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ABSTRACT

Collagen fibers are the main load carrier in the mitral valve (MV) leaflets. Their orientation and disper-
sion are an important factor for the mechanical behavior. Most recent studies of collagen fibers in MVs
lack either entire thickness study or high transmural resolution. The present study uses second harmonic
generation (SHG) microscopy in combination with planar biaxial mechanical tests to better model and ex-
amine collagen fibers and mechanical properties of MV leaflets. SHG in combination with tissue clearing
enables the collagen fibers to be examined through the entire thickness of the MV leaflets. Planar biaxial
mechanical tests, on the other hand, enable the characterization of the mechanical tissue behavior, which
is represented by a structural tissue model. Twelve porcine MV leaflets are examined. The SHG record-
ing shows that the mean fiber angle for all samples varies on average by +12° over the entire thickness
and the collagen fiber dispersion changes strongly over the thickness. A constitutive model based on the
generalized structure tensor approach is used for the associated tissue characterization. The model repre-
sents the tissue with three mechanical parameters plus the mean fiber direction and the dispersion, and
predicts the biomechanical response of the leaflets with a good agreement (average r2 = 0.94). It is found
that the collagen structure can be represented by a mean direction and a dispersion with a single family
of fibers despite the variation in the collagen fiber direction and the dispersion over the entire thickness
of MV leaflets.

Statement of significance

Despite its prominent role in the mechanical behavior of mitral valve (MV) leaflets, the collagen structure
has not yet been investigated over the entire thickness with high transmural resolution. The present study
quantifies the detailed through thickness collagen fiber structure and examines the effects of its variation
on MV tissue modeling. This is important because the study evaluates the assumption that the collagen
fibers can be modeled with a representative single fiber family despite the variation across the thickness.
In addition, the current comprehensive data set paves the way for quantifying the disruption of collagen
fibers in myxomatous MV leaflets associated with disrupted collagen fibers.

© 2022 The Authors. 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/)

1. Introduction

ularis, a collagen-rich fibrosa, a spongiosa layer consists of mostly
proteoglycans and an elastic atrialis. Collagen acts as the main load

The mitral valve (MV) ensures the unidirectional flow from the carrier, while elastin, which is also found in all other layers, re-
left atrium to the left ventricle. The unique microstructure of the stores the wavy state of the collagen fibers [2].

MV leaflets enables very high stretch rates, as reported in, e.g., [1].

Numerous diseases associated with MV, such as myxomatous

This makes it easier to close the valve completely during systole. degeneration, disrupt the microstructure of the leaflets and con-
The MV leaflet consists of four different layers: an elastic ventric- tribute to partial closure and thus to MV regurgitation [3], which is
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defined as the leakage of blood from the left ventricle into the left
atrium, with severe cases requiring careful assessment [4]. In par-
ticular, the collagen fibers were observed as disrupted and irreg-
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ularly arranged in the accompanying diseases [5,6]. Barlow’s dis-
ease, e.g., is associated with disrupted collagen fibers and increased
leaflet compliance [3]. Therefore, a precise mechanical characteri-
zation of the MV leaflets, whether healthy or diseased, requires a
detailed investigation of the collagen fiber dispersion.

Various imaging methods were used for the identification of
the collagen fiber dispersion: polarized spatial frequency domain
imaging (pFSDI) [7,8], small-angle light or X-ray scattering (SALS
or SAXS) [9,10] and second harmonic generation (SHG) [11,12]; for
a short overview see [13]. SHG provides collagen imaging of the
sample with high transmural resolution that enables a detailed
in-depth study of the collagen structure. To the best of the au-
thors’ knowledge, there are only two studies on the collagen fiber
structure in MV leaflets with SHG [11,14]. The study [14] used
‘representative SHG images to visualize local fiber architecture’ with-
out quantification. The study [11] quantified the fiber distribu-
tion of an ovine sample, which was taken from both sides up to
a thickness of 100 um in order to include all layers of the MV
leaflets. Nonetheless, the limited depth of SHG acquisition may
have missed most of the fibrosa layer, the collagen-rich layer in MV
leaflets. In order to overcome this limitation, the imaging depth
can be increased up to 1000 pm, by using tissue clearing methods
as proposed in the study [12] for arteries.

