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Abstract Tricuspid valve leaflets are dynamic tissues that can remodel in response to altered
biomechanical and hemodynamic loads. The anterior, posterior, and septal leaflets exhibit
distinct morphology, composition, and mechanical properties, resulting in varying in vivo strains.
We hypothesized that these differences would result in leaflet-specific remodeling changes in a
sheep model of biventricular heart failure. Previously, we reported significant maladaptive
changes in the anterior leaflet (Meador et al., 2020b). Here, we extended the analysis to the
posterior and septal leaflets and observed a lesser but notable remodeling response. Both the
diseased posterior and septal leaflets showed increased free edge thickness and valvular
interstitial cell activation. However, only the posterior leaflet exhibited increased circumferential
stiffness and collagen content. In contrast, only the septal leaflet increased in area and displayed
signs of endothelial-to-mesenchymal transition. These findings emphasize the importance of
considering leaflet-specific remodeling when developing computational models or targeted
treatment strategies for tricuspid valve disease.

Introduction
Tricuspid regurgitation (TR) is a highly prevalent echocardiographic finding that is detectable in
82-86% of people (Singh et al., 1999). Approximately 1.6 million Americans suffer from moderate
to severe TR, which if left untreated, can lead to multiple cardiovascular complications (Enriquez-
Sarano et al., 2019). More than 90% of patients with severe TR exhibit a "functional" etiology,
wherein the valve dysfunction is secondary to other cardiac pathologies such as left-sided heart
disease or pulmonary hypertension (Condello et al., 2021; Fender et al., 2018; Henning, 2022). The
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valve itself is believed to be structurally and mechanically intact, and this assumption has guided
a conservative treatment approach that focuses on managing the primary condition to resolve
any TR (Lee et al., 2019; Taramasso et al., 2012). However, early surgical repair of the tricuspid
valve during mitral or aortic valve surgeries has shown promise in improving patient outcomes
and diminishing cardiac-related mortality (Rogers and Bolling, 2009; Pagnesi et al., 2017). Despite
this evolution of TR management, it remains under-treated and poorly understood.

Heart valve leaflets were once considered "passive flaps" that merely coordinated unidirec-
tional blood flow between the heart chambers. However, we now know that heart valve leaflets
are highly organized tissues with multiple cell types and intricate extracellular architectures that
actively remodel by contracting and reshaping to optimize coaptation (Grande-Allen et al., 2005b;
Chaput et al., 2008; Itoh et al., 2009). In diseased patients, leaflet remodeling induces a fibrotic
response (i.e., maladapt), which impedes proper kinematics and coaptation (Grande-Allen et al.,
2005a). Animal studies of heart failure and chronic ischemia have shown thatmaladaptive changes
in the mitral valve leaflets manifest by increased size, thickness, and stiffness (Rausch et al., 2012;
Timek et al., 2006). We have demonstrated in two animal models that similar remodeling patterns
exist in the tricuspid valve leaflets (e.g., increases in area, thickness, and stiffness) in response to
altered biomechanical and hemodynamic loads (Meador et al., 2020b; Iwasieczko et al., 2023a).
These remodeling-induced leaflet changes affect leaflet stresses and valve contact area, indicating
that valve function is sensitive to this leaflet maladaptation (Mathur et al., 2024).

We have shown that the tricuspid leaflets from healthy sheep exhibit drastically different mor-
phology, mechanical properties, and in vivo area strains (Meador et al., 2020a;Mathur et al., 2019).
These leaflet-specific properties suggest that each leaflet has the potential tomanifestmaladaptive
remodeling changes differently. In our previous study, we determined that the anterior tricuspid
leaflet exhibited maladaptive changes on all functional scales (Meador et al., 2020b). Here, we
aimed to quantify the maladaptive changes in the posterior and septal tricuspid leaflets from the
same sheep with biventricular heart failure after 2-3 weeks of tachycardia-induced cardiomyopa-
thy (TIC). Based on the in vivo strains from healthy sheep, we hypothesize that these maladap-
tive remodeling changes seen in the anterior leaflets of TIC animals will also be present but to a
lesser extent in the posterior and septal leaflets. We hypothesize that the TIC posterior and septal
leaflets will undergo remodeling localized to regions of high strains (i.e., posterior belly and septal
free edge). This distinction of differential remodeling may be vital in informing models of disease
progression and could provide future therapeutic targets.
Results and Discussion
TIC-induced changes to posterior and septal leaflet geometry and mechanics
Leaflet geometry is an important determinant for assessing valve function in TR (Afilalo et al.,
2015). Our previous study found significant changes in the anterior leaflet geometry in TIC animals
(Meador et al., 2020b). Building on our previous studies in tricuspid valve leaflets, we hypothesized
that TIC animals would show an increase in leaflet area for both the posterior and septal leaflets,
and only the septal leaflet would increase in thickness. Towards testing these hypotheses, we
quantified the posterior and septal leaflet morphology and thicknesses in TIC animals (Figure 1a,
Figure 2a, Figure 2d, respectively). Posterior leaflet morphology remained unchanged between TIC
and control (CTL) animals (Figure 1(b-d)). In contrast, the TIC septal leaflets significantly increased
in leaflet area (134%, p = 0.001, Figure 1e) and leaflet height (111%, p = 0.040, Figure 1f). Poste-
rior leaflet free edge thickness significantly increased by (160%) (p = 0.010, Figure 2b), and septal
leaflet free edge thickness significantly increased by (130%) (p = 0.050, Figure 2e). However, when
summarized into a single average thickness, we failed to find any significant increase in either the
TIC posterior and septal leaflets (Figure 2c & Figure 2f).

