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a b s t r a c t 

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 r 2 = 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/ ) 
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. Introduction 

The mitral valve (MV) ensures the unidirectional flow from the 

eft atrium to the left ventricle. The unique microstructure of the 

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

his makes it easier to close the valve completely during systole. 

he MV leaflet consists of four different layers: an elastic ventric- 
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laris, a collagen-rich fibrosa, a spongiosa layer consists of mostly 

roteoglycans and an elastic atrialis. Collagen acts as the main load 

arrier, while elastin, which is also found in all other layers, re- 

tores the wavy state of the collagen fibers [2] . 

Numerous diseases associated with MV, such as myxomatous 

egeneration, disrupt the microstructure of the leaflets and con- 

ribute to partial closure and thus to MV regurgitation [3] , which is 

efined as the leakage of blood from the left ventricle into the left 

trium, with severe cases requiring careful assessment [4] . In par- 

icular, the collagen fibers were observed as disrupted and irreg- 
. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actbio.2022.01.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2022.01.003&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:mj.sadeghinia@ntnu.no
https://doi.org/10.1016/j.actbio.2022.01.003
http://creativecommons.org/licenses/by/4.0/


M.J. Sadeghinia, B. Skallerud, G.A. Holzapfel et al. Acta Biomaterialia 141 (2022) 244–254 

u

e

l

z

d

t

i

o

a

s

i

t

s

‘

o

t

a

l

h

l

c  

a

a

l

w

o

i

s

c

s

t

a

p

e

c

i

e

p

d

b

p

M

n

f

o

q

s

g

t

fi

i

t

2

2

l

h

(

n

i

i

2

t

c

m

s

m

m

m

t

l

p

×
m

a

g

d

a

s

a

U

s

m

m

m

U

s

c

a

p

u

l  

o

r

a

o  

e

m

s

2

a

o

5

[

u

fi

b

t

a

1  

s

i  

c

d

G

larly arranged in the accompanying diseases [5,6] . Barlow’s dis- 

ase, e.g., is associated with disrupted collagen fibers and increased 

eaflet compliance [3] . Therefore, a precise mechanical characteri- 

ation of the MV leaflets, whether healthy or diseased, requires a 

etailed investigation of the collagen fiber dispersion. 

Various imaging methods were used for the identification of 

he collagen fiber dispersion: polarized spatial frequency domain 

maging (pFSDI) [7,8] , small-angle light or X-ray scattering (SALS 

r SAXS) [9,10] and second harmonic generation (SHG) [11,12] ; for 

 short overview see [13] . SHG provides collagen imaging of the 

ample with high transmural resolution that enables a detailed 

n-depth study of the collagen structure. To the best of the au- 

hors’ knowledge, there are only two studies on the collagen fiber 

tructure in MV leaflets with SHG [11,14] . The study [14] used 

representative SHG images to visualize local fiber architecture’ with- 

ut quantification. The study [11] quantified the fiber distribu- 

ion of an ovine sample, which was taken from both sides up to 

 thickness of 100 μm in order to include all layers of the MV 

eaflets. Nonetheless, the limited depth of SHG acquisition may 

ave missed most of the fibrosa layer, the collagen-rich layer in MV 

eaflets. In order to overcome this limitation, the imaging depth 

an be increased up to 1 0 0 0 μm, by using tissue clearing methods

s proposed in the study [12] for arteries. 

The quantified collagen fiber distribution can then be used in 

ddition to mechanical tests to characterize the tissues of the MV 

eaflets. Several recent studies used planar biaxial mechanical tests 

ith various imaging methods to characterize the tissue properties 

f MV leaflets [8,14–16] . Nonetheless, either aggregated or limited 

n-depth SHG imaging was used in these studies. A very recent 

tudy [17] used SHG with tissue clearing for mechanical and mi- 

rostructural analysis of the tricuspid valve in ovine without tis- 

ue modeling. Therefore, there is a lack of comprehensive informa- 

ion on how the dispersion and orientation of collagen fibers vary 

cross the thickness of the MV leaflets and between different sam- 

les. More importantly, the effects of this variation on tissue mod- 

ling of MV leaflets have yet to be explored. The variation of the 

ollagen fiber dispersion and orientation can, e.g., indicate whether 

t is sufficient to use a representative distribution or whether a lay- 

red approach is required. In addition, a comprehensive data set 

aves the way for quantifying the disruption of collagen fibers in 

iseased MV leaflets. 

