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ABSTRACT

Degenerative mitral valve disease is the main cause of primary mitral regurgitation with two phenotypes:
fibroelastic deficiency (FED) often with localized myxomatous degeneration and diffuse myxomatous de-
generation or Barlow’s disease. Myxomatous degeneration disrupts the microstructure of the mitral valve
leaflets, particularly the collagen fibers, which affects the mechanical behavior of the leaflets. The present
study uses biaxial mechanical tests and second harmonic generation microscopy to examine the mechan-
ical behavior of Barlow and FED tissue. Three tissue samples were harvested from a FED patient and one
sample is from a Barlow patient. Then we use an appropriate constitutive model by excluding the colla-
gen fibers under compression. Finally, we built an FE model based on the echocardiography of patients
diagnosed with FED and Barlow and the characterized material model and collagen fiber orientation.
The Barlow sample and the FED sample from the most affected segment showed different mechanical
behavior and collagen structure compared to the other two FED samples. The FE model showed very
good agreement with echocardiography with 2.02 + 1.8 mm and 1.05 4+ 0.79 mm point-to-mesh distance
errors for Barlow and FED patients, respectively. It has also been shown that the exclusion of collagen
fibers under compression provides versatility for the material model; it behaves stiff in the belly region,
preventing excessive bulging, while it behaves very softly in the commissures to facilitate folding.

Statement of significance

This study quantifies for the first time the collagen microstructure and mechanical behavior of degenera-
tive mitral valve (DMV) leaflets. These data will then be used for the first disease-specific finite element
(FE) model of DMV. While current surgical repair of DMV is based on surgical experience, FE modeling
has the potential to support decision-making and make outcomes predictable. We adopt a constitutive
model to exclude collagen fiber under compressions, an important consideration when modeling the mi-
tral valve, where the leaflets are folded to ensure complete closure. The results of this study provide
essential data for understanding the relationship between collagen microstructure and degenerative mi-
tral valve mechanics.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Mitral regurgitation (MR) is a common valvular heart disease
with frequent complications [1]. The prevalence of MR increases
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significantly with age from 6.4% in the 65 — 74 year old to 9.4%
in the 75 and older groups [2]. The main cause of primary MR is
the degenerative mitral valve (DMV) [2] with two distinct pheno-
types; fibroelastic deficiency (FED) and diffuse myxomatous degen-
eration, also known as Barlow’s disease in severe cases. FEDs often
involve ruptured chordae with myxomatous degeneration histolog-
ically predominant in the posterior leaflet. Diffuse myxomatous de-
generation, on the other hand, is a myxomatous degeneration and
affects multiple segments of the mitral valve leaflets [3,4]. Myxo-
matous degeneration is associated with a disrupted microstructure
of the mitral valve leaflets [5-7] that alters the mechanical behav-
ior of the leaflets. The altered mechanical behavior alongside the
other associated complications with DMV, e.g., abnormal annular
dynamics [8], impairs the function of the mitral valve (MV) appa-
ratus.

The numerical simulation can complement the clinical assess-
ment of primary MR, which is mainly based on descriptive evalua-
tions as reported by Zoghbi et al. [9]. However, accurate numerical
simulations require accurate material modeling to fully capture the
altered state of DMV leaflets compared to a healthy and functional
mitral valve. This requires capturing the mechanical behavior, un-
derstanding the microstructure change, and using appropriate con-
stitutive modeling.

Very little is known about the mechanical behavior of DMV
leaflets. There is only one study on the mechanical properties of
DMV leaflets by Barber et al. [10]. The study is based on uniax-
ial testing without microstructural data insufficient for modeling
and it neglects the distinction between FED and diffuse myxoma-
tous degeneration. Therefore, very few studies have performed a
numerical simulation of MR due to DMV, all using data from the
Barber et al. study [11-14]. Other researchers have investigated the
secondary MR assuming similar mechanical properties to healthy
MV leaflet tissues [15-19], although it has been shown that the
material behavior in the secondary MR differs from healthy MV
tissue [20,21].

In addition to the lack of data on mechanical behavior, the col-
lagen distribution in DMV leaflets is unknown. Collagen, which un-
dergoes drastic changes in DMV [5,7], is the main load carrier in
mitral valve leaflets [22]. Due to the unknown collagen distribu-
tion in the DMV leaflets, simple material models are used in the
FE simulation of DMV apparatus, such as isotropic [11], anisotropic
with assumed fiber direction and no dispersion [12] or anisotropic
with symmetrically high dispersion, i.e., almost isotropic [13,14].

Although there are sophisticated constitutive models for mitral
valve leaflets, e.g., [23-25], their potential is limited because of the
limited mechanical and microstructural data of DMV leaflets. On
the other hand, modern technologies are available today. They have
been applied to healthy human or animal tissue to provide de-
tailed microstructural information, such as second harmonic gen-
eration (SHG) microscopy [22,25], polarized spatial frequency do-
main imaging [26,27], electron microscopy [28], and small-angle X-
ray or light scattering [29-31]. Collagen distribution is particularly
important in modeling, as collagen fibers sustain hardly any com-
pressive stress and should be excluded, especially in mitral valve
leaflets, which are folded during systole to ensure complete clo-
sure. To the authors’ knowledge, there is no study on primary or
secondary MR modeling that excluded the collagen fibers.

In this paper, we characterize the collagen microstructure and
mechanical properties of DMV samples. Then we provide the first
numerical simulations of MR due to DMV based on accurate ma-
terial modeling of DMV leaflets. First, the mechanical behavior and
collagen distribution of mitral valve leaflets are investigated in two
patients, one diagnosed with FED and the other with Barlow. We
used a custom-built planar biaxial machine and SHG imaging. Then
an appropriate constitutive model that can exclude fibers under
compression is adapted to characterize the mechanical behavior
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of DMV leaflets. Finally, in ABAQUS [32], numerical simulations are
created based on 3D echocardiographic data from a FED and a Bar-
low patient. As boundary conditions for the model, the patholog-
ical motion of the annulus and the papillary muscles are also ex-
tracted from 3D echocardiographic data. At the end, the predicted
motion of the leaflets is compared with the echocardiography and
validated.