Leaflet remodeling in heart failure patients has influenced leaflet mechanics (Grande-Allen
et al., 2005a). Our previous study demonstrated that the anterior tricuspid leaflet mechanical
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Figure 1. Tricuspid valve septal leaflet area increases in sheep with tachycardia-induced cardiomyopathy (TIC). (a) An image of a sheep tricuspidvalve separated at the posterior-septal (PS) commissure was captured on a calibrated grid. The measured area (black), height (blue), and width(red) are shown on the posterior and septal leaflets. The posterior leaflet area was measured from the antero-posterior (AP) commissure to thePS commissure, while the septal leaflet area was measured from the PS commissure to the antero-septal (AS) commissures. Grid-scale = 1 cm.(b-d) Comparisons between posterior control (CTL, blue, n = 12) and TIC (red, n = 29) (b) area, (c) height, and (d) width. (e-g) Comparisonsbetween the septal control (CTL, blue, n = 12) and TIC (red, n = 29) (e) area, (f) height, and (g) width. Black bars represent the data mean if normalor the data median if non-normal, as determined by Shapiro-Wilk’s normality test. The p-values compare the morphological measurementsbetween CTL and TIC for respective posterior and septal leaflets using the Student’s t-test when normally distributed or the Wilcoxon Rank-Sumtest when non-normally distributed.

properties were significantly altered in diseased animals (Meador et al., 2020b). Similar to the an-
terior leaflet, we hypothesized that the TIC posterior and septal leaflets would exhibit a stiffer and
more isotropic behavior. Here, both posterior and septal leaflets exhibited the classic J-shaped
loading curve of biological collagenous tissues (Figure 3a & Figure 3d). Our biaxial mechanical
analysis found that TIC posterior leaflet stiffness significantly increased at large stretches (i.e., calf
stiffness) in the circumferential direction (p = 0.022) but failed to detect a significant change in the
septal leaflets (Figure 3b& Figure 3e, respectively). We failed to detect any significant change in the
stiffness at small stretches (i.e., toe stiffness) for both the posterior and septal leaflets (Figure 3c
& Figure 3f, respectively). Posterior leaflet anisotropy and transition stretches were consistent be-
tween CTL and TIC animals (Figure 4a-b), whereas the septal leaflets showed a significant increase
in radial transition stretch (p = 0.031) and a significant decrease in anisotropy (p = 0.005) in TIC
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animals (Figure 4c-d).
Distinct morphological and mechanical properties in tricuspid leaflets are essential for main-