The present study uses planar biaxial mechanical tests in com- 

ination with SHG to characterize twelve MV leaflets. Porcine sam- 

les are used since they are anatomically similar to healthy human 

Vs [18] . First, the samples are examined with a custom-built pla- 

ar biaxial machine. They are then chemically fixed and cleared 

or SHG imaging, which is carried out across the entire thickness 

f the samples. The collagen fiber dispersions and orientations are 

uantified using image analysis [12] . In order to represent the tis- 

ue behavior of the samples, a constitutive model based on the 

eneralized structure tensor approach is used [19] . In addition to 

he mean fiber direction and the in-plane dispersion of collagen 

bers, which are quantified by SHG, the model uses three mechan- 

cal parameters estimated from the planar biaxial mechanical tests 

o characterize the tissue properties of MV leaflets. 

. Materials and methods 

.1. Tissue acquisition and storage 

In this study, six MV anterior leaflets (MVAL) and six posterior 

eaflets (MVPL) are examined. They are cut from 7 fresh porcine 

earts (P1-P7) from Nortura slaughterhouse in Steinkjer, Norway 

the MVPL sample from P6 and the MVAL sample from P7 could 

ot be used). The hearts are kept at refrigerator temperature dur- 
245 
ng transport. After the excision, the leaflets are labeled and stored 

n freezers at −28 °C before testing. 

.2. Planar biaxial testing 

To prepare the sample for the test, it is first thawed at 4 ° and 

hen at room temperature in a 1 ×PBS solution. The sample is then 

ut apart ( Fig. 1 (a)), and its anatomical direction is identified and 

arked with three indicative markers on the upper right of the 

ample ( Fig. 1 (b)), using tissue marking dye (Leica Biosystems, Ger- 

any). The circumferential direction is assumed to be approxi- 

ately parallel to the mitral annulus. The sample thickness is then 

easured three times with a caliper (0.01mm resolution), whereby 

he average value is reported. Finally, it is attached to four barb- 

ess hooks (Ahrex, Denmark) on each side, using a 3D printed tem- 

late for consistency. This provides an effective test area of 10 mm 

10 mm. The sample is additionally marked with four fiducial 

arkers in the center, with an approximate area of 2 mm ×2 mm, 

s shown in Fig. 1 (b). 

The hooks are connected to the handle mechanism with sur- 

ical Gore-Tex CV5 sutures (Gore Medicals, USA). The custom- 

esigned handle mechanism, shown in Fig. 1 (c), consists of a rotat- 

ble base with two 1 mm thick bars that represent the attachment 

ites for the sutures. These bars can rotate freely around the base 

xis, which is equipped with an all-ceramic bearing (SMB Bearings, 

K). This mechanism enables self-alignment when mounting the 

pecimen and minimizes the shear forces during the experiments. 

The custom-built biaxial machine is equipped with four step 

otors that are individually controlled via an inductive displace- 

ent sensor (BAW M18MG, Balluff, Germany). The loads are also 

easured with an axial load transducer (U9C/50 HBM, Germany). 

sing a custom software for digital image correlation [20] , the po- 

ition of the fiducial markers is tracked during the test and syn- 

hronized with the measured forces at a frequency of 2 Hz. The bi- 

xial machine was validated using a rubber-like material and com- 

ared to a commercial uniaxial machine (Instron, USA). 

Before starting the test, a preconditioning of 5 loading- 

nloading cycles at a rate of 0.1 mm/s is applied to the maximum 

oad of 0 . 85 ± 0 . 15 N. The sample is also subjected to a preload

f 0.01 N in both directions to remove any tissue slack. Two se- 

ies of displacement-controlled tests, each repeated three times, 

re carried out at a speed of 0.1 mm/s up to the maximum load 

f 0 . 85 ± 0 . 15 N; one with a 1 : 1 displacement in the circumfer-

ntial and radial direction and the other with a greater displace- 

ent in the radial direction. During the entire test, the sample is 

ubmerged in a 1 ×PBS solution at 37 °C. 

.3. Tissue fixation, dehydration and tissue clearing 

Chemical fixation occurs within 2 hours of thawing. Samples 

re chemically fixed in a 4% formaldehyde solution for a minimum 

f 36 hours and also dehydrated based on graded absolute ethanol: 

0%, twice 70%, twice 95% and twice 100%, each step lasts 30 min 

12] . The fixation and dehydration take place in an automated vac- 

um tissue processor (ASP 300, Leica Biosystems, Germany). The 

xed and dehydrated sample is shown in Fig. 2 (a). 

After fixation and dehydration, the sample is cleared with 1 : 2 

enzyl alcohol : benzyl benzoate (BABB) as a clearing solvent. This 

echnique was introduced in [21] and adopted for biomechanical 

pplication in the studies [22,23] . The tissue is first immersed in 

 : 1 absolute ethanol : BABB solution for 4 hours and then in BABB

olution for 18 hours. A representative cleared sample is shown 

n Fig. 2 (b), the same as in Fig. 2 (a). After the tissue has been

leared, the sample is placed in a bottom-glass dish with a few 

rops of BABB solution and sealed with a cover glass using Cover- 

rip 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, c = 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. 