2. Materials and methods
2.1. Tissue acquisition and storage

Tissue samples are harvested peroperatively from one patient
diagnosed with FED (female, 60 years, height: 172 cm, weight:
74 kg) and another patient diagnosed with Barlow’s disease (male,
49 years, height: 179 cm, weight: 88 kg). Both patients underwent
MV repair—tissue resection, chordae transposition and insertion of
neochordae, followed by annuloplasty. Three tissue samples were
harvested from the FED patient, one sample from the anterolateral
commissure (ALC) and two samples from segments A2 and P2, re-
spectively (see Fig. 1). For the Barlow patient, only one sample was
collected from the P2 segment. At explantation, the anatomical di-
rections are identified and documented by the surgeon. The sam-
ples are then snap frozen and stored in Bergen cardiovascular bio-
bank with identifier 2014/828. Prior to testing, samples are trans-
ported to the testing facility in liquid nitrogen by a dry shipper
(Worthington CX100, US). The samples are stored in the dry ship-
per at room temperature until thawed in preparation for mechan-
ical testing. Previous studies, e.g., the study by Salinas et al. [33],
showed no mechanical effects on the right atrioventricular valve
from the freezing process. After thawing, the anatomical directions
are identified and a rectangular section dissected for testing.

This study was approved by the Regional Ethical Committee
of West Norway with identifier 2016/2073 and all procedures fol-
lowed national and EU ethics regulations.

2.2. Planar biaxial mechanical test of the DMV leaflets

Mechanical testing is performed using a custom-built planar
biaxial testing machine, shown in the previous studies [22,34].
The method was previously published using porcine mitral valves
[22]. Briefly, the sample is thawed at room temperature and the
thickness is measured photogrammetrically. Then the sample is
attached to four hooks on each side marked with four fiducial
markers in the center, enclosing an approximate area of 1.5 mm
x 1 mm. The size of the samples with an effective test area of
10.3+£0.6 mm x 6.6+ 1.3 mm, is determined by the dissection
performed during surgery, but the fiducial markers are spaced to
minimize edge effects in the region of interest. The hooks are
connected to the handle mechanism, which can rotate freely. This
mechanism allows for self-alignment during sample mounting and

Fig. 1. Mitral valve leaflets and its anatomical segments.
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minimizes shear forces during the experiments. Before starting the
test, a preconditioning of 5 load-unload cycles at a rate of 0.1 mm/s
is applied to the maximum load of 1 +0.2 N. Preconditioning en-
sures that the sample reaches a stable state, behaves consistently
to the test loads, and simulates real-life loading conditions. Unfor-
tunately, a higher maximum load was not feasible due to the sen-
sitivity of the diseased tissue. The sample is also subjected to a
preload of 0.01 N in both directions to remove any tissue slack.
Three displacement-controlled tests are carried out at a speed of
0.1 mmy/s, to the same maximum load of preconditioning. The po-
sition of the fiducial markers is tracked and synchronized with the
measured forces. Throughout the test, the sample is immersed in
a 1xPBS solution at 37°C.

2.3. Chemical fixation and clearing of the DMV leaflets

Within 2 hours after thawing and planar biaxial mechanical
testing, the same sample is immersed in a 4% formaldehyde so-
lution for chemical fixation. Fixation prevents tissue degradation
and preserves the collagen fiber structure. After 18 hours fixation,
the FED samples are cleared using 1:2 benzyl alcohol:benzyl ben-
zoate (BABB) [35] and the Barlow sample is cleared using SeeDBp
[36]. The BABB protocol was described in detail by Sadeghinia
et al. [22]. SeeDBp clearing is based on graded fructose solutions
and its main advantage is that it preserves the morphology—it
avoids the shrinkage observed in most clearing techniques [37].
The sample is incubated at 25°C in 20 %, 40 %, and 60 % w:v!
fructose:0.1xPBS solution each for 4 hours. Then 12 hours in 80 %
w:v fructose:0.1xPBS solution and another 12 hours in 100 % w:v
fructose:distilled water solution. Finally, the sample is incubated
in the fully saturated fructose solution at 25°C, 80.2 % w:w? fruc-
tose:distilled water solution for 24 hours. During the incubation
process, the solution is rotated at 4 rpm using a tube rotator (PTR-
35 Grant Instruments, UK). As shown in Fig. 2, SeeDB exhibits min-
imal change in tissue morphology and achieves excellent trans-
parency.

(a)
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Fig. 2. Tissue clearing with SeeDB: (a) fresh porcine heart valve tissue with a thick-
ness of 1 mm immersed in 1xPBS solution; (b) the same tissue after chemical fix-
ation and clearing with SeeDB. Each square is 1 mm x 1 mm; (c) the deformed
morphology after clearing (solid curve) compared to the initial morphology (dashed
curve). The deformed contour is rotated counter-clockwise by 5° for clarity.

2.4. Collagen microstructure of the DMV leaflets

A custom bottom-glass dish is prepared with coverslips and a
silicon isolator (Grace Bio-Labs, US). The sample, immersed in a
fully saturated fructose solution, is placed in the custom bottom-
glass dish and sealed. SHG imaging of collagen fibers is performed
with Lecia SP8 (Leica Biosystems, Germany) with laser excitation
set at 890 nm. In order to compensate for the scattering at greater
depths, the laser power is increased linearly (z compensation). The

1 w:v is weight-to-volume ratio. It is defined as the ratio of weight in grams of
solute to milliliters of solute
2 w:w is the weight-to-weight ratio
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Leica HCX IRAPO 25x, NA 0.95 water objective with a working dis-
tance of 2.4 mm is used for image acquisition. The forward and
backward SHG signals are collected using a standard photomul-
tiplier tube (PMT) and HyD (GaAsP) detectors, respectively. The
scanning takes place near the fiducial markers and the coordi-
nates are recorded using a piezoelectric stage (Scan IM 127 x 83,
Madrzhduser Wetzlar, Germany) with an accuracy of +3 um. The
field of view covers an area of 465 um x 465 um with a resolu-
tion of 0.45 um/pixel. Full-thickness imaging is performed at an
interval of 5 um.