The quantified collagen fiber distribution can then be used in
addition to mechanical tests to characterize the tissues of the MV
leaflets. Several recent studies used planar biaxial mechanical tests
with various imaging methods to characterize the tissue properties
of MV leaflets [8,14-16]. Nonetheless, either aggregated or limited
in-depth SHG imaging was used in these studies. A very recent
study [17] used SHG with tissue clearing for mechanical and mi-
crostructural analysis of the tricuspid valve in ovine without tis-
sue modeling. Therefore, there is a lack of comprehensive informa-
tion on how the dispersion and orientation of collagen fibers vary
across the thickness of the MV leaflets and between different sam-
ples. More importantly, the effects of this variation on tissue mod-
eling of MV leaflets have yet to be explored. The variation of the
collagen fiber dispersion and orientation can, e.g., indicate whether
it is sufficient to use a representative distribution or whether a lay-
ered approach is required. In addition, a comprehensive data set
paves the way for quantifying the disruption of collagen fibers in
diseased MV leaflets.

The present study uses planar biaxial mechanical tests in com-
bination with SHG to characterize twelve MV leaflets. Porcine sam-
ples are used since they are anatomically similar to healthy human
MVs [18]. First, the samples are examined with a custom-built pla-
nar biaxial machine. They are then chemically fixed and cleared
for SHG imaging, which is carried out across the entire thickness
of the samples. The collagen fiber dispersions and orientations are
quantified using image analysis [12]. In order to represent the tis-
sue behavior of the samples, a constitutive model based on the
generalized structure tensor approach is used [19]. In addition to
the mean fiber direction and the in-plane dispersion of collagen
fibers, which are quantified by SHG, the model uses three mechan-
ical parameters estimated from the planar biaxial mechanical tests
to characterize the tissue properties of MV leaflets.

2. Materials and methods
2.1. Tissue acquisition and storage

In this study, six MV anterior leaflets (MVAL) and six posterior
leaflets (MVPL) are examined. They are cut from 7 fresh porcine
hearts (P1-P7) from Nortura slaughterhouse in Steinkjer, Norway
(the MVPL sample from P6 and the MVAL sample from P7 could
not be used). The hearts are kept at refrigerator temperature dur-
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ing transport. After the excision, the leaflets are labeled and stored
in freezers at —28°C before testing.

2.2. Planar biaxial testing

To prepare the sample for the test, it is first thawed at 4° and
then at room temperature in a 1xPBS solution. The sample is then
cut apart (Fig. 1(a)), and its anatomical direction is identified and
marked with three indicative markers on the upper right of the
sample (Fig. 1(b)), using tissue marking dye (Leica Biosystems, Ger-
many). The circumferential direction is assumed to be approxi-
mately parallel to the mitral annulus. The sample thickness is then
measured three times with a caliper (0.01mm resolution), whereby
the average value is reported. Finally, it is attached to four barb-
less hooks (Ahrex, Denmark) on each side, using a 3D printed tem-
plate for consistency. This provides an effective test area of 10 mm
x10 mm. The sample is additionally marked with four fiducial
markers in the center, with an approximate area of 2 mm x2 mm,
as shown in Fig. 1(b).

The hooks are connected to the handle mechanism with sur-
gical Gore-Tex CV5 sutures (Gore Medicals, USA). The custom-
designed handle mechanism, shown in Fig. 1(c), consists of a rotat-
able base with two 1 mm thick bars that represent the attachment
sites for the sutures. These bars can rotate freely around the base
axis, which is equipped with an all-ceramic bearing (SMB Bearings,
UK). This mechanism enables self-alignment when mounting the
specimen and minimizes the shear forces during the experiments.

The custom-built biaxial machine is equipped with four step
motors that are individually controlled via an inductive displace-
ment sensor (BAW M18MG, Balluff, Germany). The loads are also
measured with an axial load transducer (U9C/50 HBM, Germany).
Using a custom software for digital image correlation [20], the po-
sition of the fiducial markers is tracked during the test and syn-
chronized with the measured forces at a frequency of 2 Hz. The bi-
axial machine was validated using a rubber-like material and com-
pared to a commercial uniaxial machine (Instron, USA).