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). 
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.4. Second harmonic generation microscopy 

SHG imaging of collagen fibers is performed using a Leica SP8 

onfocal microscope (Leica Microsystem, Germany). Before the SHG 

cquisition, the measurement of the entire thickness is verified 

ith the bright field microscope in the Leica SP8 to ensure that the 

HG scanning occurs through the entire thickness of the samples. 

o induce the second harmonic of a collagen fiber, the laser exci- 

ation is set to 890 nm. The Leica HCX IRAPO 25 ×, NA 0.95 water

bjective with a working distance of 2.4 mm is used for image ac- 

uisition. To compensate for scattering at greater depth, the laser 

ower is increased linearly ( z compensation). The scanning takes 

lace in the center of the fiducial markers with an area of 465 μm 

465 μm and a resolution of 0 . 45 μm/pixel from the ventricular 

ide. The imaging over the entire tissue thickness takes place with 

n interval of 5 μm. Fig. 3 (a) shows a representative SHG acqui- 

ition layer for sample P3-MVPL at a depth of 200 μm from the 

entricular side. 

A user-defined matlab [24] script based on the method docu- 

ented in [12] is used to quantify the collagen fiber dispersion in 

ach layer. Before the analysis, a 2D Tukey (tapered cosine) win- 

ow is applied to the image. Each image is then Fourier trans- 

ormed and multiplied by its conjugate complex to form the power 

pectrum density, which distinguishes the fiber direction by fre- 

uency and orientation. A wedge-shape filter is used to extract 

he fiber orientations at a certain angle θ . The wedge-shape filter 

anges from −89 ° to 90 ° with an increment of 1 ° to determine the 

elative amplitude of the fiber distribution, for a representative re- 

ult see Fig. 3 (b). A moving average filter with a range of 7 ° is then

pplied to the angle θ to smooth the data. Multiple anisotropic lay- 

rs are found, as they are described in [12] as anisotropic fiber dis- 

ribution, see Fig. 1 therein. For a certain anisotropic layer, labeled 
246 
s l, the fiber distribution is then fitted by a von Mises distribution, 

hich is defined as 

l (θ ) = 

n l ∑ 

m =1 

exp { a l m 

cos [2(θ − αl 
m 

)] } 
I 0 (a l m 

) 
, − 90 ◦ < αl 

m 

≤ 90 ◦, 1 ≤ l ≤ L. 

(1) 

erein ρ l (θ ) is the von Mises distribution in layer l characterized 

y n l , the number of fiber families, while αl 
m 

denotes the mean 

ber angle of the fiber family m , a l m 

> 0 is the concentration pa-

ameter for the fiber family m , L is the total number of layers 

cross the thickness, and I 0 denotes the modified Bessel function 

f order zero. A sample with L acquisition layers is represented by 

verage values, which we denote by a bar on the respective value, 

.g., ā for the averaged concentration parameter. Note that a higher 

alue of ā means a higher anisotropy of the tissue. The fiber angles 
l 
m 

are orientation data with values −90 ◦ < αl 
m 

≤ 90 ◦, thus aver- 

ged accordingly [25] . In addition to the collagen fiber distribution, 

he collagen fiber content in each layer is examined by the skew- 

ess of the pixel intensity histogram. A study on celluralized col- 

agen gels showed that skewness, a gain-independent parameter, 

orrelates inversely with the collagen content [26] . The skewness S

s defined as 

 = 

n 

(n − 1)(n − 2) 

n ∑ 

i =1 

(x i − x̄ ) 3 

s 3 
, (2) 

here x i is the pixel intensity, n is the number of pixels in each 

mage, x̄ and s are the mean and standard deviation of the pixel 

ntensities, respectively. In the current study, the image histogram 

nd its respective skewness are calculated using matlab [24] . 

.5. Tissue model 

The deformation gradient F is defined in relation to an unde- 

ormed reference configuration that is assumed to be stress-free. 

he right Cauchy-Green tensor is then calculated as C = F T F [27] . 

 constitutive model based on the generalized structure tensor 

pproach with non-symmetric collagen fiber dispersion is chosen 

19] . The strain–energy function � is decoupled into an isotropic 

art �iso and an anisotropic (fiber) part �fib . The isotropic func- 

ion is assumed as the neoHookean model, i.e. 

iso = 

μ

2 

(I 1 − 3) , I 1 = tr C , (3) 

here μ > 0 is a positive material parameter and I 1 is the first 

nvariant of C , where tr (•) denotes the trace of (•) . The fiber func- 

ion is assumed to be [19] 

fib = 

k 1 
2 k 

{ exp [ k 2 (I ∗4 − 1) 2 ] − 1 } , I ∗4 = tr ( C H ) , (4)