A user-defined MATLAB script based on the method described
in our previous study [22] is used to quantify the collagen fiber
dispersion for each image. The method uses Fourier transform and
wedge filters to construct a probability density function of colla-
gen fiber distributions [38]. The distribution is then fitted by two
families of fiber using a von Mises distribution, which is defined as

1 exp{a; cos[2(0 — o1)]}

T Io(ar)

1 exp{acos[2(0 — ozz)]}
T Io(az)

Herein pym (@) is the von Mises distribution, characterized by o
and a, the mean fiber angle and concentration parameter, respec-
tively, and the subscript denotes the first or second fiber family,
while w is the weighting factor with values from 0 to 1 and Iy is
the zero-order modified Bessel function of the first kind. Figs. 3(a)
and (b) show the collagen structure and its corresponding distri-
bution for the Barlow sample at a depth of 200 um. The distribu-
tion of all images can be stacked to generate a contour map as
shown in Fig. 3(c). To improve the signal-to-noise ratio (SNR), the
forward and backward SHG signals are combined for the thick Bar-
low sample. In principle, the collagen fibers are so-called ‘forward
scattering’—emit more forward SHG signals shown by, e.g., Légaré
et al. [39]. However, in thick tissues and layers closer to the ob-
jective, the forward signals are more scattered, resulting in a lower
SNR. On the other hand, the use of HyD detectors with high sensi-
tivity improves the backward SHG signals, especially in layers close
to the objective.

Fig. 4 shows that backward SHG signals provide more detail and
contrast in layers near the objective, while forward signals provide
more detail at greater depths. Nonetheless, each signal is sufficient
to be analyzed independently based on the Fourier transform. In
this study we processed the signals from each detector separately
and averaged them at the end. The contour plot of the forward
signal, shown in Fig. 5(a), provides more detail in layers that pen-
etrate deeper into the tissue. On the other hand, the contour plot
of the backward signal, shown in Fig. 5(b), provides more detail in
layers closer to the objective. Therefore, we use both signals to cre-
ate an averaged contour map shown in Fig. 5(c). In addition, the
thick Barlow sample is imaged on both sides due to the limited
working distance of the objective. To ensure that the image cor-
responds to the same location from both sides, the fiducial mark-
ers are used as reference points - the acquisition site coordinates
are recorded with using the piezoelectric stage with an accuracy of
+3 um in relation to the fiducial markers. In addition, the image is
recorded according to the measured thickness with an overlap of
100 um. In Fig. 6, the SHG image from the ventricular side (a) and
atrium side (b) is combined to create the entire thickness contour
plot (c).

Finally, a representative collagen fiber distribution is defined by
averaging and normalizing all the layers of the contour plot. The
representative layer is then fitted by the von Mises distribution,
eq. (1). The estimated parameters are then used for mechanical pa-
rameter estimation and finite element (FE) analysis.

om(0) =w

+(1- (1)
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Fig. 3. SHG image acquisition and quantified collagen fiber distribution: (a) forward SHG image of the Barlow sample at a depth of 200 um from the ventricular side
(green = collagen, r = radial, ¢ = circumferential direction); (b) corresponding quantified collagen fiber distribution (green area) based on Fourier transform. The von Mises
parameters (solid curve) are a; = —19°, a; = 1.2 and o, = —61°, a, = 10.99 and w = 0.82, with r2 = 0.95; (c) contour plot visualizing the collagen fiber distribution through

the thickness based on depth and angle. The color in the contour plot in (c) represents the relative amplitude in (b).. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

20um 250pm 550um

..

Fig. 4. Comparison of forward (FSHG) and backward (BSHG) SHG images at depths of 20 «m, 250 um and 550 um. The images are from the Barlow sample, which covers
an area of 465 um x 465 um.

FSHG

BSHG

(a) (b) ()

100

Depth (um)

(%) opnarpdure aaryeroy

Angle6 (°) Angle 6 (°) Angle 6 (°)

Fig. 5. Using forward (a) and backward (b) SHG signals to facilitate in-depth imaging for the thick Barlow sample. The final contour (c) is used for simulation.
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Fig. 6. SHG image acquisition from two sides (a) and (b) for the thick Barlow sample to create the entire thickness contour plot (c). The highlighted rectangle shows the

100 um overlap according to the previously measured thickness.

2.5. Constitutive model for the DMV leaflets

Given the low thickness-to-area ratio of DMV leaflets, the
leaflets are modeled assuming a planar dispersion of collagen
fibers. The deformation gradient F is defined in relation to an un-
deformed reference configuration that is assumed to be stress free.
The right Cauchy-Green tensor is then calculated as C = F'F. We
assume a hyperelastic material in which the strain-energy function
W is decoupled into an isotropic part Wi, and a fiber part Wgp.
The isotropic function is assumed to be a neoHookean model, i.e.

"Ijiso :/'L(Il _3)’ (2)

where p is a positive material parameter and I; is the first invari-
ant of C, where tr(e) denotes the trace of (e).