taining healthy valve function (Meador et al., 2020a; Laurence et al., 2019). Our geometric and
mechanical analysis highlights the heterogeneous remodeling response in diseased tricuspid valve
leaflets on the tissue level. The substantial increase in septal leaflet area, particularly height, sug-
gests a compensatory mechanism to accommodate the increased septal-lateral annular dilation
(Iwasieczko et al., 2023b). Similarly, the free edge thickening of both leaflets likely reflects adap-
tive responses to tethering forces(Dal-Bianco et al., 2009). For instance, in vivo strain data from
healthy sheep highlight regions subjected to high strain during normal cardiac cycles. (Mathur
et al., 2019). The posterior leaflet belly experiences greater area strains than the septal leaflet,
whereas the septal leaflet free edge experiences greater area strains than the posterior. This dis-
tinction in belly region strains may explain the increased stiffness observed in the posterior leaflet
but not the septal leaflet. This stiffness increase could be attributed to RV enlargement tether-
ing the posterior chordae and contributing to higher circumferential stresses (Rogers and Bolling,
2009). Interestingly, while the CTL septal leaflet exhibited near-isotropic behavior, the TIC septal
leaflet showed a trend toward greater anisotropy, aligning more with circumferential loading simi-
lar to the other two leaflets. This shift likely results from increased septal commissure-commissure
distance and septal annular perimeter in TIC animals, imposing greater circumferential stresses on
the septal leaflet (Iwasieczko et al., 2023b). Additionally, the TIC septal leaflet experienced more
stretch along its radial axis (i.e., its axis of growth), suggesting a diminished matrix composition
or radially oriented collagen fibers. Overall, these structural and mechanical differences in the
posterior and septal leaflets highlight leaflet-specific remodeling, likely influenced by altered RV
geometry, annular geometry, and chordal tethering.
Differential expression of cellular remodeling markers in TIC posterior and septal
leaflets
Pathogenic activation of valvular endothelial cells (VECs) and valvular interstitial cells (VICs) pro-
motes extracellular matrix remodeling through expression, secretion, and degradation of key load-
bearing proteins (Kodigepalli et al., 2020). Our previous study observed increased regional expres-
sion of remodelingmarkers (𝛼SMA, Ki67, MMP13 and TGF-𝛽1) in TIC anterior leaflets (Meador et al.,
2020b). Based on our previous findings that tricuspid leaflets exhibit geometric changes (i.e., area
and thickness) in response to disease, we hypothesized that the TIC posterior and septal leaflets
would have increased expression of these remodeling markers (Meador et al., 2020b; Iwasieczko
et al., 2023a). Here, we determined the regional expression of the same remodeling markers in
TIC posterior and septal leaflets. In the TIC posterior leaflets, expression of 𝛼SMA and Ki67 in-
creased in the near-annulus region (Figure 5a-b), which is consistent with the observed increase
in cell nuclei density of this region (Figure 5—figure Supplement 1). In contrast, the expression
levels of MMP13 varied throughout the TIC posterior leaflets, while the expression of TGF-𝛽1 de-
creased across the TIC posterior leaflets. In the TIC septal leaflets, we observed increased regional
expression for all four remodeling markers in the near-annulus and belly region (Figure 6). We ob-
served decreased expression of MMP13 in the septal free edge region (Figure 6c). In addition, we
observed an increase in cell nuclei density within the near-annulus region of the TIC septal leaflets
(Figure 6—figure Supplement 1).

Different regions of the valve leaflet exhibit distinct behaviors and activation patterns, contribut-
ing to regional heterogeneity in remodeling (Blevins et al., 2008). The increase of 𝛼SMA expression
in the near-annulus and free edge regions suggests localized VIC activation. Activated VICs assume
a hypersecretory phenotype – known as myofibroblasts – that contributes to fibrosis by secretion
of collagen (Ma et al., 2017). The decrease of MMP13 expression in the free edge region of the
posterior and septal leaflet suggests diminished matrix turnover. The complementary signaling
of these remodeling markers agrees with the observed free edge thickening, suggesting upregu-
lated collagen deposition in both TIC posterior and septal leaflets. The localization of both Ki67 and
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Figure 2. Posterior leaflet free edge thickness increases in tachycardia-induced cardiomyopathy (TIC). Representative images of (a) posteriorand (d) septal leaflet strips divided into three equidistant regions (near-annulus, belly, and free edge). Comparisons between control (CTL, blue,n = 9) and TIC (red, n = 12) posterior leaflet thickness when data is (c) regionally assessed and (d) pooled. Comparisons between control (CTL,blue, n = 10) and TIC (red, n = 11) septal leaflet thickness when data is (e) regionally assessed and (f) pooled. Black bars represent the data meanif normal and the data median if non-normal as determined by Shapiro-Wilk’s normality test. The p-values compare thicknesses between CTLand TIC within each region for respective posterior and septal leaflets using the Student’s t-test when normally distributed or the WilcoxonRank-Sum test when non-normally distributed.