2 
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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 θ = 0 ◦ corresponding to the 

circumferential direction. The von Mises parameters are α = −75 ◦ , a = 1 . 18 , with r 2 = 0 . 94 . (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

w

s

H

H

m

e

a

b

d

�

w

a

w

r

i

T

o

s

t

i

(

t

o

f

I

w

h

h

T

w  

T  

s

t

κ

w

I

t

l

s

σ

σ

w

h

T

t

g

fi

f

μ
r

n

a

1

s

i

3

r

t

here k 1 and k 2 are positive material parameters and H is the 

tructure tensor [19,28] , i.e. 

 = 2 κop κip I + 2 κop 

(
1 − 2 κip 

)
M � M 

+ 

(
1 − 2 κop − 2 κop κip 

)
M n � M n . (5) 

erein I is the second-order identity tensor, M and M n are the 

ean fiber direction and the out-of-plane unit vector in the refer- 

nce configuration, respectively, while κip and κop are the in-plane 

nd out-of-plane dispersion parameters. If the tissue is assumed to 

e incompressible the (total) strain–energy function � can then be 

efined as 

= �iso + �fib + p(J − 1) , J = det F > 0 , (6) 

here p is a Lagrange multiplier used to enforce incompressibility, 

nd J is the positive volume ratio. 

Now we define three orthogonal unit vectors as e c , e r and e t , 

hich denote the circumferential, radial and transmural directions, 

espectively. In this coordinate system, the deformation gradient F 

s calculated from the fiducial markers, as explained in, e.g., [29] . 

he off-diagonal components of the C matrix are at least an order 

f magnitude smaller that the diagonal components. So it is as- 

umed that the matrix C only adds diagonal components, namely 

he squares of the principal stretches λ2 
c , λ

2 
r and λ2 

t . Because of 

ncompressibility, the principal stretch λt through the thickness is 

λc λr ) −1 . The mean fiber direction M related to the circumferen- 

ial direction is given by M = cos α e c + sin α e r . The push forward 

f the structure tensor H results in h = F H F T , so that the modified 

ourth invariant (4) 2 can be calculated as [19] 

 

∗
4 = tr ( C H ) = tr h = h 11 + h 22 + h 33 , (7) 

ith the diagonal components of h according to 

h 11 = 2 κop 

[
κip + 

(
1 − 2 κip 

)
cos 2 α

]
λ2 

c , 

 22 = 2 κop 

[
κip + 

(
1 − 2 κip 

)
sin 

2 α
]
λ2 

r , 

 33 = ( 1 − 2 κop ) λ
2 
t . (8) 

he collagen structure in mitral valves is assumed to be planar, so 

e use the upper limit of κop which equals 1 / 2 , so that h 33 = 0 .

his leads to a reduced 2 × 2 matrix of h , which is a planar disper-

ion. Now, κip can be related to ā , which is the averaged concen- 
247 
ration parameter of all layers, so that 

ip = 

1 

2 

− I 1 ( ̄a ) 

2 I 0 ( ̄a ) 
, 0 ≤ κip < 1 / 2 , (9) 

here I 0 is the Bessel function of the first kind of order 0, while 

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

hat κip = 1 / 2 corresponds to a planar isotropic dispersion and the 

ower κip , the higher the anisotropy. Finally, the non-zero Cauchy 

tress components are 

cc = μ
(
λ2 

c − λ2 
t 

)

+ 4 k 1 
(
I ∗4 

2 − 1 

)
exp 

[ 
k 2 

(
I ∗4 

2 − 1 

)2 
] 

h 11 , (10) 

rr = μ
(
λ2 

r − λ2 
t 

)

+ 4 k 1 
(
I ∗4 

2 − 1 

)
exp 

[ 
k 2 

(
I ∗4 

2 − 1 

)2 
] 

h 22 , (11) 

ith 

h 11 = 

[
κip + 

(
1 − 2 κip 

)
cos 2 α

]
λ2 

c , 

 22 = 

[
κip + 

(
1 − 2 κip 

)
sin 

2 α
]
λ2 

r , 

I ∗4 = h 11 + h 22 . (12) 

he stresses σcc and σrr are calculated from the measured forces, 

hickness, the effective area measured between the hooks, as sug- 

ested in [30] , and the calculated deformation gradient. The mean 

ber angle and the in-plane dispersion parameter are obtained 

rom the SHG images, as described in Section 2.4 . The parameters 

, k 1 , k 2 are found with a nonlinear least squares methods (trust 

egion reflective algorithm), implemented in matlab [24] , from pla- 

ar biaxial mechanical tests. It is assumed that the initial values 

re the same for all samples with values of 1.0 kPa, 2.0 kPa and 

0.0, respectively. Some other starting values are also tested to en- 

ure that the fitted parameters do not correspond to the local min- 

mum. 