For the fibrous part of the constitutive model, it is of inter-
est to exclude collagen fibers under compression, particularly for
the mitral valve apparatus. For the fibrous part Wg;, an integration
scheme can be formulated with a Heaviside function # [40] that

reads
Mo {

where ¢(I4) is the single fiber strain-energy function for fiber
direction N = cos 6 e. + sin6 e;, where e. and e; denote the basis
vectors in the circumferential and radial directions, respectively,
see Fig. 3(a). Note that because of symmetry, -7 /2 <6 < /2,
while I4 is the square of the fiber stretch, defined as Iy =C: N®N,
and pym(@) is the probability density function of collagen fiber
orientation, see Fig. 3(b). This way Wg, will be equal to zero in
the subdomain where Iy < 1. The computational cost of integration
and the possibility of a discontinuous function due to the exclu-
sion of compressed fibers are the main disadvantages of the inte-
gration scheme. An alternative, proposed by Li et al. [41], is the use
of a discretized fiber dispersion. The underlying idea is to assume
representative fiber directions over the entire integration domain.
Therefore, the integration will be approximated by

I; = trC,

1,
0,

Iy > 1,

Wap = Pvm () HY(14)dO. =1

T
2

3)

m
Wab~ ) pn¥i(lan),  lan =C: Ny @ Nn,

n=1

(4)

where m is the number of representative fibers and N, is the
nth representative fiber, defined as N, = cosO; ec + sin 6, e;, with
Oh = %n — Z. Also, pn is the corresponding probability density
function for the nth representative fiber. It is found by

9n+1
o = /9 pum(0)d6. (5)
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where pym (0) is given by eq. (1), which is normalized so that

m
thus » " pn =1.

n=1

" pum(0)d0 = 1

_
2

(6)

To exclude collagen fibers under compression, (ly,) is assumed
to be zero at Iy, < 1. For Iy > 1, ¥¢(I4y) can have any permissible
form and here the exponential form proposed by Holzapfel et al.
[42] is assumed, i.e.
k

Villan) = 5-{explka(an =11 =1} o = 1. (7)
If the tissue is assumed to be incompressible the (total) strain-
energy function can then be defined as

\I'[:\Ijiso‘f'qjﬁb‘f'p(l_l)v (8)

where p is a Lagrange multiplier used to enforce incompressibility,
and J is the positive volume ratio.

The second Piola-Kirchhoff tensor S is found by the derivative
of the strain-energy function W with respect to the right Cauchy-
Green tensor C. Taking into account eqs. (2), (4), (7) and (8) we get
[43]

J=detF >0,

ow L _
SZZW:2MI+2;pHWf/(I4n)Nn®Nn_pC ! 9)
in which I is the second-order identity tensor, and
/ _ )y an — Dexplky(Isn — 1)?], Ign > 1,
1//f (14)1) = {O, I4n <1. (10)

The Cauchy tensor stress ¢ can be calculated as o = FSF! so that

m
0 =2ub+2" pay{(lsn)ny @ Ny — pl.

n=1

(11)

where b = FFT is the left Cauchy-Green tensor, and n,, = FN is the
fiber direction in the current configuration.

2.6. Mechanical parameter estimation for the DMV leaflets

In this section, we use the planar biaxial test data and the con-
stitutive model to characterize the mechanical behavior of DMV
leaflets. We define three orthogonal unit vectors as e, e; and e¢
denoting the circumferential, radial, and transmural directions, re-
spectively. In this coordinate system, the deformation gradient F is
calculated from the fiducial markers similar to our previous study
[22], and the matrix of C has only diagonal components, namely
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the squares of the principal stretches A2, 12 and A?. Because of in-
compressibility, the principal stretch A; is equal to (AcA;)~!. The
I4n is then given by

Iyn = A2 c0s? 0, + A2 sin® 6, (12)

With oy =0, and Eq. (11) we obtain the Cauchy stress components
as

O = U+ Ol))ug - ZH()\CA'l‘)_Z,

o = 2u + /3))\1% - 2“()‘{)\'1‘)_2’ (13)
where
m
o =2 pa{(lan) cOS* Oy,
n=1
B =2 pa¥{(Uan) sin’ 6. (14)
n=1

The stresses o. and oy are calculated from first Piola Kirchhoff
stresses, which are based on the measured forces, the thickness,
and the effective area measured between the hooks. In the pla-
nar biaxial tests Iy, > 1, since A2 and A2 > 1. Therefore the sum-
mation in Eq. (14) can be replaced by integration. A user-defined
MATLAB script is used to estimate parameters u, k1, k; with a non-
linear least squares method - trust region reflective algorithm. The
same initial value is assumed for all samples, with u = 1.0 kPa,
ki = 2.0 kPa and k, = 10.0. The initial value is also altered to check
the global minimum.

2.7. Numerical implementation and verification of the constitutive
model for the DMV leaflets

The constitutive model presented in Section 2.5 was imple-
mented in ABAQUS [32] using the VUMAT subroutine. At the begin-
ning of the analysis, a subroutine is called to calculate the repre-
sentative fiber directions N, and the associated probability density
function p,. The modified Bessel function of the first kind in the
von Mises distribution, eq. (1), is calculated as
(4

7

o0

Io(a) =)

j=0

(15)

The series was implemented with the first twenty terms in VUMAT.
The calculated probability density function oy, and the represen-
tative direction N, are stored in a globally allocatable array>.

To verify the ABAQUs implementation, single element analyses
are performed for simple shear and uniaxial extension. For the
simple shear test, the square of the nth representative fiber stretch
is

In = c®sin® 6, + csin 26, + 1, (16)
where c is the amount of shear. Then, I4;, > 1 when
—% <6, <0 =—arctan(2/c) and 0 < 6, < % (17)

So, based on the integral, Eq. (3), and the discretized scheme,
Eq. (4), the Cauchy stresses are

O = 20uC + 2 ’ ovm (0)Y{(cos@ + csinB)sin6db,

-z
2

O = 2uc+22pnwf’(c050n+csir19n)sin9n. (18)

n=0

3 <SMAAsPUSERSUBROUTINES.HDR> is included in the subroutine to create global
arrays and access during the analysis.
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The uniaxial extension test is a special case of the planar biaxial
tests as derived in Section 2.6. For this reason

Ign = A2 cos? O + A2 sin® 6y, (19)
so Iy, > 1 when
Of < 6, <0, = arccos 12 (20)
r=tn=tr= R

Note that in a planar fiber distribution, A; # A¢. Therefore, the
stretch A; can be computed numerically by solving for o (A;) =0,
e.g., by using Newton-Raphson method. Finally, the Cauchy stresses
based on the integral, Eq. (3), and the discretized scheme, Eq. (4),
are

Oce = 2002 — 200 (MA2) 2+ 202 [ pum(0) ¥ cos? 0d6).

