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Abstract

When implanted inside the body, bioprosthetic heart valve leaflets experience a variety of cyclic
mechanical stresses such as shear stress due to blood flow when the valve is open, flexural stress
due to cyclic opening and closure of the valve, and tensile stress when the valve is closed. These
types of stress lead to a variety of failure modes. In either a natural valve leaflet or a processed
pericardial tissue leaflet, collagen fibers reinforce the tissue and provide structural integrity such
that the very thin leaflet can stand enormous loads related to cyclic pressure changes. The
mechanical response of the leaflet tissue greatly depends on collagen fiber concentration,
characteristics, and orientation. Thus, understating the microstructure of pericardial tissue and its
response to dynamic loading is crucial for the development of more durable heart valve, and
computational models to predict heart valves’ behavior. In this work, we have characterized the
3D collagen fiber arrangement of bovine pericardial tissue leaflets in response to a variety of
different loading conditions under Second-Harmonic Generation Microscopy. This real-time
visualization method assists in better understanding of the effect of cyclic load on collagen fiber
orientation in time and space.

Keywords

Bioprosthetic heart valve; Collagen fiber orientation; Second harmonic generation microscopy;
Biaxial loading

INTRODUCTION

Valvular heart disease is the third most common cause of heart problems in the United
States. Biological hearts valves (BHVs) made of porcine leaflets or bovine pericardium are
routinely used as replacements for diseased natural valves. Their lower risks of
thrombogenicity and superior hemodynamics, when compared to mechanical valves, have
given these valves remarkable advantages.33 In spite of this, BHVs do not have favorable
long-term durability, primarily due to early structural failure of the leaflets.3144 A range of
failure mechanisms have been proposed to explain observed leaflet failure.14.23.38,40.42
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When implanted inside the body, heart valve leaflets experience a variety of cyclic
mechanical stresses that are dynamic and complex in nature. They include: (1) shear stress
due to blood flow when the valve is open, (2) flexural stress due to cyclic opening and
closure of the valve, and (3) tensile stress when the valve is closed. These types of stress
lead to a variety of failure modes, such as mechanical rupture, cyclic degradation under
fatigue conditions (e.g. cyclic bending strains) and local separation in the presence of highly
concentrated membrane stresses.338 Other reasons for failure include loss of cusp
extensibility, 137 and tissue calcification.1® Structural valve deterioration?® can also be
initiated by mechanisms such as immune rejection216:19 (e.g. macrophage deposition
followed by collagen breakdown and calcification at the end) or atherosclerosis.12:22
Regardless of the mode of failure, disruption of collagen fibers arranged in the extracellular
matrix could be responsible for the damage.

In either a natural valve leaflet or a processed pericardial tissue leaflet, collagen fibers
reinforce the tissue and provide structural integrity such that the very thin leaflet can stand
enormous loads related to cyclic pressure changes. The mechanical response of the tissue
greatly depends on collagen fiber concentration, characteristics, and orientation.>21 During
loading, collagen fibers naturally align with the principal stresses applied to the thickness of
the leaflet allowing the natural leaflet to properly stretch/relax due to the loading/unloading,
respectively.10 It is shown that other orientations of the collagen fibers with respect to these
directions may result in fundamental structural changes in time that can affect the longevity
of the valve %1741

Thus, understating the microstructure of pericardial tissue and its response to dynamic
loading is crucial for the development of more durable BHVs. In this work, we have
investigated the 3D collagen fiber arrangement of bovine pericardial tissues in response to a
variety of different loading conditions under Second-Harmonic Generation Microscopy.
This real-time method assists in better understanding of the effect of cyclic load on collagen
fiber orientation in time and space.

MATERIALS AND METHODS

Sample Preparation

Glutaraldehyde-fixed bovine pericardium (Neovasc, BC, Canada) with a thickness of 0.5
mm was cut into 3 cm x 3 cm segments to be used for multiphoton imaging. The tissue
segments were hydrated prior to and during the microscopy using PBS (Gibco, Carlsbad,
CA, USA).