. Results 

The solvent-based clearing with BABB made it possible to 

ecord the entire thickness of the samples with SHG. The acquisi- 

ion depth before clearing was limited to 100 μm [31] . After tissue 
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ᾱ
a

n
d
 
th

e
 
co

n
ce

n
tr

a
ti

o
n
 
p

a
ra

m
e

te
r 

ā
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ᾱ
( ◦

) 
ā
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learing, the samples were scanned to a depth of 700 μm. How- 

ver, this solvent-based clearing usually have a shrinkage effect 

31] , which can also be seen in Fig. 2 . Similar to the previously re-

orted studies [12,32,33] , the shrinkage of the sample was found to 

e about isotropic without any interference with the collagen dis- 

ersion in the plane of acquisition. In the present work, a shrink- 

ge of 23% and 20% in the respective radial and circumferential di- 

ection was measured for the sample shown in Fig. 2 , using the 

ducial markers. 

Fig. 4 shows the collagen fiber distributions in the form of con- 

our plots for all samples. Therein the relative amplitude of col- 

agen fiber, which is oriented at a certain angle θ (abscissa) and 

t a certain depth (ordinate), is indicated by the color map. For 

xample, the distribution of collagen fiber shown in Fig. 3 is the 

ame as the contour plot at the depth of 25% for sample P3-MVPL. 

s shown in Fig. 4 , most samples are collagen-rich with a thick- 

ess of 0 − 50% , corresponding to the collagen-rich fibrosa layer 

2] . For one anterior sample (P3-MVAL), the collagen fiber distribu- 

ion in most layers shows two different fiber orientations. For ex- 

mple, at the same depth of 80% for this sample, two bright spots 

re observed in Fig. 4 ; one oriented at a positive angle and the

ther, with less relative amplitude, oriented at a negative angle. 

he SHG imaging and analysis of collagen fibers for this sample at 

he same depth is shown in Fig. 5 . The same result can also be ob-

erved with two distinct peaks in Fig. 5 (b); one oriented at 15 ° and

he other, with a lower relative amplitude, oriented at −54 °. Only 

or this sample two fiber families are assumed ( m = 2 , based on

q. (1) ) for the fitting of the von Mises distribution function to the 

ber distribution in each layer. For reasons of consistency, the con- 

entration parameter and the mean fiber angle, which correspond 

o the fiber families with higher relative amplitudes, were used to 

alculate the averaged values of ā and ᾱ. For all other samples 

nly one fiber family ( m = 1 ) is assumed for all layers, as shown

n Fig. 3 (b). 

The corresponding von Mises parameters for the 12 samples 

nd related statistics are presented in Table 1 with a 10% thickness 

nterval including only anisotropic layers, as defined in Section 2.4 . 

The average values for the mean fiber angle ᾱ and the concen- 

ration parameter ā are calculated based on all anisotropic layers 

etween 0 − 100% thickness. The positive and negative mean an- 

les between the samples can be explained by the different test 

ocations on the MV leaflets, as shown in Fig. 6 . The mean direc-

ion is positive when the sample is taken from the right side of the 

pproximate symmetry axis and negative when it is taken from the 

eft side of the axis. In numerous samples, the standard deviation 

f the mean fiber angle ᾱ is rather small. However, it was found 

hat one anterior leaflet (P2-MVAL) had two perpendicular mean 

ber orientations across its thickness, therefore the mean fiber ori- 

ntation changes from the ventricular to the atrial side by about 

0 °. One is oriented in the circumferential direction from 0 − 60% 

epth and the other is oriented almost in the radial direction from 

0 − 100% depth. 

After all, the mean fiber direction is not always aligned with the 

ircumferential direction, as shown in the Fig.s 3 and 4 . It is worth

entioning that the fiber directions are given for −90 ◦ < θ ≤ 90 ◦, 

ut they are orientation data. In other words, e.g., −60 ° also cor- 

esponds to 120 °. The standard deviation of the fiber angles over 

he entire thickness is, on average over the samples, 12 °. Even for 

he sample P3-MVAL, which has two distinct fibers, the mean ori- 

ntation for the more pronounced fiber family varied with a stan- 

ard deviation of 11 ° over the entire tissue thickness. The varia- 

ion of the dispersion parameter is more pronounced than the fiber 

irections. Sample P2-MVAL also exhibited an exceptionally high 

nisotropy in the thickness of 20 − 60% with a ā value of more 

han 15. This is also noticeable in Fig. 4 . Nonetheless, the aver- 

ge concentration parameter ā was found to be 1 . 16 ± 0 . 32 for all 
248 
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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 θ = 0 ◦ and 0% depth, respectively. 

