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Abstract

Objective: To determine whether the leaflets of bicuspid aortic valve (BAV) experience increased
strain when compared to tricuspid aortic valve (TAV) leaflets.

Background: The population at highest risk of aortic valve calcification (AVC) are individuals
with BAVs. Currently, efforts to medically treat AVC are hampered by a limited understanding of
the biomechanical forces involved in the molecular pathogenesis of AVC.

Methods: Surgically created BAVs and control TAVs were placed into a left heart simulator.
Strains were calculated by comparing the distances between points on the aortic valve (AoV)
leaflet during various time points during a simulated cardiac cycle.

Results: The fused leaflets of BAVs experience significantly more strain during systole when
compared to TAVS. Specifically, BAVs experience 24% strain (£ < .0001) in the radial direction,
parallel to the direction of blood flow, as compared to TAVs. There was peak difference of 4% (P
<.001) in the circumferential direction.

Discussion: Based upon the data presented here, we are in the process of identifying how
increased strain activates calcification-associated pathways in AoV cells. Future studies will
examine whether these stretch responsive pathways can be blocked to inhibit calcification of
BAVSs.
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Introduction

Methods

Aortic valve calcification/stenosis (AVC) is the third leading cause of adult heart diseasel
and the most common form of acquired valvular disease in developed countries.? The risk
factor most closely linked to calcific aortic stenosis is bicuspid aortic valve (BAV),2> since
64% of the calcified aortic valves (AoVs) have BAV morphology.® Currently, the only
treatment for severe AVC is replacement of the valve. Efforts to develop medical treatments
for AVC have been hampered by a limited understanding of molecular mechanisms by
which inflammatory and osteogenic pathways are activated in AVC.

The BAVS, the most common congenital heart defect with an incidence rate of 1% to 2%,
245 result from the failure of the aortic valve leaflets to separate during development. In
BAVs, there is typically a fused aortic valve leaflet that is smaller than the two normal
leaflets would have been. The other leaflet, the unfused leaflet, is typically of normal size.
An ex vivo study of explanted BAVs from individuals who died from noncardiac causes
suggests that the fused leaflet experiences significant stress.” This study did not quantify the
biomechanical strains experienced by the fused leaflets nor compared them to the leaflets of
a normal tricuspid aortic valve (TAV). Furthermore, attempts to quantity the changes in
mechanical stretch experienced by BAVs and TAVs using computational models have been
inconclusive.® Although much effort has been devoted to studying the role of the
atherosclerotic processes in aortic valve (AoV) disease, there is evidence that aortic valve
interstitial cells (AVICs) can calcify in a cell autonomous mechanisms.%-12 Although there
have been recent reports examining the role of altered shear stresses in the leaflets of BAVS,
13-15 yery little is known about the strain experienced by BAVs. Elucidation of the
hemodynamic forces imposed on the BAVS is important to the development of medical
treatments for BAV calcific disease.

Quantification of Strain Experienced by BAVs and TAVs

Aortic valves were harvested from pigs sacrificed at the University of California San Diego
Center for the Future of Surgery. The aortic valves and ascending aortic roots were mounted
on Gore-Tex rings. To replicate the bicuspid AoV morphology, the left and right cusps were
sutured together thereby replicating the most common valve morphology found in BAVS.
For the purpose of quantifying the dynamic deformation and the resulting strain of the
leaflets during the systolic phase of the cardiac cycle, we measured the relative displacement
of small ink dots tattooed on the leaflets (each with an approximate diameter of 1 mm)
during the opening phase of the valve. To maximize the resolution of the strain
measurement, approximately 105 dots of an array of 15 x 7 were marked on a single leaflet.
The valves were mounted in a replica of the Georgia Tech Left Heart Simulator (Figure 1).
A controlled programmable pulsatile pump was used to simulate the ejection of the heart’s
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left ventricle. In order to simulate physiological conditions of a normal cardiovascular
system, the peak cardiac output and heart rate were 35 mL/s and 70 beats/min, respectively.
In addition, the downstream compliance chamber and the resistance were calibrated to retain
the physiological conditions of a human heart. A mixture of 60% of deionized water and
40% of ethylene glycol was used to simulate the viscosity of blood of approximately 4 cP.

