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Heart valves control the blood flow and play an extremely important role in the functioning of
heart. The valve leaflets are complex structural entities made from various layers with
primary constituents being collagen, elastin, extracellular matrix and valve interstitial cells.
Either due to congenital defects or due to the changes due to remodelling with age, the leaflets
functionality is altered sometimes resulting in less efficient heart output. Such problems are
hard to diagnose at an early stage and may lead to heart failure if left untreated.

In this work, we present a method for determining the functional properties of heart valve
leaflets from non-invasive imaging modules like ultrasound and CT. The novelty of present
approach is the use of collagen fiber maps to constrain the optimization and the use of a
coupled surface fitting/in-plane strain approach to obtain new information for structural
modeling of valve leaflets. As a first step, we use in-vitro experimental data from porcine
bioprosthetic heart valve emulating an aortic valve put in a flow loop. The leaflet was imaged
at three different static transvalvular pressures of 40, 80 and 120mm Hg using surface markers
and dual-camera setup[1]. Leaflets were removed and their fiber architecture was determined
using light scattering technique [2]. Then the leaflets were dissected and put under biaxial test
to determine their stress-strain relationship. This highly comprehensive data set with high
resolution, marker positions at multiple pressures, valve specific fiber architecture and biaxial
data was ideal for this study — to design the inverse model, validate it and calculate it’s
sensitivity to various input parameters and optimization constraints.

We used this extensive dataset to then develop and validate an inverse modelling approach.
There is no existing method for inverse modelling of heart valves as per authors’ knowledge.
This is due to the difficulty in modelling them as well as their small size and thickness and
fast movement in-vivo leading to poor quality of imaging. In our work, the valve leaflet was
modelled as a thin-shell membrane. The basal attachment was fixed as in the experiments and
a slowly increasing pressure was applied with contact between leaflets treated using a penalty
method. Each forward dynamic problem was solved using explicit scheme until the leaflet
reached a steady state.

The L* norm of projection distance from experimental marker positions to the simulated
results was minimized to obtain the material properties. Different optimization techniques
were tested including the Levenberg—Marquardt, the quasi-Newton BFGS and heuristics
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based genetic algorithm to determine sensitivity of convergence. For the constitutive law,
Fung’s elastic model and a new hybrid hyperelastic model were used to evaluate the
sensitivity of estimated mechanical behaviour on specific forms of stress-strain relation. First
each leaflets was considered to have homogenous elastic parameters. The results were
validated against the in-vitro experimental data from biaxial experiment. Then the method
was extended for the parameters to vary spatially. The results from inverse model were
homogenized to obtain the coarse scale material properties and compared to the biaxial data
for validation. By varying the amount of input information in terms of the marker positions at
different pressures, the number of optimization constraints used from mapped architecture and
number of parameters to be estimated we calculated the sensitivity of each optimization
technique.
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Figure 1: Experimental setup (a), the thin shell model (b) and the stresses using a forward model (c¢)

To develop a method for evaluating the material parameters from in-vivo imaging, we are also
working on other required components, which are a topic of separate abstract. The average
fiber architecture of valve leaflets was calculated using a novel spline technique [3] and the
pre-strain in leaflets was estimated by comparing the in-vivo shape and explanted leaflets’
shape. This information when combined with the inverse model presented in this work will
lead to an in-vivo assessment tool for heart valves and help diagnose problems in the
mechanical functionality at an early stage. Additionally, this approach will have the potential
to serve as a general-purpose in-vivo assessment tool for heart valves — for evaluating the
performance of replaced prosthetic valves as well as monitoring the progression of valve
diseases. The information thus produced over time will help us understand the mechanical
behavior of valve leaflets and design better surgical tools to repair and replace them.
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