249 



M.J. Sadeghinia, B. Skallerud, G.A. Holzapfel et al. Acta Biomaterialia 141 (2022) 244–254 

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 α1 = 15 ◦ , a 1 = 1 . 13 

and α2 = −54 ◦ , a 2 = 6 . 68 , with r 2 = 0 . 94 . The more pronounced fiber family (oriented at α1 = 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.) 

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 α depends on the acquisition site (dashed squares). 
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Fig. 7. Variation of the concentration parameter a through the normalized thick- 

ness; averaged value between the samples, with the exception of sample P2-MVAL 

(solid curve) and standard deviation (colored area). 

Fig. 8. Variation of the skewness through the normalized thickness; averaged value 

between the samples (solid curve) and the standard deviation (colored area). 
amples excluding P2-MVAL. Fig. 7 shows the variation of the con- 

entration parameter a through the normalized thickness, averaged 

etween all samples except P2-MVAL, which showed an exception- 

lly high anisotropy. It was found that the samples had, on aver- 

ge, a higher anisotropy at a depth of 5 − 50% , which corresponds 

o the collagen-rich fibrosa layer in MV. The concentration of the 

ollagen content is also investigated using the skewness of the im- 

ge (layer) histogram. The variation in skewness between samples 

ue to the normalized thickness is shown in Fig. 8 . According to 

he study of [26] , the collagen content correlates inversely with 

he skewness. Therefore, collagen fibers are more pronounced at a 

epth of 25 − 75% . The constitutive model predicts the mechanical 

ehavior of the leaflets with good agreement (average r 2 -value is 

.94). This is shown for two samples in Fig. 9 , one sample with

he circumferentially oriented collagen fibers ( Fig. 9 (a)) and the 

ther with radially oriented collagen fibers ( Fig. 9 (b)). The data 

or the characterized material and structural parameters are pre- 

ented in Table 2 . The neoHookean parameters are relatively small 

 μ = 2 . 22 ± 1 . 48 kPa). For P1, P4 and P3, the neoHookean param-
250 
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Fig. 9. Cauchy stress σ versus stretch λ for (a) sample P3-MVAL and (b) sample P6-MVAL in the radial (blue curve) and circumferential direction (red curve). The experi- 

mental data (dashed curve) are well represented by the model (solid curve) with r 2 of 0.93 (P3-MVAL) and 0.98 (P6-MVAL). (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

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 r 2 . 

Planar biaxial data SHG data 

Parameter μ( kPa ) k 1 ( kPa ) k 2 (−) ᾱ( ◦) κip (−) ā (−) t( mm ) r 2 

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 12.57 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 2.22 2.13 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 
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ters for the anterior and posterior leaflets are similar. The fiber 

arameters ( k 1 and k 2 ) for all samples are 2 . 13 ± 2 . 38 kPa and

 . 19 ± 3 . 81 , respectively. 

. Discussion 

Mitral valve leaflets are collagen-reinforced tissues. The orien- 

ation and dispersion of the collagen fibers thus have a signifi- 

ant effect on the mechanical behavior of the leaflets. This is par- 

icularly important in Barlow’s disease, which is accompanied by 

isrupted collagen fibers and increased leaflet compliance [3] . In 

he present study, the collagen fiber distribution over the entire 

hickness of porcine samples was examined using SHG microscopy. 

ther techniques such as pFSDI, SALS or SAXS examine an aggre- 

ated image, which means that all collagen fibers over the entire 

hickness of the tissue are aggregated in one acquisition plane. The 

ggregated image can also be disturbed by other MV leaflet com- 

onents, as was stated in the recent paper [8] . SHG, on the other

and, provides full-thickness collagen imaging of the sample with 

igh transmural resolution, albeit in a smaller field of view, typi- 

ally hundreds of microns. Even the depth-modulated pFSDI, which 

as presented in [8] , lacks the high transmural resolution of SHG 

icroscopy, which is normally between 0 . 5 − 1 μm/pixel. 
251 
This study is the first to provide the collagen distribution 

cross the entire thickness of porcine MV leaflets based on SHG. 

t adapted a solvent-based clearing technique [21] to enable de- 

ailed imaging of the samples in the entire thickness. Before clear- 

ng, the samples are fixed chemically with formalin in order to pre- 

erve the microstructure. A study on the effects of tissue fixation 

oncluded that formalin fixation for 48 hours based on SAXS mea- 

urements had little effect on collagen organization [34] . Another 

tudy on arteries with a similar tissue clearing protocol confirms 

hat the collagen fibers are intact, based on histological examina- 

ions [12] . In addition, the same study found that the microscopic 

rientations when comparing the fiber distribution before and af- 

er clearing were not affected by the clearing process. The clearing 

rocess, however, caused an almost isotropic shrinkage of about 

0%, see also [12,32,33] . Hence, the shrinkage had also occurred 

long the sample thickness. Reducing the thickness can actually be 

eneficial in SHG imaging as it facilitates detailed imaging due to 

 better in-depth signaling. 