TGF-𝛽1 to the endothelial layer of TIC septal leafletsmay indicate endothelial-to-mesenchymal tran-
sition and highlight the unique roles of endothelial cells in responding to mechanical stress and
regulating inflammatory and fibrotic responses (Figure 6d) (Li et al., 2018). The regional heteroge-
neous expression of remodeling markers between the posterior and septal leaflets supports that
leaflet- and region-specific stimuli, possibly related to mechanical loading or biochemical environ-
ment, drive a localized remodeling response (Grande-Allen and Liao, 2011).
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Figure 3. Tachycardia-induced cardiomyopathy (TIC) posterior leaflets are stiffer in the circumferential (circ) directions. Control (CTL, blue, n = 10for each leaflet) and TIC (red, n = 22 for each leaflet) membrane tension (Mem. Tens.) vs stretch average curves (solid) with standard deviation(shaded) in the circumferential and radial directions for (a) posterior and (d) septal leaflets. Comparisons of the (b & e) stiffness at largestretches (calf stiffness) in the circumferential and radial directions for the posterior and septal leaflets, respectively. Comparisons of the (c & f)stiffness at small stretches (toe stiffness) in the circumferential and radial directions for the posterior and septal leaflets, respectively. Black barsrepresent the data mean if normal and the data median in non-normal as determined by Shapiro-Wilk’s normality test. The p-values comparestiffnesses between CTL and TIC for respective posterior and septal leaflets in both the circumferential and radial directions using the Student’st-test when normally distributed or the Wilcoxon Rank-Sum test when non-normally distributed.

Variation in collagen content andfiberorientation in TICposterior and septal leaflets
Collagen is a key load-bearing component of the leaflet extracellular matrix (ECM), constituting
approximately 90% of its structure (Kodigepalli et al., 2020). Previous studies on mitral leaflets
and our research on TIC anterior tricuspid leaflets have found that collagen content increases in
leaflets from valves with severe regurgitation (Meador et al., 2020b; Stephens et al., 2009). Colla-
gen synthesis is associated with large tissue strains, and our earlier work observed in vivo strains
localized to the posterior belly and septal free edge in sheep hearts (Mathur et al., 2019). Based on
this, we hypothesized that the TIC posterior and septal leaflets would have higher collagen content
than CTL leaflets, particularly in regions with the greatest in vivo strains. Specifically, we expected
increased collagen content in the TIC posterior leaflet belly region and the TIC septal free edge. We
observed a significant increase in collagen content in the belly region of the TIC posterior leaflet
(142%, p = 0.021, Figure 7a). In the TIC septal leaflets, there were non-significant increases in col-
lagen content in the near-annulus (p = 0.091) and free edge (p = 0.088) regions (Figure 7c). When
pooling all regions, no significant changes in overall collagen content were found for either the
posterior (p = 0.127) or septal (p = 0.484) leaflets (Figure 7b and Figure 7d).

Collagen fiber orientation is crucial for maintaining leaflet stiffness during the cardiac cycle
(Hudson et al., 2020). Our previous study showed increased radially dispersed fibers in the atrialis
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Figure 4. Tachycardia-induced cardiomyopathy (TIC) septal leaflets biaxial curves exhibited increased radialtransition stretch and decreased anisotropy. Comparisons of the transition stretch in circumferential andradial directions between control (CTL, blue, n = 10) and TIC (red, n = 22) (a) posterior and (c) septal leaflets.Comparisons of the degree of anisotropy between CTL (blue, n = 10) and TIC (red, n = 22) (b) posterior and (d)septal leaflets. Black bars represent the data mean if normal and the data median in non-normal asdetermined by Shapiro-Wilk’s normality test. The p-values compare circumferential and radial transitionstretches and the degree of anisotropy between CTL and TIC for respective posterior and septal leaflets usingthe Student’s t-test when normally distributed or the Wilcoxon Rank-Sum test when non-normally distributed.

region of TIC anterior leaflets (Meador et al., 2020b). We hypothesized that the TIC posterior and
septal leaflets would show a similar increase in collagen fiber dispersion. To test this, we fit von
Mises probability distribution functions to collagen fiber orientation histograms from both leaflets
of CTL and TIC animals and (Figure 8a, Figure 8c). From this, we quantified the concentration
parameter 𝜅 andmeasured fiber dispersion as a function of imaging depth. A large 𝜅 value reflects
more aligned fibers, while lower values suggest greater dispersion and more isotropic distribution
of collagen fibers are more aligned. Our analysis showed that CTL posterior and septal leaflet
fibers were circumferentially oriented. We found that this fiber orientation remained consistent in
the TIC posterior leaflets Figure 8b. However, we observed a significant decrease in the 𝜅 value in
the 0-33% (p = 0.020), 34-66% (p = 0.024), and 67-100% (p = 0.009) depth regions of the TIC septal
leaflets Figure 8d. Our analysis of cell nuclei orientation, nuclear aspect ratio (NAR), and circularity
showed no notable differences between CTL and TIC cell nuclei for the posterior (Figure 8—figure
Supplement 1) or septal (Figure 8—figure Supplement 2) leaflet.