Before starting the test, a preconditioning of 5 loading-
unloading cycles at a rate of 0.1 mm/s is applied to the maximum
load of 0.85+40.15 N. The sample is also subjected to a preload
of 0.01 N in both directions to remove any tissue slack. Two se-
ries of displacement-controlled tests, each repeated three times,
are carried out at a speed of 0.1 mmy/s up to the maximum load
of 0.85+0.15 N; one with a 1:1 displacement in the circumfer-
ential and radial direction and the other with a greater displace-
ment in the radial direction. During the entire test, the sample is
submerged in a 1xPBS solution at 37°C.

2.3. Tissue fixation, dehydration and tissue clearing

Chemical fixation occurs within 2 hours of thawing. Samples
are chemically fixed in a 4% formaldehyde solution for a minimum
of 36 hours and also dehydrated based on graded absolute ethanol:
50%, twice 70%, twice 95% and twice 100%, each step lasts 30 min
[12]. The fixation and dehydration take place in an automated vac-
uum tissue processor (ASP 300, Leica Biosystems, Germany). The
fixed and dehydrated sample is shown in Fig. 2(a).

After fixation and dehydration, the sample is cleared with 1 : 2
benzyl alcohol : benzyl benzoate (BABB) as a clearing solvent. This
technique was introduced in [21] and adopted for biomechanical
application in the studies [22,23]. The tissue is first immersed in
1 : 1 absolute ethanol : BABB solution for 4 hours and then in BABB
solution for 18 hours. A representative cleared sample is shown
in Fig. 2(b), the same as in Fig. 2(a). After the tissue has been
cleared, the sample is placed in a bottom-glass dish with a few
drops of BABB solution and sealed with a cover glass using Cover-
Grip sealant (Biotium Inc., USA).
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Fig. 1. Sample preparation and mounting on the biaxial machine: (a) preparation of the MV leaflets (r = radial, ¢ = circumferential) (b) hooks attachment to the samples,
four fiducial markers in the center and three indicative markers on the upper right of the sample; (c) handle mechanism equipped with a bearing that enables self-alignment

and ensures that shear forces are minimized during the experiment.

T
LC
Fig. 2. Sample preparation for SHG microscopy: (a) chemically fixed and dehy-

drated sample (b) chemically cleared sample for SHG imaging showing the same
sample as in (a).

2 mm

2 mm

2.4. Second harmonic generation microscopy

SHG imaging of collagen fibers is performed using a Leica SP8
confocal microscope (Leica Microsystem, Germany). Before the SHG
acquisition, the measurement of the entire thickness is verified
with the bright field microscope in the Leica SP8 to ensure that the
SHG scanning occurs through the entire thickness of the samples.
To induce the second harmonic of a collagen fiber, the laser exci-
tation is set to 890 nm. The Leica HCX IRAPO 25x, NA 0.95 water
objective with a working distance of 2.4 mm is used for image ac-
quisition. To compensate for scattering at greater depth, the laser
power is increased linearly (z compensation). The scanning takes
place in the center of the fiducial markers with an area of 465 um
x465 um and a resolution of 0.45 um/pixel from the ventricular
side. The imaging over the entire tissue thickness takes place with
an interval of 5pum. Fig. 3(a) shows a representative SHG acqui-
sition layer for sample P3-MVPL at a depth of 200 um from the
ventricular side.

A user-defined MATLAB [24] script based on the method docu-
mented in [12] is used to quantify the collagen fiber dispersion in
each layer. Before the analysis, a 2D Tukey (tapered cosine) win-
dow is applied to the image. Each image is then Fourier trans-
formed and multiplied by its conjugate complex to form the power
spectrum density, which distinguishes the fiber direction by fre-
quency and orientation. A wedge-shape filter is used to extract
the fiber orientations at a certain angle 6. The wedge-shape filter
ranges from —89° to 90° with an increment of 1° to determine the
relative amplitude of the fiber distribution, for a representative re-
sult see Fig. 3(b). A moving average filter with a range of 7° is then
applied to the angle 6 to smooth the data. Multiple anisotropic lay-
ers are found, as they are described in [12] as anisotropic fiber dis-
tribution, see Fig. 1 therein. For a certain anisotropic layer, labeled
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as I, the fiber distribution is then fitted by a von Mises distribution,
which is defined as

n!