_z
2

m
Occ = 2025 = 210(MA2) > + 203 )~ pa{ c0s® O,

n=0

(21)

For the shear and extension tests, the integration and discretized
analytical solutions, eqs. (18) and (21), are compared with a
single-element numerical model. The integration and summation
schemes agree and the FE results match exactly with the analyti-
cal solutions.

2.8. Finite element analysis of the DMV apparatus

Geometry. The mitral valve geometry is created by annotating
the mitral annulus, papillary muscle tips and leaflet structure at
end-diastole from the 3D echocardiography in the image comput-
ing platform 3D Slicer [44]. The echocardiographies are from two
other patients diagnosed with the same phenotypes of DMV as
in tissue modeling; FED and Barlow. The mitral annulus is gen-
erated by rotation around the geometric center of the annulus in
the echocardiographic volume, cutting a plane every 30 degrees to
evenly distribute the interpolation points that make up the annu-
lus. The mitral valve leaflets are constructed by annotating the free
edge and the leaflet structure at several echocardiographic planes,
generating a point cloud describing the leaflets. Both the mitral
annulus and the free edge are defined as NURBS curves, while
the mitral leaflet surface is constructed using the leaflet points
to guide a NURBS surface between the annulus and the free edge
curve. The procedure for creating and annotating the geometry is
illustrated in Fig. 7.

Material parameters. The material properties of the leaflets are
described above. For the FED model, the material properties of A2,
P2, and ALC are assigned to the anterior leaflet, posterior leaflet,
and commissures, respectively, as shown in Fig. 8. In order to ex-
tend the quantified collagen distribution to the entire leaflets, a
material orientation based on data from the study of Cochran et al.
[45] is defined, see Fig. 6b in our previous study [13]. To avoid
convergence problems, the neoHookean parameter is increased by
2 kPa for all samples. For the chordae, the material properties
come from the study by Barber et al. [10]. A polynomial constitu-
tive model is used with the five terms. The strain-energy function,
say W, for the chordae is written as

5
Wenor = Zci(ll -3). (22)
i=1
The non-zero constant for the marginal and strut chordae are C; =
0.7694, Cs =26793 and C; = 0.05, C5 = 772.8, respectively. Mesh
The mitral valve leaflets are modeled as shell elements due to the
low thickness-to-area ratio. Three noded general-purpose shell ele-
ments with reduced integration (S3R) are used for the mitral valve
leaflets. The FED leaflets mesh has 1626 nodes and 3 021 elements,
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Fig. 7. Creating the geometry based on echocardiography and annotating annulus
(red), leaflets (yellow), free edge (green), and papillary muscle tips (pink). (For in-
terpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(a)

Y

Fig. 8. FE model for the FED patient: (a) top (atrium) view and (b) side view; the
material properties of the A2, P2, and ALC segments are assigned to the anterior
leaflet (red), posterior leaflet (green) and commissures (blue), respectively. The an-
nulus (black line) and papillary muscle tips (black dots) are imposed as displace-
ment boundary conditions, while are annotated by echocardiography. Marginal and
strut chordae (brown lines) connect the papillary muscle tips to the leaflets.. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

while the significantly larger Barlow leaflets mesh has 4356 nodes
and 8611 elements. Two-noded 3D truss elements (T3D2) are used
for the chordae. The circular cross-sectional areas for myxoma-
tous marginal and strut chordae are assumed to be 1.6 mm? and
2.2 mm?, respectively. For the FED simulation, the prolapsing re-
gion was simulated by removing chordae along the free edge of the
P2-P3 segment. First, a simulation was performed with physiologi-
cally marginal chordae around the free edge without any ruptured
chordae. Then we observed a pathologic movement of a papillary
muscle tip in the posteromedial commissure moving away from
the annular plane during systole. This indicated that this papillary
muscle was unloaded. By removing the marginal chordae attached
to this papillary muscle, we were able to simulate a prolapse in a
very good approximation to echocardiography.

Boundary condition and loading. In order to simulate the correct
dynamics of the mitral valve, the annulus and papillary muscle
tips are annotated in each time frame between end-diastole and
peak systole. A pointwise mapping algorithm is then applied to
each of these annular curves to minimize the total displacement
between each consecutive curve as described in [46]. The annular
and papillary muscle dynamics are then implemented as displace-
ment boundary conditions using the Abaqus user subroutine VDISP.
Marginal chordae were modeled to originate from each papillary
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muscle (Fig. 8). Since the marginal chordae are difficult to distin-
guish on the echocardiography, they are each divided into several
branches and inserted into the free edge of the leaflets [47]. For
strut chordae, the insertion point on the leaflets is located using a
3D view of the left ventricle in EchoPAC (GE Healthcare, US). Sim-
ilar to the marginal chordae, the strut chordae branch like a fan.
The detailed method is described previously [13]. For a physiolog-
ical disease-specific peak systolic pressure applied to the FE analy-
ses, see Fig. 7 in our previous study [13]. Pressure was applied uni-
formly to the ventricular surface of the mitral valve leaflets. Peak
systole pressure was set at 132 mmHg and 112 mmHg for the Bar-
low and FED patients, respectively.

Validation. To validate the numerical simulation, the leaflets are
compared to the echocardiography at the peak systole. A point-to-
mesh distance error is calculated by generating the peak systolic
surface based on echocardiography and comparing it to the de-
formed mesh at the same time point [13].