Regional ECM changes in collagen content and fiber dispersion are driven by localized profi-
brotic cellular responses and degradative enzymes triggered by spatially heterogeneous patho-
logical strains imposed by annular dilation or leaflet tethering (Grande-Allen and Liao, 2011; Dal-
Bianco et al., 2009). These strains are often localized along the free edge, which may have ac-
tivated mechanobiological pathways promoting maladaptive remodeling within that region (Ko-
rossis, 2018; Kodigepalli et al., 2020). Our mechanical results align with our microstructural find-
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Figure 5—figure supplement 1. Cellular nuclei density increases along ventricularis side of posterior TIC leaflets.
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ings for the posterior leaflet. The increased collagen content and predominant circumferential
orientation of collagen fibers in the TIC posterior leaflet belly regionmay account for the increased
circumferential stiffness. In contrast, the mechanical results for the septal leaflet do not match our
microstructural observations. While collagen fiber dispersion increased in the TIC septal leaflet,
this was not reflected in our tissue anisotropy measurements. However, we observed elevated
MMP13 signaling in the near-annulus and belly regions, indicating increased collagen degrada-
tion and matrix turnover. Therefore, the septal leaflet exhibits more variability in its remodeling
response, suggesting that heterogeneous remodeling within the leaflet may play a larger role in
driving the mechanical behavior of septal leaflets in diseased subjects.
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Figure 7. Normalized collagen content increases in tachycardia-induced cardiomyopathy (TIC) posterior leaflets belly region. Regionalcomparisons of collagen content normalized to total protein content between control (CTL, blue, n = 6 for each leaflet) and TIC (red, n = 8 foreach leaflet) for (a)posterior and (c) septal leaflets. Pooled collagen content normalized to total protein content averaged across all regions for(b) posterior and (d) septal leaflets. Black bars represent the data mean if normal and the data median in non-normal as determined byShapiro-Wilk’s normality test. The p-values compare collagen content between CTL and TIC for respective posterior and septal leaflets using theStudent’s t-test when normally distributed or the Wilcoxon Rank-Sum test when non-normally distributed.

Conclusions
Our study highlights the heterogeneous (mal)adaptive response of the tricuspid valve leaflets in
a sheep model of tachycardia-induced biventricular heart failure across several functional scales.
Based on our previous study, the anterior leaflet exhibited the greatest remodeling response, while
here, we found that the posterior and septal leaflets showed similar but less pronounced changes
(Meador et al., 2020b). This indicates that the differential biomechanical stimuli observed in these
TIC animals influence each leaflet’s propensity to remodel (Iwasieczko et al., 2023b). These insights
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Figure 8. Through-depth collagen microstructure reveals similar mean orientations and regional concentration changed throughout depthbetween control (CTL) and tachycardia-induced cardiomyopathy (TIC) posterior and septal leaflets. Heat map visualizations of von Misesprobability distribution functions (VM PDF) fit to collagen fiber orientation histograms of two-photon acquired images throughout the entiredepth (0% - Atrialis surface, 100% - Ventricularis surface) of averaged CTL (blue, n = 9 for each leaflet) and TIC (red, n = 9 for each leaflet) (a)posterior and (c) septal leaflets. Comparisons of VM concentration parameter, 𝜅, across depth regions D1, D2, and D3 for the (b) posterior and(d) septal leaflets. Black bars represent the data mean if normal and the data median in non-normal as determined by Shapiro-Wilk’s normalitytest. The p-values compare circumferential and radial transition stretches and the VM concentration between CTL and TIC for respectiveposterior and septal leaflets using the Student’s t-test when normally distributed or the Wilcoxon Rank-Sum test when non-normally distributed.
Figure 8—figure supplement 1. Heatmap visualizations of nuclei orientation, nuclear aspect ratio (NAR), and circularity of control and
tachycardia-induced cardiomyopathy posterior leaflets.
Figure 8—figure supplement 2. Heatmap visualizations of nuclei orientation, nuclear aspect ratio (NAR), and circularity of control and
tachycardia-induced cardiomyopathy septal leaflets.

are crucial for directing surgical or pharmacological treatments of tricuspid regurgitation toward a
regionally targeted approach.

