) (Figure A1F). Overall, our studies suggest that the
posterior leaflet has the largest perimeter and a larger area than the septal leaflet, while the
anterior leaflet has the largest major cusp height.

Additionally, we analyzed chordal insertion sites for each leaflet using images of floating
isolated leaflets from the ventricularis side (Figure A1H). Specifically, we quantified the
chordal insertion site distance from the major cusp radial midline, as well as the chordal
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insertion angle relative to the midline, see Figure A1l-J. Interestingly, we found the septal
leaflet chordal insertion sites to be closest to the radial midline (Anterior, p< 0.001 and
Posterior, p=0.012). Furthermore, the chordae tendineae of septal leaflets attached at angles
aligned with the radial direction of the cusp (i.e., the radial midline) more often than in
anterior and posterior leaflets (both p < 0.0001). Combined, these data may explain the
unique radial mechanical behavior and microstructure of septal leaflets we observed. More
explicitly, chordae tendineae are highly organized unidirectional collagenous structures, see
Figure A1G. These chordae integrate directly into the collagen-rich fibrosa/ventricularis and
likely influence the immediate collagen within the leaflet. As septal leaflets possessed more
chordae near the midline (i.e., the location of excised biaxial test samples) with radial
insertion angles, the stress environment they create on the septal leaflet in vivo may be
unique from the other leaflets, and thus influence radial collagen deposition.

Appendix B.

Tricuspid leaflet thicknesses vary spatially

We measured the leaflet thicknesses by radial position (Figure B1A) and distributed these
data into three bins: 0-33%, 33-67%, and 67-100% of their normalized radial length,
generally representing the annulus, belly, and free edge regions, respectively (Figure B1B).
We separated our comparisons as within-leaflet differences (e.g. anterior annulus vs. anterior
belly, etc.) and between-leaflet differences (e.g. anterior belly vs. posterior belly, etc.). For
within-leaflet differences, the posterior leaflet was significantly thicker in the annular region
(445 £ 49 um) compared to the belly and free edge regions (259 + 33 um, and 273 = 59 um,
respectively, p < 0.05). The septal leaflet was significantly thicker in the annular region (350
+ 44 pm) than in the free edge region (160 + 43 pm, p < 0.05). The anterior leaflet did not
reveal any significant regional thickness differences. For between-leaflet differences, the
anterior belly region is the thickest (429 £+ 21 um) compared to posterior and septal belly
thicknesses (259 + 33 um, and 272 + 33 um, respectively, p < 0.05). The anterior and
posterior free edge thicknesses (326 + 20 um, and 274 + 59 um, respectively) were both
thicker than the septal free edge (160 + 43 um, p< 0.01 and p < 0.05, respectively). Overall,
our analyses suggest that the posterior and septal leaflet thicknesses vary by radial position,
the anterior leaflet had the thickest belly region, and the septal leaflet had the thinnest free
edge region.

Acta Biomater. Author manuscript; available in PMC 2021 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meador et al. Page 16

A AntWUyg B

Septal

Anterior
Posterior

Perimeter

5 131 14, ™15
7ee EAT® —————
C120 wokck Kk D E F
-

3 300 —+ - —

£ 80 3 € 3

£ £ £ £

£ 2 z :
©

= ] 20 o,

< 40 Z g s

k; < 100 T

0 0
ATV PTV STV ATV PTV STV
G H

Septal

Anterior
Posterior

| Chordal Insertion Distance J Chordal Insertion Angle
12 - s % % ek
r——
o o
b o 94 o
10 P 0 © © %
. & 2. e ? 0 8
£ & 7545 < c !
£ s I8¢ g 5 o | I
< 8+ = LY © o 9 o <
o s o © 9 c = | @90,
£ 20 2P oy 0
S g 6042 2 3 5 c !
2 o o < 8
= 6d. 2 © <« o 2‘3 oy
£ i = 09 n S 45+ g% @
. c [ o< = 2 o
- - S < n 8 S 000
3 SY) 8 < c >
c 418 © o9 c 3
oo L ® u 304
8 S 2 a7 g o = %? [¢)
%] » © 5 = — 0 ©
a £ @ _g 73 =
4 e a9 20 o8
G < 159 ® og
° &
0 T 0 T T T
Anterior Posterior Anterior Posterior Septal
Figure Al:

Tricuspid valve leaflet morphology and chordal insertions vary among leaflets. (A)
Definitions of leaflet perimeter, area, major cusp height, and major cusp width. (B)
Representative images of atrialis view of anterior, posterior, and septal leaflets (grid = 12.7
mm x 12.7 mm). White asterisks denote biopsy punch taken for a separate study. (C-F)
Quantification of (C) perimeter, (D) area, (E) major cusp height, and (F) major cusp width,
denoted as mean £ SEM (n7= 6 per leaflet). (G) Representative two-photon image of
collagen showing unidirectional collagen in direction of chordal length (white arrow), scale
bar = 100um, (H) Representative images of ventricularis view of anterior, posterior, and
septal leaflets (grid = 12.7 mm x 12.7 mm). White asterisks denote biopsy punch taken for a
separate study. (I-J) Jitter plots denoting (I) chordal insertion distances measured from major
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cusp radial midline, and (J) chordal insertion angles measured as the deviation from the
major cusp radial midline. Number of chordae sampled is denoted in jitter plot (7=8
anterior and posterior leaflets, 7= 9 septal leaflets, *p < 0.05, * * p< 0.01, * * *p< 0.001)
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Figure B1:
(A) Leaflet thickness based on histology images varies by normalized radial position and is

(B) summarized in radial bins. All data presented as mean + SEM. (7= 3 per leaflet, *p <
0.05, ** p<0.01)
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Figure 1:

The tricuspid leaflets exhibit varying degrees of mechanical anisotropy. (A) (i) Schematic
showing tissue samples from the belly region of anterior, posterior, and septal leaflets that
were (ii) mounted in alignment with the circumferential and radial directions and tested
under biaxial tension. (B) Equibiaxial membrane tension and stretch response of anterior,
posterior and septal leaflets in (i) circumferential and (ii) radial directions. (C)
Quantification of (i) toe region, (ii) 20 N/m stiffness, (iii) transition stretch representing the
stretch at which collagen becomes engaged, and (iv) mechanical anisotropy index calculated
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as the ratios between circumferential and radial stretch at 20 N/m. Data in all plots reported
as mean + SEM (7= 6 per leaflet, *0 < 0.05, * * p< 0.01)
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Figure 2:
Leaflet histology reveals that collagen content and glycosaminoglycan content vary by

leaflet and region.(A) Images of representative Movat’s Pentachrome stained radial strips of
anterior, posterior, and septal leaflets (scale bar = 2 mm). Black asterisks denote the sites of
chordae tendineae attachments excluded from analysis. (B) Quantification of leaflet
constituent area fractions for (i) glycosaminoglycans (GAGS), (ii) collagen, (iii) elastin, and
(iv) muscle/cytoplasm, at the annulus (i.e., first third of strip), belly (i.e., middle third of
strip), and free edge (i.e., last third of strip). All data presented as mean + SEM. Leaflet
images as shown were white balanced. (7= 3 subjects, 2 images per region averaged per
leaflet, *p< 0.05, * * p< 0.01, * * *p< 0.001)
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Figure 3:
Second harmonic generation analysis of collagen orientation reveals orientation variation

among leaflets and depth in the belly. (A) Representative collagen images (green) from
depths of 0-33% (Atrialis), 33-67% (Spongiosa), and 67-100% (Fibrosa/Ventricularis) for
anterior, posterior, and septal leaflets. Circumferential direction aligns horizontally and
radial direction aligns vertically (scale bar = 100 um). For each sample, we imaged 500x500
um z-stacks at three locations in the center of the sample with step sizes of 10 um. (B) Von
Mises probability distribution functions representing collagen orientation mean and
concentration by depth for anterior, posterior, and septal leaflets, respectively. Note,
distribution functions were created by averaging data across animals and across sample
locations within one depth. Orientations of 90° align with the circumferential direction.
Vertical hashed lines indicate summary regions for statistical comparison. Important Note:
Image intensity in (A) was enhanced to improve visualization of fiber orientations, and
should not be interpreted as correlating with quantity of collagen. (/7= 6 per leaflet)

Acta Biomater. Author manuscript; available in PMC 2021 January 15.

VM PDF (10-3)

12



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meador et al.