3. Results

3.1. Mechanical properties and collagen microstructure of the DMV
leaflets

Tissue clearing enables the full-depth SHG acquisition of DMV
leaflets. SeeDBp clearing shows a minimal morphology alteration,
as shown in Fig. 2. Shrinkage is limited to < 1% in the radial and
circumferential directions. Additionally, utilizing forward and back-
ward SHG signals improves the SNR in the thick Barlow sample.
The collagen fiber emits more forward SHG signal, however, the
forward signal suffers from low SNR in thick collagenous tissue
due to the highly-scattering medium. On the other hand, the back-
ward signal with sensitive detectors can enhance the SNR in layers
closer to the objective where the forward signal is weakest. This
concept is illustrated in Figs. 4 and 5. As shown in Fig. 5(c), the
combined signal exhibits an enhanced SNR across the acquisition
depth. Finally, due to the limited working distance of the objective,
the image acquisition is performed on both sides. A high-accuracy
motorized stage and using the markers as reference points en-
sured that the acquisition corresponded to the same spot on both
sides.

The contour plots of Barlow and FED samples are shown in
Fig. 9(a). The depth has been normalized for comparison. For Bar-
low and FED-P2 samples, it is clear that the collagen fiber distri-
bution varies through the thickness. In addition, there is a mid-
layer with little or no collagen fibers. In the case of Barlow, this
collagen-free layer accounts for a considerable 40% of the thick-
ness. The variation through the thickness of mean collagen fiber
orientations and concentration parameters is shown in Table 1. The
collagen-free layer can also be seen in Table 1. A representative
plot is created for each contour plot as described in Section 2.4.
The representative fiber distribution alongside the fitted von Mises
distribution is shown in Fig. 9(b). The parameters of the fitted von
Mises distribution are presented in Table 2. These parameters are
used for the numerical simulation of the Barlow and FED mitral
valve apparatus.

Quantified collagen fiber distribution from representative layer
and planar biaxial mechanical tests is used to characterize the me-
chanical behavior of each sample. The experimental biaxial test
data and the fitted model are shown in Fig. 9(c). The model is
able to represent the mechanical behavior of the DMV leaflets. The
estimated parameters of the model are presented in Table 3. The
neoHookean parameter () has a low value (< 1kPa), which em-
phasizes the importance of the collagen fiber distribution to carry
the load. These parameters are used in the numerical simulation of
the DMV apparatus.
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Fig. 9. Mechanical properties and collagen microstructure of DMV leaflets for Barlow and FED samples: (a) contour plots show the relative collagen amplitude based on
depth and orientation; (b) representative collagen fiber distribution (green area) and fitted von Mises distribution (solid curve), note that the mean fiber orientation differs
between samples.; (c) Cauchy stress versus stretch of the experimental data (dashed curve) and fitted constitutive model (solid curve) for radial (blue) and circumferential
(red) directions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Finite element analysis of the DMV apparatus to 180, i.e., every 1°. A higher discretization is possible, but the
method resolution of the collagen fiber distribution is limited to

The numerical simulation is based on the quantified collagen 1°. The discretization scheme provides a computationally inexpen-
microstructure (Table 2) and the characterized material properties sive approach to accurately account for fiber distribution and ex-
(Table 3). The FE analysis is performed with discretization m set clude fibers under compression. The total simulation time from
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Table 1

Acta Biomaterialia 164 (2023) 269-281

Variation of mean fiber angles (o, «;) and concentration parameters (a;, a;) through the thickness. The parameters are given for a 10% thickness interval. Depths

without anisotropic layers are deliberately left out.

Sample Barlow FED-P2 FED-ALC FED-A2
Thickness a1 (°)  a1(=) () @) o) a=) @) e ) o) ) e-) wl®) al-) e al-)
0-10% 8 6.34 -29 4.36 -24 2.08 -55 2.65 88 15.93 -76 0.93 -22 8.84 -23 4.13
10-20% 30 8.89 7 5.69 60 5.65 24 2.67 82 11.28 -80 0.8 -21 4.64 -52 4.47
20-30% 15 109 -12 3.47 60 1.75 8 2.16 88 18.81 83 1.05 -18 1.92 -64 4.24
30-40% -2 3.83 -52 2.48 63 1.6 13 3.02 86 17.75 71 0.8 -13 2.82 -47 3.45
40-50% 84 9.76 57 0.47 -30 6.68 -57 333
50-60% -68 0.61 -87 8.64 65 234 -67 3.64 -43 5.56 -52 1.5
60-70% -40 6.71 -81 4.27 70 1.34 -85 2.37 -55 2.26 -68 2.52
70-80% -49 4.69 -66 1.17 58 1.47 -63 1.53 87 33 -59 2.55
80-90% 8 2.76 -16 517 -35 11.62 -57 1.69 50 3.48 -49 3.63 80 1.46 -44 6.16
90-100% 17 2.1 -20 3.68 -24 8.26 -45 1.4 45 4.87 -23 4.83 69 3.03 -41 2.7
a
( ) xmax )\min
1.30 1.20
1.18 1.02
S 1.06 IS 0.84
Eg 0.94 0.66
0.82 0.48
0.70 0.30
1.45 1.20
1.32 ~RRRAAZ RRRRRRNAZ 1.05
muﬂnnﬂ:':v? ;iggss;g;’ﬂr
) 1.19 S 7 s 0.90
|
L 1.06 0.75
0.93 0.60
0.80 0.45

10 mm

Fig. 10. Maximum and minimum principal stretches for Barlow and FED disease in peak systole: maximum principal stretch (a) with and (b) without exclusion of collagen
fibers under compression. Minimum principal stretch (c) with and (d) without exclusion of collagen fibers under compression.

Table 2
Fitted von Mises parameters for representative collagen
fiber distribution.

Sample a1 (®)  a(=) ) @) w)

Barlow 8 1.34 -25 2.45 0.76

FED-P2 52 1.59 -35 2.79 0.64

FED-ALC 83 10.18 -90 0.96 0.21

FED-A2 -28 3.23 -45 143 0.31
Table 3

Estimated mechanical properties and goodness-of-fit (r?)
based on planar biaxial tests and quantified collagen fiber
distribution.