Incorporating these findings into future computational models can significantly enhance our
understanding of valvular disease progression, potentially leading to more clinically relevant re-
sults. Computational models, informed by the differential remodeling responses observed in the
tricuspid valve leaflets, can help simulate various disease scenarios and predict the impact of dif-
ferent therapeutic interventions (Mathur et al., 2024; Haese et al., 2024). This approach can allow
for a better understanding of the underlying mechanisms driving leaflet-specific remodeling and
aid in developing more precise and effective treatment strategies.

While our findings provide valuable insights into tricuspid valve leaflet remodeling, there are
limitations to consider. Our model induces heart failure within weeks, reflecting early adaptive re-
sponses rather than the long-term remodeling processes typical in clinical settings. Future studies
should extend the study duration to capture chronic remodeling. Additionally, while most data
were collected concurrently, 8 new samples were included, potentially introducing batch effects.
Despite these limitations, our findings provide valuable insights and directions for future research
in tricuspid valve pathology.

In conclusion, our study employed various experimental approaches to reveal the posterior
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and septal leaflets’ propensity to (mal)adapt across multiple scales. While the posterior leaflet
exhibited signs of (mal)adaptive remodeling, the septal leaflet showed remodeling patterns con-
sistent with the anterior leaflet. In the TIC posterior leaflet, we observed: (i) increased free edge
thickness, (ii) increased stiffness, (iii) increased regional expression of 𝛼SMA and Ki67, and (iv) in-
creased regional collagen content. In the TIC septal leaflet, we observed: (i) increased leaflet area,
(ii) increased free edge thickness, (iii) anisotropic mechanical behavior, (iv) increased expression
of 𝛼SMA, Ki67, MMP13, and TGF𝛽-1, and (v) increased collagen dispersion. Overall, our findings
indicate differential remodeling between and within the tricuspid valve leaflets.
Methods and Materials
Animal model, medication, and procedures
The TIC sheep model used in this study has been previously described in detail and validated as a
reliable and repeatable model of biventricular heart failure in sheep (Malinowski et al., 2017). The
posterior and septal leaflets tested in this study were taken from the same animal cohort as the
anterior leaflet. A detailed description of the animal model, medications, and procedures is fully
described in our previous published work (Meador et al., 2020b). Adult male Dorsett sheep were
randomly assigned to either the CTL (n = 17, 59.9 ± 4.6 kg) or TIC (n = 33, 60.1 ± 5.3 kg) groups. The
TIC animals were subject to a 180-260 beats per minute pacing protocol for 19 ± 6 days. After this,
the terminal procedure was performed to excise the tricuspid valve from each animal for further
testing.
Morphology and storage
The tricuspid valve leaflet complex was isolated from each heart, and the leaflets were separated
at the posterior-septal commissure. Each valve was floated on 1× PBS and imaged on a calibrated
grid to compare morphological measures such as leaflet area, major cusp height, and major cusp
width between CTL and TIC animals Figure 1a. The leaflets were then separated and cryopreserved
in a standard cryomedia containing 10%DMSO supplemented with a protease inhibitor and stored
at −80 ◦C until tested. Cryogenic studies have shown that the mechanical properties of soft tissues
wereminimally impacted after storage at temperatures below 0 ◦C (Kostelnik et al., 2024; Duginski
et al., 2020).
Thickness, histology, and immunohistochemistry
After thawing, we cut and fixed radial strips (from near-annulus to free edge) of all posterior and
septal leaflets in 10% neutral buffered formalin for 24 hours and then transferred to 70% ethanol
for long-term storage. We shipped the fixed leaflet strips to the same histological service (HistoServ
Inc., Amaranth, MD) for embedding, sectioning (5µm), and H&E and immunohistochemistry stain-
ing. We acquired full section images for all histological and immunohistological sections using a
lightmicroscope (Ti2-E High-content Analysis System, Nikon, Tokyo, Japan) with a 10× objective. We
used ImageJ (National Institutes of Health, Bethesda, MD, USA) to measure the total length of the
tissue section along the atrialis surface and separated each section into three equidistant regions
(i.e., near-annulus, belly, and free edge). We then measured the normal vectors between the atri-
alis and ventricularis surfaces at three random positions within each region, calculated an average
regional thickness, and averaged the regional thickness for a sample into the total leaflet thickness.