IAOEDS

m=1

exp{al, cos[2(6 —al)]}

@) 90° < o, < 90°,
m

1<Il<L

(1)

Herein p!(#) is the von Mises distribution in layer I characterized
byn!, the number of fiber families, while &, denotes the mean
fiber angle of the fiber family m, al, > 0 is the concentration pa-
rameter for the fiber family m, L is the total number of layers
across the thickness, and Iy denotes the modified Bessel function
of order zero. A sample with L acquisition layers is represented by
average values, which we denote by a bar on the respective value,
e.g., a for the averaged concentration parameter. Note that a higher
value of @ means a higher anisotropy of the tissue. The fiber angles
al, are orientation data with values —90° < of, < 90°, thus aver-
aged accordingly [25]. In addition to the collagen fiber distribution,
the collagen fiber content in each layer is examined by the skew-
ness of the pixel intensity histogram. A study on celluralized col-
lagen gels showed that skewness, a gain-independent parameter,
correlates inversely with the collagen content [26]. The skewness S
is defined as

S (2)

3 n 2": (x; — %)
T (n-1)(1n-2) ~s
where x; is the pixel intensity, n is the number of pixels in each
image, X and s are the mean and standard deviation of the pixel
intensities, respectively. In the current study, the image histogram

and its respective skewness are calculated using MATLAB [24].
2.5. Tissue model

The deformation gradient F is defined in relation to an unde-
formed reference configuration that is assumed to be stress-free.
The right Cauchy-Green tensor is then calculated as C = F'F [27].
A constitutive model based on the generalized structure tensor
approach with non-symmetric collagen fiber dispersion is chosen
[19]. The strain-energy function W is decoupled into an isotropic
part Wi, and an anisotropic (fiber) part Wg;,. The isotropic func-
tion is assumed as the neoHookean model, i.e.

Vo=Lh-3), h=uC (3)
where @ > 0 is a positive material parameter and I, is the first
invariant of C, where tr(e) denotes the trace of (e). The fiber func-
tion is assumed to be [19]

; = tr(CH),

Wy = sz]z{eXP[kz(L’i -1?-1), (4)
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Fig. 3. SHG imaging and analysis of collagen fibers for sample P3-MVPL: (a) SHG acquisition at a depth of 25% from the ventricular side (green = collagen, r = radial, c =
circumferential); (b) corresponding relative amplitude of the collagen fibers (green area) and fitted von Mises distribution (solid curve) with 6 = 0° corresponding to the
circumferential direction. The von Mises parameters are o = —75°, a = 1.18, with r? = 0.94. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

where ki and k, are positive material parameters and H is the
structure tensor [19,28], i.e.

H = 2kopkipl + 260p (1 = 2k, )M @ M

+ (1 = 2K0p — 2k0pKip)Mn ® My (5)

Herein I is the second-order identity tensor, M and My are the
mean fiber direction and the out-of-plane unit vector in the refer-
ence configuration, respectively, while i, and «op are the in-plane
and out-of-plane dispersion parameters. If the tissue is assumed to
be incompressible the (total) strain-energy function W can then be
defined as

\p:\piso+qjﬁb+p(]_l)v (6)

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

Now we define three orthogonal unit vectors as ec, e; and e,
which denote the circumferential, radial and transmural directions,
respectively. In this coordinate system, the deformation gradient F
is calculated from the fiducial markers, as explained in, e.g., [29].
The off-diagonal components of the C matrix are at least an order
of magnitude smaller that the diagonal components. So it is as-
sumed that the matrix C only adds diagonal components, namely
the squares of the principal stretches A2, A2 and AZ. Because of
incompressibility, the principal stretch A; through the thickness is
(AcAr)~1. The mean fiber direction M related to the circumferen-
tial direction is given by M = cos« ec + sin« e;. The push forward
of the structure tensor H results in h = FHF', so that the modified
fourth invariant (4), can be calculated as [19]