Biaxial Mechanical Loading Device

A biaxial mechanical loading device was developed to apply uniaxial and biaxial loads
under microscopy. The device included four loading grips, one stage insert, one platform,
four pulleys, four tension control screws, and four force gauges (Fig. 1). The device has a
modular design, which facilitates installation on different microscope stages. For this study,
loading device was installed over a motorized X-Y stage on a Zeiss LSM 510 Meta
multiphoton microscope (Carl Zeiss Microscopy, LLC, NY, USA). All components of the
device were fabricated from light Plexiglas or polycarbonate not to weigh more than 1.5 kg
in total, which is the maximal allowable load over the X-Y scanning stage. Four digital
force gauges with 50 mN resolution (Mecmesin, West Sussex, UK) were used to monitor the
force exerted on each grip in real time. A pulley system with thin cables couples the grips
that hold the tissue segments to the connectors on the force gauges. The Plexiglas pulleys
have a small ball bearing press-fitted inside to provide near-frictionless rotation.
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Small grips held the tissue specimen at all four sides of the tissue segments. Tension control
was achieved by placing a 10-32 screw between each grip and its corresponding force
gauge, where all four screws had a hole drilled through their center to provide a passageway
for the cable. Pairs of control screws were mounted orthogonal to the plate (Fig. 1A) such
that screw rotation increased tension in the cable, which was displayed on the digital
readout. At the beginning of each experiment, each section of the cable was pre-tensioned to
reduce slack and ensure instantaneous force transfer. The magnitude of the initial pre-
tension (typical value of 0.15 N) was subtracted from the final force reading for calibration.
This light-weight setup provides real-time monitoring of biaxial loads applied over a thin
tissue segment mounted on the stage of a high resolution nonlinear microscope.

Tissue Segments Under Microscopy

Second Harmonic Generation (SHG) images were acquired by a Zeiss LSM Meta 510 laser
microscope equipped with a Ti:Sapphire (Chameleon-Ultra, Coherent) femtosecond laser
source tunable from 690 to 1040 nm. SHG was excited with 900 nm light and emission was
filtered from 450 to 465 nm. Experiments were performed on three bovine pericardial
segments. SHG Image stacks were acquired for each segment at three centrally-located
regions under four different loading conditions. The microscope field-of-view covers area of
225 pm x 225 um of the tissue segment. Tissue segments were first measured under low
initial tension to determine the collagen fiber orientation in the relaxed state. This
information was also used to establish a reference to compare with the changes in fiber
orientation under uniaxial and biaxial loading conditions. Next, SHG imaging was
performed on the tissue segments subjected to (a) uniaxial longitudinal loading, (b) uniaxial
transverse loading and (c) biaxial loading (Fig. 2a). Prior to each experiment, the direction
of the fibers at the surface of tissue was obtained using multiphoton microscope. Whichever
direction they had at the surface was considered as the transverse direction for loading
experiment (0°). For each loading condition, 1.2 N was applied to the appropriate set of
grips, considering that this load is similar to the typical loading experienced by a valve
leaflet in the heart (Fig. 2b).415

Immediately after imaging the loaded samples, the grips were carefully detached and the
same volume was imaged. After 10 min, the volume was imaged again to investigate the late
effects of unloading on fiber orientation. The samples were kept hydrated during the
experiments using PBS.

Characterizing the Collagen Fiber Orientation

Mean collagen bundle direction was extracted from SHG images (Fig. 3a) based on 2D
Fourier transform analysis2434 using an in-house developed MATLAB code (Mathworks,
MA, USA). The natural logarithm of the 2D Fast-Fourier Transform (FFT) magnitude was
computed and then rearranged with frequencies shifted to bring the zero-frequency to the
center of the images (Fig. 3b). The background of Fourier images was suppressed by
thresholding, where the intensity threshold was defined as the mean value plus three
standard deviations.3 The frequency indices of the filtered images were extracted, plotted,
and a regression line was defined through the distribution of frequencies to calculate the
average orientation of the fibers (Fig. 3c). The Fourier Transform allows characterization of
the frequency of light intensity oscillations for each pixel. Thus, it was possible to attain the
distribution of frequencies related to the spacing of the collagen fibers. Finally, the fiber
direction was extracted orthogonal to the trend of frequency distributions.