We assessed the same four cellularmarkers associated with remodeling processes as what was
previously used on the anterior leaflet: (i) alpha-smooth muscle actin (Abcam, ab5694, 1:600, Cam-
bridge, MA, US), (ii) Ki67 (Abcam, ab15580, 1:1250, Cambridge, MA, US), (iii) matrix-metalloprotease
13 (MMP13) (Abcam, ab39012, 1:50, Cambridge, MA, US), and (iv) transforming growth factor 𝛽-1
(TGF𝛽-1) (Abcam, ab9758, 1:100, Cambridge, MA, US). We used our custom MATLAB program to
segment the full cross-sectional leaflet image into the same three equidistant length regions (i.e.,
near-annulus, belly, and free edge) and interpolated ten thickness regions between the atrialis and
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ventricularis surfaces for a total of 30 regions. We then passed each region through our custom-
validated MATLAB program to spatially resolve the presence of the positive pixels and normalize
the percentage of positive pixels to the total pixels in that region.
Biaxial testing and analysis
We tested leaflet samples and analyzed the biaxial mechanics using the methods fully described
in our prior work (Meador et al., 2020a,b). We isolated a 7 × 7 mm square sample from the belly
region of each posterior and septal leaflet and applied four fiducial markers to the atrialis surface
of each sample to enable strain tracking during testing. We measured sample thickness at four
locations using a digital thickness gauge (547-500S, Mitutoyo Corp., Kawasaki, Japan) and captured
an image of the stress-free configuration on a calibrated grid. All samples were mounted on a
biaxial testing device (Biotester, CellScale, Waterloo, ON, Canada), submerged in 37 ◦C 1× PBS. Next,
we performed ten preconditioning cycles of equibiaxial extension to 300 mN and then conducted
two final equibiaxial cycles to 300mN.While testing, we continuously captured circumferential and
radial forces and images of the fiducial markers at 5Hz. All biaxial tests were performedwithin four
hours of thawing. We used the image analysis software Labjoy (CellScale, Waterloo, ON, Canada) to
track the coordinates of the fiducial markers throughout testing. In our analysis, we only included
the downstroke of the last loading cycle and reported membrane tension-stretch data relative
to the preloaded stress-free configuration. To quantitatively compare the nonlinear membrane
tension-stretch curves between CTL and TIC for the posterior and septal leaflets, we compared the
same four characteristic parameters as the anterior leaflet: toe stiffness, calf stiffness, transition
stretch, and anisotropy index. (Meador et al., 2020b).
Quantitative collagen assay
We isolated tissue samples from the near-annulus, belly, and free edge regions of each posterior
and septal leaflet and measured the wet mass. We used a 1 ∶ 10 ratio of tissue to deionized wa-
ter and homogenized the tissue samples in a bead-mill homogenizer (VWR). We then diluted the
tissue homogenates 1 ∶ 10 in deionized water to ensure the absorbance measurement was within
the standard curve. We followed the protocols provided with a total collagen assay kit (Abcam,
ab222942, Cambridge, MA, US) and measured the colorimetric absorbance at 560 nm with a spec-
trophotometer (Tecan, Infitite 200 Pro, Männedorf, Switzerland). All samples were analyzed in du-
plicate, and the collagen concentration was interpolated from a collagen type 1 standard linear-fit
curve (R2 = 0.99 ± 0.01). Additionally, we determined the total protein concentration of each sam-
ple using a Pierce™Microplate BCA Protein Assay Kit (Thermo Fisher Scientific, 23252, Waltham,
MA, USA) to calculate the normalized collagen content.
Two-photon microscopy
We imaged and analyzed the collagen microstructure and cell nuclei using the same two-photon
microscopy methods as described in our previous work (Meador et al., 2020a). The mechanically
tested square sample from the leaflet belly was briefly stained with Hoechst 33342 (Waltham, MA,
USA) for 20 minutes to visualize the cell nuclei. The tissue sample was then optically cleared under
sonication for 30 minutes in a solution containing glycerol:DMSO:5×PBS at 50:30:20% (v/v), respec-
tively. Next, we imaged the leaflet samples from each groupwith a two-photonmicroscope (Ultima
IV, Bruker, Billerica, MA, USA) to visualize collagen fiber orientation via second harmonic generation
(SHG) and cell nuclei via fluorescent excitation, respectively. The leaflet samples were placed on a
foil-lined glass slide with a coverslip placed on top to flatten the sample during imaging while not
imposing any stresses. We captured images from the atrialis surface to the ventricularis surface at
three centrally located regions (500 × 500 𝜇m, for each region) using a 20× water-immersion object.