J=detF > 0,

4 = tr(CH) = trh = hyy + hyy + hs3, (7
with the diagonal components of h according to

hy = 2kop[Kip + (1 — 2k ) cos”a A2,

hy = ZKOP[Kip + (1 - inp)sinza]kf,

ha3 = (1 — 2kop)AZ. (8)

The collagen structure in mitral valves is assumed to be planar, so
we use the upper limit of kop which equals 1/2, so that h33 = 0.
This leads to a reduced 2 x 2 matrix of h, which is a planar disper-
sion. Now, «;, can be related to @, which is the averaged concen-
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tration parameter of all layers, so that

- (9)
(@)

where Iy is the Bessel function of the first kind of order 0, while

I is the modified Bessel function of the first kind of order 1. Note

that «;, = 1/2 corresponds to a planar isotropic dispersion and the

lower «;j,, the higher the anisotropy. Finally, the non-zero Cauchy

stress components are

Occ = //,()»f - kf)

Kip:% 05K1p<]/2,

+4ky (I;7 — 1) exp [kz(lii2 - 1)2]hn, (10)
o = p(A2 = A7)
+4ky (I3 — 1) exp [kz (17 - 1)2]h22, (11)
with
hi = [Kip + (1 = 2xp)cos?a A2,
hyy = [Kip + (1= 2kp)sin’a |42,
I3 = hyy + hoy. (12)

The stresses oc. and oy are calculated from the measured forces,
thickness, the effective area measured between the hooks, as sug-
gested in [30], and the calculated deformation gradient. The mean
fiber angle and the in-plane dispersion parameter are obtained
from the SHG images, as described in Section 2.4. The parameters
W, kq, ky are found with a nonlinear least squares methods (trust
region reflective algorithm), implemented in MATLAB [24], from pla-
nar biaxial mechanical tests. It is assumed that the initial values
are the same for all samples with values of 1.0 kPa, 2.0 kPa and
10.0, respectively. Some other starting values are also tested to en-
sure that the fitted parameters do not correspond to the local min-
imum.

3. Results
The solvent-based clearing with BABB made it possible to

record the entire thickness of the samples with SHG. The acquisi-
tion depth before clearing was limited to 100 wm [31]. After tissue
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Fig. 4. Relative amplitude of collagen fibers across the entire thickness for the 7 porcine hearts (P1-P7) displaying six MV anterior leaflets (MVAL) and six posterior leaflets
(MVPL): The circumferential direction and ventricular side correspond to 6 = 0° and 0% depth, respectively.
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Fig. 5. Two fiber families are identified for sample P3-MVAL (m = 2): (a) SHG acquisition at a depth of 80% from the ventricular side (green = collagen, r = radial, c =
circumferential); (b) relative amplitude of the collagen fibers (green area) and fitted von Mises distribution (solid curve). The von Mises parameters are oy = 15°, a; = 1.13
and «; = —54°, a, = 6.68, with r> = 0.94. The more pronounced fiber family (oriented at oy = 15°) was used for further post-processing. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Approximate
symmetry axis
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Collagen

orientation : MVPL

Fig. 6. General collagen fiber distribution (dashed curves) over the mitral valve
leaflets, composed of MVAL (MV anterior leaflet) and MVPL (MV posterior leaflet),
with an approximate axis of symmetry (dashed and dotted line). The sign of the
mean fiber angle @ depends on the acquisition site (dashed squares).

samples excluding P2-MVAL. Fig. 7 shows the variation of the con-
centration parameter a through the normalized thickness, averaged
between all samples except P2-MVAL, which showed an exception-
ally high anisotropy. It was found that the samples had, on aver-
age, a higher anisotropy at a depth of 5 — 50%, which corresponds
to the collagen-rich fibrosa layer in MV. The concentration of the
collagen content is also investigated using the skewness of the im-
age (layer) histogram. The variation in skewness between samples
due to the normalized thickness is shown in Fig. 8. According to
the study of [26], the collagen content correlates inversely with
the skewness. Therefore, collagen fibers are more pronounced at a
depth of 25 — 75%. The constitutive model predicts the mechanical
behavior of the leaflets with good agreement (average r2-value is
0.94). This is shown for two samples in Fig. 9, one sample with
the circumferentially oriented collagen fibers (Fig. 9(a)) and the
other with radially oriented collagen fibers (Fig. 9(b)). The data
for the characterized material and structural parameters are pre-
sented in Table 2. The neoHookean parameters are relatively small
(u = 2.22 4+ 1.48 kPa). For P1, P4 and P3, the neoHookean param-
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Table 2

Estimated material parameters from planar biaxial mechanical tests, structural parameters
from SHG and thickness t from histology sections. The last column gives the average r2.