Sample 1 (kPa) kq (kPa) ka (=) r?

Barlow 0.29 7.97 21.84 0.85
FED-P2 1.08 17.08 9.55 0.92
FED-ALC 0.34 7.29 31.48 0.98
FED-A2 0.38 3.38 47.33 0.97

end-diastole to peak systole was 53 and 44 minutes for the Bar-
low and the FED simulations, respectively. The simulation is per-
formed on a workstation with an Intel Core i7-8700 CPU 3.20 GHz
and MPI-parallelization with 8 logical processors in ABAQuUS [32].
In addition, the same FE models are performed without excluding
fibers under compression. The maximum and minimum principal
stretches of the Barlow and the FED numerical simulations in peak

(a)

Fig. 11. Percentage of fibers excluding compression for (a) Barlow and (b) FED FE
analyses. 100% means all fibers are excluded.

systole are shown in Fig. 10. The exclusion of compressed fibers al-
lows for higher compression in folding regions, e.g., commissures,
as shown in Fig. 10(c). Meanwhile, without exclusion, the model
experiences significantly less compression.

Fig. 11 shows the percentage of collagen fiber exclusion for each
element. A comparison of the Figs. 10 and 11 confirms that all
fibers in the regions with negative maximum principal logarith-
mic strains are excluded, i.e., commissures. On the other hand,
in regions with positive minimum principal logarithmic strains no
fiber is excluded, i.e., belly regions. To validate the FE analysis,
the mitral valve leaflets are compared to echocardiography at the
peak systole. The point-to-mesh distance error map is shown in
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S

0

Fig. 12. Point-to-mesh distance error map at peak systole: Barlow simulation (a) with and (b) without excluding collagen fibers under compression. FED simulation (c) with

and (d) without exclusion of collagen fibers under compression.

(a)

Barlow

FED

Fig. 13. Validation of FE model with echocardiography in (a) A1-P1, (

Fig. 12. Again, the higher error in the commissure is observed in
the case without the exclusion of compressed fibers. The aver-
age error value for the Barlow simulation is 2.02 4+ 1.8 mm and
2.37 +2.28 mm, with and without fiber exclusion, respectively. For
FED, this value is 1.0540.79 mm and 1.14 £+ 0.86 mm, again with
and without fiber exclusion, respectively.

The FE analyses are also compared to echocardiography at three
acquisition planes, A1-P1, P2-A2, and A3-P3, as shown in Fig. 13.
The numerical simulation captures the motion leaflets on all these
planes with very good agreement. In addition, the prolapse in the
A1-P1 and A2-P2 planes for the FED patient corresponds exactly to
the echocardiography.

4. Discussion

DMV disease is the leading cause of primary mitral regurgita-
tion. DMV is characterized by myxomatous degeneration that alters
the microstructure of the mitral valve leaflets and, consequently,
their mechanical properties. In this study, we characterized the
mechanical properties and collagen dispersion of two phenotypes
of DMV; FED with localized myxomatous degeneration and Barlow
disease with diffused myxomatous degeneration. For FED, three
samples from three anatomical segments are investigated, while
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) A2-P2 and (

) A3-P3 planes for Barlow and FED model at peak systole.

for Barlow’s disease only one sample from the P2 segment is in-
vestigated.

The collagen dispersion of DMV leaflets is examined through
the entire thickness using SHG microscopy. Tissue clearing is per-
formed to enhance light transmission and facilitate in-depth imag-
ing. SeeDB clearing is used for the Barlow sample, which preserves
the geometry. For the thick Barlow sample, we also utilized the
forward and backward SHG signal to increase the signal-to-noise
ratio. As shown in Fig. 5, the backward SHG with highly-sensitive
HyD detectors provided better SNR in the first 300 um while the
forward SHG provided better SNR at greater depth.

The contour plot of collagen fiber distribution shows a collagen-
free layer in the Barlow and FED-P2 samples. This finding can be
attributed to the expansion of the spongiosa layer, a feature of
myxomatous degeneration. This collagen-free layer in the Barlow
sample occupies a thickness of 40%, which is in agreement with
previous histological analyses [5-7]. Furthermore, it is observed
in the FED-P2 sample that this collagen-free layer is thinner than
in the Barlow sample, which also agrees with the literature [6,7].
The FED-ALC and FED-A2 samples exhibit a collagen distribution
resemble healthy tissue whose histological analysis shows a thick
layer of fibrosa [5-7]. They also have a consistent mean fiber ori-
entation throughout the thickness, as can be seen from Fig. 9(a)
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and Table 1. FED-P2 and Barlow samples, on the other hand, have
variable mean fiber orientation through the thickness. The regional
difference in FED samples can be related to the localized myxoma-
tous degeneration in FED. In fact, the posterior leaflets, in particu-
lar P2 segments, are usually the most commonly affected segment
in FED [7], as observed in this study.

A representative fiber distribution layer is defined for mechan-
ical property estimation and numerical simulation, see Fig. 9(b).
Barlow and FED-P2 samples showed a lower concentration param-
eter, i.e.,, a higher dispersion value. We hypothesize that this is
due to myxomatous degeneration, often associated with increased
growth and fragmentation of collagen fibers. As already mentioned,
the FED-A2 and FED-ALC samples are probably less affected by
myxomatous degeneration, which explains the higher concentra-
tion parameter. Nevertheless, all samples show an anisotropic col-
lagen fiber distribution.

Planar biaxial tests also revealed anisotropic mechanical be-
havior of the tissue, shown in Fig. 9(c). Even the Barlow sam-
ple with diffuse myxomatous degeneration behaves anisotropically.
This is in contrast to uniaxial tests of myxomatous MV leaflets
in the study of Barber et al. [10]. Also, contrary to what is com-
monly assumed for mitral valve leaflets, the circumferential direc-
tion is not necessarily the stiffer direction. In fact, previous stud-
ies have shown that collagen orientation is circumferential in the
belly of the anterior leaflets and radial in the commissures [22,45].
Nonetheless, the stiffer direction is consistent with the quantified
collagen fiber distribution. For the FED-P2 sample, with two dis-
tinct families of fibers oriented at 52° and —35° with respect to
the circumferential direction, a stronger anisotropy than expected
is observed. This finding may account for the contribution to the
mechanical behavior of other matrix components, e.g., elastin.