High-resolution cameras were placed at different angles to record the location of the dots
marked on the leaflets throughout the opening of the valves. Strain was calculated by
quantifying the change in distance between the centers of dots in either the radial or the
circumferential direction. A time point during diastole was used as the reference point. We
then transformed pairs of two-dimensional (2D) images acquired at two different angles onto
three-dimensional surfaces at each time point. Once the instantaneous shape of the leaflet
was reconstructed, we compared the initial and final distance of the dots in both radial and
circumferential directions. Strain was calculated by comparing the change in distance
between the points at the systolic time point being examined to the reference divided by the
distance between points at the reference point. Three valves were used to test each condition.

Statistical Analysis

Results

The statistical significance of differences between the groups was determined with the
unpaired ftest. P< .05 was considered significant. Standard error of the mean was calculated
and included in the graphs.

The fused leaflet of BAVs experiences significantly more strain during systole. Given the
lack of clarity regarding the relationship between valve morphology and the strain
experienced by AoV leaflets, we performed ex vivo experiments using explanted porcine
aortic valves. Based on the observation (Figure 2A and Supplemental video), the valves of
both morphology closed and deformed in a similar manner at diastole. However, during
systole, the BAVs deformed very differently than the TAVs most notably during peak
systole. As a result of these observations, we focused on quantifying the strains experienced
by the valves during systole. End diastole was used as the reference point, since TAVS and
BAVs were similar at this time point. Although there was a statistically significant difference
(P=.001), the magnitude of the peak strains in circumferential direction was very similar
between the BAVs (14%) and the TAVs (10%). During mid-to-late systole, the fused valve
leaflets of BAVs experienced a significantly higher peak strain of 24% in the radial
stretching when fully open as compared to the peak of 4% in the TAV (£ < .0001 at the
measured time points; Figure 2D and Table 1).

Discussion

In this report, we demonstrate that BAV leaflets experience significantly more radial strain
during systole as compared to TAVS. This is the first report experimentally comparing the

strains experienced by BAVs as compared to TAVs during systole. We have focused on the
strain imposed on BAV leaflets, since strain is of much greater magnitude than shear stress.
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Additionally, the strain directly affects AVICs, which are the cells that calcify in AVC.
Previously, Robicsek et al examined the strain experienced by explanted human BAVS;
however, they did not compare the differences between BAVs and TAVs.” On the other hand,
computer modeling predicted minimal changes in the forces experienced by leaflets in TAVS
and BAVs.8 Our data demonstrate that the fused leaflets of BAVs experience significantly
more strain in the radial direction than TAV leaflets. One possible explanation for the
difference between the experimental data and the in silico® data is that the in silico BAVs
were modeled as having symmetric valve leaflets instead of the morphology seen in patients
in which the fused leaflet is larger than the unfused one. A limitation of our study is that we
used surgically created porcine BAVS. This approach was necessary since large animals with
BAVs and noncalcified human BAVs were not available. Based upon our data, we believe
that the fused leaflets of BAVs experience significantly more strain than the leaflets in
normal TAVs. Additionally, we propose that the patients with BAVs that experience
increased strain will be the subset of developing AVC. Future efforts to noninvasively
measure the valve leaflet strains would be a powerful tool for risk stratification patients with
BAV for their potential of developing significant AVC.

It has been reported that cultured aortic valve, AVICs exposed to cyclic stretch have an
increased expression of genes associated with AVC.16:17 |n separate reports, we are in the
process of describing the discovery that stretch-mediated repression of a microRNA and a
long noncoding RNA are critical to the increased expression of calcification-associated
genes in human AVICs. We have previously demonstrated that microRNAs are altered in
BAVs.18 Based upon the data presented here and the aforementioned molecular data from
our laboratory, we have developed the model that stretch activation of calcification-
associated genes in response to the increased strain imposed on AVICs in BAVS is sufficient
to cause AVC (Figure 3). This model will serve as a roadmap to identifying stretch
responsive pathways that can be targeted to prevent calcification of BAVs. Ongoing efforts
to elucidate the role that biomechanical stimuli plays in the pathogenesis of calcific disease
of BAVs are important development of noninvasive treatments for this serious disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Experimental design. A, Pictures of aortic valves sutured to the Gore-Tex rings. The right

picture is a bicuspid aortic valve (BAV). B, Diagram of the left heart stimulator used. C,
Picture of the clear left ventricle stimulator used. D, Tracing of the flow pattern used to
stimulate the blood flow through the aortic valve.
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Figure 3.
Model of how biomechanical stretch activate calcification related pathways in bicuspid

aortic valves (BAVS).
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