Planar biaxial data SHG data

Parameter  p(kPa) kq (kPa) k(=) a(®) Kip (=) al-) t(mm) r2

P1-MVAL 1.54 6.04 3.17 3 0.26 1.09 0.85 0.94
P1-MVPL 1.21 1.91 7.65 —68 0.3 0.86 1.45 0.91
P2-MVAL 1.3 0.28 11.37 -13 0.02 1257 1 0.94
P2-MVPL 3.92 0.87 7.44 55 0.18 1.7 1.05 0.94
P3-MVAL 1.53 0.4 5.4 32 0.33 0.74 1.15 0.93
P3-MVPL 6.16 0.19 13.51 -71 0.24 1.22 1 0.94
P4-MVAL 3.44 8.23 0.71 —47 0.18 1.71 1.05 0.92
P4-MVPL 2.82 3.23 2.34 -19 0.21 1.47 1.05 0.96
P5-MVAL 1.75 2.54 3.87 -2 0.31 0.83 1.05 0.84
P5-MVPL 1.47 1.42 11.72 -4 0.26 1.07 1.2 0.99
P6-MVAL 1.06 0.1 10.76 81 0.27 1.05 1.4 0.98
P7-MVPL 0.44 0.3 8.37 —-40 0.27 1.02 0.95 0.96
Average 222 213 7.19 -19 0.24 2.11 1.1 0.94
STD 1.48 2.38 3.81 35 0.08 3.04 0.16 0.04

eters for the anterior and posterior leaflets are similar. The fiber
parameters (k; and k;) for all samples are 2.13 4+2.38 kPa and
7.19 £ 3.81, respectively.

4. Discussion

Mitral valve leaflets are collagen-reinforced tissues. The orien-
tation and dispersion of the collagen fibers thus have a signifi-
cant effect on the mechanical behavior of the leaflets. This is par-
ticularly important in Barlow’s disease, which is accompanied by
disrupted collagen fibers and increased leaflet compliance [3]. In
the present study, the collagen fiber distribution over the entire
thickness of porcine samples was examined using SHG microscopy.
Other techniques such as pFSDI, SALS or SAXS examine an aggre-
gated image, which means that all collagen fibers over the entire
thickness of the tissue are aggregated in one acquisition plane. The
aggregated image can also be disturbed by other MV leaflet com-
ponents, as was stated in the recent paper [8]. SHG, on the other
hand, provides full-thickness collagen imaging of the sample with
high transmural resolution, albeit in a smaller field of view, typi-
cally hundreds of microns. Even the depth-modulated pFSDI, which
was presented in [8], lacks the high transmural resolution of SHG
microscopy, which is normally between 0.5 — 1 um/pixel.

This study is the first to provide the collagen distribution
across the entire thickness of porcine MV leaflets based on SHG.
It adapted a solvent-based clearing technique [21] to enable de-
tailed imaging of the samples in the entire thickness. Before clear-
ing, the samples are fixed chemically with formalin in order to pre-
serve the microstructure. A study on the effects of tissue fixation
concluded that formalin fixation for 48 hours based on SAXS mea-
surements had little effect on collagen organization [34]. Another
study on arteries with a similar tissue clearing protocol confirms
that the collagen fibers are intact, based on histological examina-
tions [12]. In addition, the same study found that the microscopic
orientations when comparing the fiber distribution before and af-
ter clearing were not affected by the clearing process. The clearing
process, however, caused an almost isotropic shrinkage of about
20%, see also [12,32,33]. Hence, the shrinkage had also occurred
along the sample thickness. Reducing the thickness can actually be
beneficial in SHG imaging as it facilitates detailed imaging due to
a better in-depth signaling.