The samples were imaged to a depth of 400 − 700 μm in the 

icroscopy coordinate system. Image analysis based on Fourier 

ransform is used to quantify the distribution of collagen fibers. 

he automated process ensures a high reproducibility, but there 

re some challenges with the process. The Fourier transform as- 
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umes a periodic signal, so a window should be applied to the 

mages before the Fourier transform. In the current study, a ta- 

ered cosine window is used to minimize the loss of information 

t the edges of each image (layer). In addition, the pixelated na- 

ure of images makes it difficult to completely segment the im- 

ge with a wedge filter. Nevertheless, it has been shown that the 

edge filter can extract the orientation of collagen fibers well, as 

n the study [12] , which was also observed in the current study 

 Fig. 6 ). For each sample, acquisition layers with a 5 μm interval

cross the thickness were examined with SHG. For all samples ex- 

ept P3-MVAL, one family of collagen fibers was identified based 

n their collagen fiber distribution in each layer. Sample P3-MVAL 

howed two different fiber families ( Fig. 5 ) and the more promi- 

ent fiber family was used for further analysis. For each layer l, 

he collagen fiber distribution was characterized by two parame- 

ers in the von Mises distribution, namely the mean fiber angle 

nd the concentration parameter. It was found that the mean fiber 

ngle varies over the tissue thickness. However, this variation was 

ot as significant as in the study [11] . The authors documented 

bers that were circumferentially oriented at a depth of 100 μm 

rom the ventricle side compared to radially oriented fibers at a 

epth of 100 μm from the atrium side. In the present study, this 

nding was only obtained in one sample (P2-MVAL). Nevertheless, 

he mean fiber angle for all samples varies on average by ±12 ◦

ver the entire thickness. Even the averaged mean angle does not 

lways align with the circumferential direction. It depends heav- 

ly on the location of the acquisition, as it was derived from other 

maging modalities such as pFSDI [8,35] . 

The concentration parameter also varied over the tissue thick- 

ess, on average ±0 . 31 , which is more significant than that of the

ean fiber direction. The SHG-measured concentration parame- 

er was 1 . 16 ± 0 . 32 for all samples except P2-MVAL. On average,

he samples exhibited a higher anisotropy at a depth of 5 − 50% 

nd a higher collagen content at a depth of 25 − 75% . This depth

an correlate to the collagen-rich fibrosa layer in MV ( Fig. 7 ). The

ayer-specific investigation of MV leaflets showed that the fibrosa 

ayer covers 60% of the MV thickness in porcine [36] and 75% in 

vine [37] . Similar to the mean fiber direction, it was previously 

etermined that the collagen fiber dispersion is regionally depen- 

ent [35] . A recent study on ovine tricuspid valve used SHG to 

uantify the collagen structure [17] . The authors found a com- 

arable variation of the mean fiber orientation and the concen- 

ration parameters over the thickness in relation to the present 

tudy. 

The constitutive model agrees well with the planar biaxial me- 

hanical tests (average r 2 = 0 . 94 ). The low neoHookean parame- 

ers, average of μ = 2 . 22 ± 1 . 48 kPa, underline the importance of 

he contribution of the collagen fibers to the mechanical behavior 

f the leaflets. The compliant matrix material is consistent with 

ecent studies on the mechanical properties of porcine MV leaflets 

14,38,39] . This study confirms the assumption that the collagen 

bers can be modeled with a representative single fiber family. 

his can have a significant impact on the tissue characterization 

f MV leaflets and the numerical modeling of the mitral valve ap- 

aratus. 

It was also observed that the collagen fibers are not always 

ligned with the circumferential direction. The same finding is 

lso observed in mechanical tests. Fig. 9 shows the Cauchy stress 

ersus stretch curves for samples P3-MVAL and P6-MVAL. From 

able 1 the mean fiber angle for the first sample is 32 °, which re-

ulted in a similar stiffness in the circumferential and radial direc- 

ions. For the second sample, the mean fiber angle is 81 °, which 

eads to a more compliant circumferential direction. This under- 

ines the general assumption that the fibers are oriented in ei- 

her the stiffer or the circumferential direction. Therefore, a robust 
252 
ethod of measuring the mean fiber angle is essential for tissue 

odeling of MV leaflets. 