Again, the Barlow and FED-P2 samples show higher extensibil-
ity, possibly due to collagen fragmentation in myxomatous degen-
eration. In addition, the extensibility for all samples is lower than
the reported value (37 — 39%) based on uniaxial tests [10]. A very
low neoHookean parameter is estimated for all samples. A previous
study [13] used the inverse FE model and the uniaxial data from
Barber et al. [10] to characterize the material behavior based on
the model [48]. The estimated neoHookean parameter was 1 kPa,
comparable to our finding in this study. The low neoHookean pa-
rameter underlines the importance of collagen fibers and their dis-
tribution for the mechanical properties of MV leaflets and thus for
the function of the MV apparatus.

We also implemented a constitutive model that can exclude
collagen fibers under compression. Collagen fibers are wavy and
therefore cannot withstand compressive load, as commonly as-
sumed in soft tissue modeling [42,48]. This is particularly impor-
tant in the case of the mitral valve apparatus, since the leaflet ma-
terial should behave softer in the commissure to facilitate folding,
while in the belly it should be stiff enough to prevent bulging. We
used the previously developed pipeline to create a patient-specific
FE model from a FED and a Barlow patient. The numerical sim-
ulation results showed an improved point-to-mesh distance error
compared to the previous studies [13,17], especially in the belly
region. If we use the same model without fiber exclusion, the er-
rors in the commissure and folding regions, i.e., P1-P2 and P2-P3,
are higher. It can be concluded that the properties of the collagen
fibers found in this study are stiffer than our previous study [13],
based on uniaxial tests from Barber et al. [10]. This results in less
bulging in the belly region (Fig. 13), however, collagen fibers under
compression should be excluded to allow MV closure, as shown in
Figs. 10 and 12.

There are several limitations to the current study. First is the
limited number of samples examined in this study. However,
the difficulty in obtaining and testing samples limits further ex-
amination. In recent years, the combination of multiple surgical
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techniques has reduced the need for resections of large tissues
amenable to mechanical biaxial testing. Indeed. For the first time,
we study the collagen microstructure and mechanical behavior of
DMV leaflets using planar biaxial tests. Although further studies
are needed for a unanimous conclusion, this study provides in-
sight into how DMV and its phenotypes alter the collagen mi-
crostructure and thus the mechanics of the MV apparatus. Also, we
only had access to the P2 segment of Barlow’s disease. In the sur-
gical procedure, posterior leaflets, especially the P2 segment, are
the most commonly resected segment, while the anterior leaflet
is rarely resected. Therefore, we hypothesized that the mechanical
properties of the entire leaflet are similar in Barlow’s disease, as it
is described as diffuse myxomatous degeneration. Second, although
tissue modeling based on the representative layer was able to cap-
ture the mechanical behavior of DMV leaflets, see Fig. 9 and 2 in
Table 3, more accurate modeling can be performed in the future.
The detailed through-the-thickness collagen structure quantified in
this study can be used for a multi-layer model. This detailed layer-
by-layer information is not available in other studies based on po-
larized spatial frequency domain imaging [26,27]| and small-angle
X-ray or light scattering [29-31]. The multi-layer model will have
the potential to accurately assess the cellular mechanical response
to valve interstitial cells, which have been shown to be the ma-
jor contributor to DMV disease, see, e.g., the study by Levine et al.
[5]. Furthermore, the multi-layer model will improve the modeling,
especially in the case of different mean fiber orientations across
the thickness, as shown by the lower goodness-of-fit value for Bar-
low and FED-P2. Third, the echocardiography we used for the FE
model is not from the same patients in which we studied the me-
chanical properties and collagen microstructure. The reason is that
neither FED nor the Barlow patient from whom the tissue is re-
sected, had 3D echocardiography. In fact, the FED patient had un-
dergone acute surgery. Nevertheless, the numerical simulations are
being improved taking into account the disease-specific mechan-
ical properties and more realistic constitutive models. Previously,
we showed that in silico analysis provides insights for patient-
specific annuloplasty in Barlow disease [49]. An accurate disease-
specific material model like the one presented in this study would
improve the accuracy of such in silico studies. Fourth, the chor-
dae in the model were split in a fan-like fashion by then insert-
ing them into the free edge or belly of the leaflet. This leads to a
high-stress concentration at the insertion points. Anatomically, the
leaflet is thicker at the chordae insertion point because the chordae
smoothly transition into leaflets. More accurate chordae modeling
would provide valuable and reliable information for stress analy-
sis between FED and Barlow. Finally, the lack of healthy human
samples limits the conclusion of the current study. The compari-
son with healthy tissue will enable the following questions to be
answered: how does myxomatous degeneration affect collagen dis-
persion and mechanical properties? Are the A2 and ALC samples
from FED patients similar to healthy tissue in terms of collagen
dispersion and mechanical properties? How would the mitral valve
apparatus function if we assumed a healthy tissue model for the
FED and the Barlow’s mitral valve?

5. Conclusions

In this study, we investigated the mechanical behavior of Bar-
low and fibroelastic deficiency tissues. We also examined the col-
lagen orientations of the sample throughout the thickness. The in-
formation is used for a constitutive model that can exclude colla-
gen fibers under compression. The FE model showed accurate pre-
diction compared to echocardiography. Compared to the previous
model, which used a simplified model based on uniaxial test data,
the current study improved the point-to-mesh distance error. The
versatility of the material model, which is stiff in the belly and
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very soft in the commissures, resulted in better agreement with
echocardiography.
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