The samples were imaged to a depth of 400 — 700 um in the
microscopy coordinate system. Image analysis based on Fourier
transform is used to quantify the distribution of collagen fibers.
The automated process ensures a high reproducibility, but there
are some challenges with the process. The Fourier transform as-
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sumes a periodic signal, so a window should be applied to the
images before the Fourier transform. In the current study, a ta-
pered cosine window is used to minimize the loss of information
at the edges of each image (layer). In addition, the pixelated na-
ture of images makes it difficult to completely segment the im-
age with a wedge filter. Nevertheless, it has been shown that the
wedge filter can extract the orientation of collagen fibers well, as
in the study [12], which was also observed in the current study
(Fig. 6). For each sample, acquisition layers with a 5 um interval
across the thickness were examined with SHG. For all samples ex-
cept P3-MVAL, one family of collagen fibers was identified based
on their collagen fiber distribution in each layer. Sample P3-MVAL
showed two different fiber families (Fig. 5) and the more promi-
nent fiber family was used for further analysis. For each layer [,
the collagen fiber distribution was characterized by two parame-
ters in the von Mises distribution, namely the mean fiber angle
and the concentration parameter. It was found that the mean fiber
angle varies over the tissue thickness. However, this variation was
not as significant as in the study [11]. The authors documented
fibers that were circumferentially oriented at a depth of 100 um
from the ventricle side compared to radially oriented fibers at a
depth of 100 um from the atrium side. In the present study, this
finding was only obtained in one sample (P2-MVAL). Nevertheless,
the mean fiber angle for all samples varies on average by +12°
over the entire thickness. Even the averaged mean angle does not
always align with the circumferential direction. It depends heav-
ily on the location of the acquisition, as it was derived from other
imaging modalities such as pFSDI [8,35].

The concentration parameter also varied over the tissue thick-
ness, on average +0.31, which is more significant than that of the
mean fiber direction. The SHG-measured concentration parame-
ter was 1.16 £ 0.32 for all samples except P2-MVAL. On average,
the samples exhibited a higher anisotropy at a depth of 5 — 50%
and a higher collagen content at a depth of 25 — 75%. This depth
can correlate to the collagen-rich fibrosa layer in MV (Fig. 7). The
layer-specific investigation of MV leaflets showed that the fibrosa
layer covers 60% of the MV thickness in porcine [36] and 75% in
ovine [37]. Similar to the mean fiber direction, it was previously
determined that the collagen fiber dispersion is regionally depen-
dent [35]. A recent study on ovine tricuspid valve used SHG to
quantify the collagen structure [17]. The authors found a com-
parable variation of the mean fiber orientation and the concen-
tration parameters over the thickness in relation to the present
study.

The constitutive model agrees well with the planar biaxial me-
chanical tests (average r2 = 0.94). The low neoHookean parame-
ters, average of p =2.22 + 1.48 kPa, underline the importance of
the contribution of the collagen fibers to the mechanical behavior
of the leaflets. The compliant matrix material is consistent with
recent studies on the mechanical properties of porcine MV leaflets
[14,38,39]. This study confirms the assumption that the collagen
fibers can be modeled with a representative single fiber family.
This can have a significant impact on the tissue characterization
of MV leaflets and the numerical modeling of the mitral valve ap-
paratus.

It was also observed that the collagen fibers are not always
aligned with the circumferential direction. The same finding is
also observed in mechanical tests. Fig. 9 shows the Cauchy stress
versus stretch curves for samples P3-MVAL and P6-MVAL. From
Table 1 the mean fiber angle for the first sample is 32°, which re-
sulted in a similar stiffness in the circumferential and radial direc-
tions. For the second sample, the mean fiber angle is 81°, which
leads to a more compliant circumferential direction. This under-
mines the general assumption that the fibers are oriented in ei-
ther the stiffer or the circumferential direction. Therefore, a robust
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method of measuring the mean fiber angle is essential for tissue
modeling of MV leaflets.