A

Posterior Anterior

Septal

Clrculgrlty (-)
[

Page 26

67-100% 90° = Circumferential

Orientation (°)
Pt

w o

] o

(=Y
o]
o

VM PDF (103

50
Depth (%)

Anterior Posterior Septal

1 33-67% 1 67-100% 1 1

S 1 FIV 1 1
1 1
1

50 75 100

50
Depth (%)

0-33% 1 33-67% 1 67-100%
A 4 S

LAY

PDF (103

25 50 75 100 0 25 100 0 25 50 75

50
Depth (%)

Figure 4:
Valvular interstitial cell nuclei orientation aligns with collagen orientation. (A)

Representative nuclei images (cyan) at depths 0-33% (Atrialis), 33-67% (Spongiosa), and
67-100% (Fibrosa/Ventricularis) for anterior, posterior, and septal leaflets. Circumferential
direction aligns horizontally and radial direction aligns vertically (scale bar = 100 um). (B)
Von Mises probability distribution functions visualizing nuclei orientation mean and
concentration by depth for anterior, posterior, and septal leaflets. Orientations of 90° align
with the circumferential direction . (C-D) Normal probability distribution functions
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visualizing (C) nuclear aspect ratio and (D) nuclear circularity by depth for anterior,
posterior, and septal leaflets. \Vertical hashed lines indicate summary regions for statistical
comparison. Important Note: Image intensity in (A) was enhanced to improve visualization
of nuclei morphology. As such, fluorescence intensity should not be interpreted
quantitatively. (7= 6 per leaflet)
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Von Mises parameters for average collagen orientation distributions throughout the depth of anterior, posterior,
and septal leaflets. Parameters iand x represent the fiber orientation mean and concentration, respectively.
Circumferential direction aligns with 90°.

Collagen Orientation

Depth: (%) Anterior Posterior Septal

) x() ) x) He) (o)

0 1177 1.09 1193 133 1260 0.92
10 1145 151 1121 166 1137 154
20 1133 148 1103 177 1109 154
30 1111 173 106.7 174 1058 1.61
40 1072 193 1076 163 1025 153
50 106.2 196 1055 1.64 1004 1.37
60 1033 169 1043 160 1025 1.20
70 1061 160 1069 146 1038 1.03
80 1075 160 1081 1.62 1038 0.98
90 1058 151 1074 181 1031 1.06
100 1003 150 1052 1.68 1023 1.01

Note: Larger x values indicate a larger concentration of fiber orientations in mean direction
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Von Mises parameters of average nuclei orientation distributions, and average normal distribution parameters
for nuclear aspect ratio and nuclei circularity for anterior, posterior, and septal leaflets. on Mises distribution
parameters fand x represent the mean nuclei orientation and concentration, respectively. Normal distribution
parameters 4 and o represent the mean values and standard deviations, respectively. Circumferential direction

aligns with 90°.

Nuclei Orientation

Depth: (%) Anterior Posterior Septal
) &) uC®) &) uC) ()
0 895 035 1167 042 1245 0.17
10 926 037 1069 047 1028 0.39
20 913 037 940 051 946 044
30 937 042 906 050 898 049
40 903 053 881 050 886 0.56
50 887 073 861 064 871 0.62
60 846 095 857 084 911 0.60
70 871 110 856 093 921 049
80 886 105 889 100 919 053
90 872 105 901 097 923 0.59
100 912 092 920 081 913 0.50

Nuclear Aspect Ratio

Depth: (%) Anterior Posterior Septal
M) o) u() o) () a(n)
0 147 032 149 034 144 030
10 145 031 151 034 147 031
20 146 032 148 032 149 033
30 149 034 148 032 152 035
40 154 037 154 036 156 037
50 163 041 160 039 161 040
60 172 044 170 042 161 040
70 176 045 179 043 163 040
80 175 044 179 044 163 040
90 173 044 175 043 161 0.39
100 168 042 165 041 156 037

Nuclei Circularity

Depth: (%0) Anterior Posterior Septal
M) o) M) o) M) o)
0 059 008 059 009 060 0.08
10 060 0.07 060 008 060 0.08
20 061 0.07 060 007 059 0.08
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Nuclei Orientation

Depth: (%0) Anterior Posterior Septal

) &) uC®) &) uC) ()
30 060 008 060 007 058 0.08
40 059 008 058 008 057 0.08
50 057 008 057 008 056 0.08
60 055 009 055 008 056 0.08
70 053 009 053 009 056 0.08
80 054 009 053 009 056 0.08
90 053 009 054 009 055 0.08
100 054 0.09 054 009 055 0.08

Note: Larger x values indicate more concentrated nuclei orientations in mean direction
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