We used excitation wavelengths of 900 nm for SHG and 800 nm for fluorescence with linear polar-
ization. We epi-collected the backscattered SHG signal through a PMT channel filter (460 nm ± 25
nm) and acquired a z-stack of images at a step size of 10 𝜇m. To analyze the SHG images, we used
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the orientation distribution analysis with the Gaussian gradient method in the ImageJ plugin Ori-
entationJ (National Institutes of Health, Bethesda, MD, USA). We averaged and interpolated across
the three z-stacks for each leaflet sample and then fit a symmetric von Mises distribution to each
histogram to estimate the mean fiber angle 𝜇 and the fiber orientation concentration 𝜅 (Schriefl
et al., 2012). To analyze the cell nuclei morphology and orientation, we used our custom-validated
MATLAB code to quantify individual nuclei contours, nuclear aspect ratio (NAR), and circularity from
each image (Meador et al., 2020a). In a similarmanner, we fit vonMises distributions to the nuclear
orientation histograms, while we fit normal distributions to the NAR and circularity histograms.
Statistical analyses
We first performed Shapiro-Wilk tests on all experimental data sets to determine whether the data
were normally distributed and F-tests to determinewhether the variances of our datasetswere sim-
ilar. We then used a Student’s t-test if data were normally distributed and variances were equal,
and we used the Wilcoxon Rank-Sum Test or Welch’s t-test when appropriate if these assumptions
were not met. For statistical comparisons, we used either a one-tailed or two-tailed test, as appro-
priate, with our stated hypothesis. For all tests, we considered a 𝑝 < 0.05 as statistically significant.
All statistical comparisons and correlations were completed in MATLAB.
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Figure 5—figure supplement 1. Heatmap (left) showing regional cell nuclei density of
hematoxylin-eosin stained posterior control (CTL)(middle) and tachycardia-induced cardiomyopa-
thy (TIC) (right) leaflets. The heatmaps are separated into three equistant longitudinal regions
along the leaflet’s radial axis (near-annulus) (NA), belly, and free edge (FE)) and 10 thickness region
from the atrialis surface (Atr.) to the ventricularis surface (Ven.) Fold change (FC) between CTL (n
= 6) and TIC (n = 6) was determined by the ratio of cell nuclei count between TIC and CTL. Color
map indicates the logarithm base 2 of the fold change, interpreted as (positive, red): TIC expres-
sion is higher than CTL, (0, white): TIC and CTL expression are approximately equal, and (negative,
blue): TIC expression is less than CTL. Representative images of CTL (middle) and TIC(right) pos-
terior leaflets are shown with the atrialis surface upward. Asterisk (*) denotes chordae tendineae
which was excluded from the analysis. The inset leaflet schematic depicts the longitudinal region
from which the representative image was taken. Scale bars = 500 𝜇m.
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Figure 6—figure supplement 1. Heatmap (left) showing regional cell nuclei density of
hematoxylin-eosin stained septal control (CTL)(middle) and tachycardia-induced cardiomyopathy
(TIC) (right) leaflets. The heatmaps are separated into three equidistant longitudinal regions along
the leaflet’s radial axis (near-annulus) (NA), belly, and free edge (FE)) and ten thickness regions from
the atrialis surface (Atr.) to the ventricularis surface (Ven.) Fold change (FC) between CTL (n = 6)
and TIC (n = 6) was determined by the ratio of cell nuclei count between TIC and CTL. Color map
indicates the logarithm base 2 of the fold change, interpreted as (positive, red): TIC expression is
higher than CTL, (0, white): TIC and CTL expression are approximately equal, and (negative, blue):
TIC expression is less than CTL. Representative images of CTL (middle) and TIC(right) septal leaflets
are shown with the atrialis surface upward. The inset leaflet schematic depicts the longitudinal
region from which the representative image was taken. Scale bars = 500 𝜇m.
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Figure 8—figure supplement 1. Through-depth imaging of nuclei orientation, nuclear aspect ratio
(NAR), and circularity of control (blue, n = 9) and tachycardia-induced cardiomyopathy (red, n = 9)
posterior leaflets.
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Figure 8—figure supplement 2. Through-depth imaging of nuclei orientation, nuclear aspect ratio
(NAR), and circularity of control (blue, n = 9) and tachycardia-induced cardiomyopathy (red, n = 9)
septal leaflets.
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