Finally, it should be mentioning that elastin fibers are not taken
into account in this study and that the anisotropy is mainly at-
tributed to the collagen structure. Nevertheless, scanning electron
microscopy shows radially aligned elastin fibers in the belly and a
rectilinear pattern in the hinge and coaptation area of the aortic
valve leaflets spongiosa [40]. A further study on the layer-specific
investigation of MV leaflets also found radially oriented elastin
fibers and circumferentially oriented wisp-like strands of elastin in
the atrialis/spongiosa layer of MV leaflets [36]. However, the same
study found that this layer is stiffer in the circumferential direc-
tion due to the presence of some collagen fibers. In addition, the
collagen fibers are seen as the main load carrier and the elastin
fibers mainly contribute to the stress-strain curve in the toe region,
as shown schematically by Schoen and Levy [41]. Therefore, in the
present study, only one family of fibers is assumed as representa-
tive collagen fibers for tissue modeling. Furthermore, our current
study has shown that the anisotropy of the mechanical behavior of
the tissue is mainly determined by the collagen structure, as dis-
cussed in the previous paragraph. Nevertheless, there is a signifi-
cant interaction between collagen and other constituents, as shown
for MV leaflets in [36]. This is also comparable with other stud-
ies on the aortic valve leaflets [40,42,43]. For example, the sepera-
tion of the layers in aortic valve leaflets showed less extensibility
in the radial direction for a separated fibrosa layer than the intact
leaflet, possibly as a result of collagen-elastin interactions [42,43].
Although the current tissue model attributes the anisotropy to col-
lagen fibers, the interaction of collagen and other constituents in
the ECM affects the material parameters, both the matrix and the
fiber material parameters.

There are several limitations to the current study. First, the
small field of view of SHG imaging (hundreds of microns) limits
the examination and its extension to the tissue scale. The regional
dependence of the collagen fiber orientation and dispersion also
underlines this limitation. For example, the averaged mean fiber
direction was measured from —70° to +80°, due to the different
investigation site on the MV leaflets (Fig. 6). Even so, the mechan-
ical tests are performed within the fiducial markers with an ap-
proximate area of 2 mm x2 mm, while the SHG detection is car-
ried out in the center of these markers with an area of 0.46 mm
x0.46 mm, which is comparable to the area enclosed by the fidu-
cial markers. Second, this was an in vitro study that neglected the
effects of pre-strain and active smooth muscles on the distribu-
tion of collagen fibers. Recent studies have highlighted the con-
tribution of pre-strain and active smooth muscles to the mechan-
ical response of the mitral valve leaflets [44-46]. Both the pre-
strain and the active tension of the smooth muscles can change
the mean fiber orientation and dispersion. Third, an ex vivo ex-
perimental setup, similar to the study in, e.g., [47], may be re-
quired for the validation of the tissue modeling. Fourth, the water
lens used in this study had a different refractive index (n = 1.33)
than the BABB solution (n = 1.56). Although high quality images
were recorded with this objective, the image quality could be im-
proved by using a special lens suitable for immersion medium
BABB. Finally, this study focused on porcine samples. In future
work we plan to extend the protocol to human mitral valves in
health and disease. It is particularly important to know how the
collagen fibers are dispersed and oriented over their entire thick-
ness in myxomatous degeneration. In addition, a mechanical char-
acterization of degenerative MV is of great interest. This informa-
tion, together with the structural data from SHG, can improve cur-
rent tissue simulations of the MV apparatus. It will also provide
a quantified study of how collagen fiber are disrupted in related
diseases.
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5. Conclusion

In this study, the collagen structure of MV leaflets was quan-
tified through the entire thickness with high transmural resolu-
tion. In addition, planar biaxial mechanical tests were performed to
characterize the mechanical behavior of the tissue. The mean fiber
angle and collagen dispersion were found to vary across the thick-
ness. Despite this variation, a single representative fiber family in
a constitutive tissue model can adequately capture the mechanical
behavior of the tissue. In addition, it was found that the tissue ma-
trix is compliant and that the collagen plays the main load carrier.
Interestingly, the collagen fibers were not always aligned with the
circumferential direction, which was also observed in mechanical
tests. The current study provides a thorough understanding of the
collagen structure variation in MV leaflets and its effects on the
mechanical properties and modeling of the tissue. In the end, we
hope that the data set provided can pave the way for quantifying
the disruption of collagen fibers in myxomatous MV leaflets.
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