Finally, it should be mentioning that elastin fibers are not taken 

nto account in this study and that the anisotropy is mainly at- 

ributed to the collagen structure. Nevertheless, scanning electron 

icroscopy shows radially aligned elastin fibers in the belly and a 

ectilinear pattern in the hinge and coaptation area of the aortic 

alve leaflets spongiosa [40] . A further study on the layer-specific 

nvestigation of MV leaflets also found radially oriented elastin 

bers and circumferentially oriented wisp-like strands of elastin in 

he atrialis/spongiosa layer of MV leaflets [36] . However, the same 

tudy found that this layer is stiffer in the circumferential direc- 

ion due to the presence of some collagen fibers. In addition, the 

ollagen fibers are seen as the main load carrier and the elastin 

bers mainly contribute to the stress-strain curve in the toe region, 

s shown schematically by Schoen and Levy [41] . Therefore, in the 

resent study, only one family of fibers is assumed as representa- 

ive collagen fibers for tissue modeling. Furthermore, our current 

tudy has shown that the anisotropy of the mechanical behavior of 

he tissue is mainly determined by the collagen structure, as dis- 

ussed in the previous paragraph. Nevertheless, there is a signifi- 

ant interaction between collagen and other constituents, as shown 

or MV leaflets in [36] . This is also comparable with other stud- 

es on the aortic valve leaflets [40,42,43] . For example, the sepera- 

ion of the layers in aortic valve leaflets showed less extensibility 

n the radial direction for a separated fibrosa layer than the intact 

eaflet, possibly as a result of collagen-elastin interactions [42,43] . 

lthough the current tissue model attributes the anisotropy to col- 

agen fibers, the interaction of collagen and other constituents in 

he ECM affects the material parameters, both the matrix and the 

ber material parameters. 

There are several limitations to the current study. First, the 

mall field of view of SHG imaging (hundreds of microns) limits 

he examination and its extension to the tissue scale. The regional 

ependence of the collagen fiber orientation and dispersion also 

nderlines this limitation. For example, the averaged mean fiber 

irection was measured from −70 ° to + 80 °, due to the different 

nvestigation site on the MV leaflets ( Fig. 6 ). Even so, the mechan-

cal tests are performed within the fiducial markers with an ap- 

roximate area of 2 mm ×2 mm, while the SHG detection is car- 

ied out in the center of these markers with an area of 0.46 mm 

0 . 46 mm, which is comparable to the area enclosed by the fidu- 

ial markers. Second, this was an in vitro study that neglected the 

ffects of pre-strain and active smooth muscles on the distribu- 

ion of collagen fibers. Recent studies have highlighted the con- 

ribution of pre-strain and active smooth muscles to the mechan- 

cal response of the mitral valve leaflets [44–46] . Both the pre- 

train and the active tension of the smooth muscles can change 

he mean fiber orientation and dispersion. Third, an ex vivo ex- 

erimental setup, similar to the study in, e.g., [47] , may be re- 

uired for the validation of the tissue modeling. Fourth, the water 

ens used in this study had a different refractive index ( n = 1 . 33 )

han the BABB solution ( n = 1 . 56 ). Although high quality images

ere recorded with this objective, the image quality could be im- 

roved by using a special lens suitable for immersion medium 

ABB. Finally, this study focused on porcine samples. In future 

ork we plan to extend the protocol to human mitral valves in 

ealth and disease. It is particularly important to know how the 

ollagen fibers are dispersed and oriented over their entire thick- 

ess in myxomatous degeneration. In addition, a mechanical char- 

cterization of degenerative MV is of great interest. This informa- 

ion, together with the structural data from SHG, can improve cur- 

ent tissue simulations of the MV apparatus. It will also provide 

 quantified study of how collagen fiber are disrupted in related 

iseases. 
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. Conclusion 

In this study, the collagen structure of MV leaflets was quan- 

ified through the entire thickness with high transmural resolu- 

ion. In addition, planar biaxial mechanical tests were performed to 

haracterize the mechanical behavior of the tissue. The mean fiber 

ngle and collagen dispersion were found to vary across the thick- 

ess. Despite this variation, a single representative fiber family in 

 constitutive tissue model can adequately capture the mechanical 

ehavior of the tissue. In addition, it was found that the tissue ma- 

rix is compliant and that the collagen plays the main load carrier. 

nterestingly, the collagen fibers were not always aligned with the 

ircumferential direction, which was also observed in mechanical 

ests. The current study provides a thorough understanding of the 

ollagen structure variation in MV leaflets and its effects on the 

echanical properties and modeling of the tissue. In the end, we 

ope that the data set provided can pave the way for quantifying 

he disruption of collagen fibers in myxomatous MV leaflets. 
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