Statistical Analysis

All the data extracted from SHG images of different tissue segments were reported as mean
+ SD. An unpaired Student’s t test was performed for statistical analysis using the R

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.
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software package for Windows (Lucent Technologies Inc., Costa Mesa, CA, USA).
Statistical significance was determined by p values of less than 0.05.

The image stacks of the bovine pericardial tissue segments for each loading condition were
collected by SHG microscopy at the depths varying from 10 to 60 microns from the tissue
surface. After imaging a region within the relaxed tissue, the same region was imaged again
once loaded uniaxially (longitudinal and transverse) and biaxially. Then the sample was
unloaded and re-imaged immediately after and after 10 min to obtain the post-loading
changes, and to determine whether the fiber angles were permanently changed (viscoplastic
behavior). For all the relaxed, loading and unloading conditions, angle of orientation with
respect to the depth was extracted using the method described before. This was done for
three samples as follows:

Uniaxial Loading Behavior

Uniaxial L ongitudinal: The SHG images of a region of tissue segment under uniaxial
longitudinal loading are shown in Fig. 4. The images were acquired in depth in 10 micron
increments. Images are shown for the relaxed, loading, and unloading states. In this
configuration, the direction of loading was perpendicular to the conventional x-axis in x-y
image plane. In the relaxed state, collagen fibers exhibit a randomly distributed pattern
compared to the loaded states. Once loaded, the collagen fibers were arranged densely along
the direction of loading. When the tissue segment was unloaded, the collagen fibers
redistributed in a random pattern similar to the one observed in the relaxed state.

Figure 5 reports the mean orientation of angle vs. depth of imaging in all four loading states.
Through the uniaxial longitudinal loading, the collagen fibers dominantly reoriented
horizontally at the superficial layers, as indicated by an angle of orientation between —10
and 10° up to the depth of 20 microns. This alignment was perpendicular to the direction of
the applied load. However, in deeper layers, fiber orientations were found more along the
direction of the applied load. Fourier analysis indicates that at deeper layers, collagen fibers
change their mean orientation under loading to align with the longitudinal load. Sudden
unloading of the samples led to fiber reorientation with a mean angle similar to their relaxed
state (i.e. the maximum angle difference was almost 6°). Moreover, the fibers changed their
orientation in time and became even more similar to their relaxed state pattern with
maximum angle difference of about 2.4°.

Uniaxial Transverse: Figure 6 displays the SHG images of a uniaxial transverse loading
experiment in the same sample as Fig. 4. The figure shows the relaxed, loaded and unloaded
states. The extracted collagen fiber directions are shown in Fig. 7. This experiment was
performed to test whether the collagen fiber orientations depend on the direction of the
uniaxial load. The transverse loading reoriented fibers by about 90° with respect to the case
of uniaxial longitudinal loading. The mean fiber orientation was 60.3 £ 1.5° at 10 micron
depth and between 0 and 16° at the deeper layers. The fibers arranged in-line with the
direction of the applied load in deeper layers but were not exactly perpendicular to that in
superficial layers. This was in contrast to the behavior found in response to uniaxial
longitudinal loading. After unloading, the fibers rapidly changed their orientation with a
mean angle similar to the relaxed state. The maximum angle difference between the
unloaded and relaxed states was 13.9°, a value which reduced to 2.4° far along after
unloading.

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.
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Biaxial L oading Behavior: The SHG images taken under biaxial loading are shown in Fig.

8. In contrast to uniaxial loading, biaxial loading did not significantly reorient fibers in the
deeper layers (Fig. 9). In contrast, the fibers at the surface layers exhibited a shift in their
pattern and reoriented nearly at 120° while the fibers in deeper layers arranged at almost
60°. After unloading, fibers rapidly reoriented such that the largest angle difference in fiber
angle—as compared to the original relaxed state—was much greater than those observed for
uniaxial loading conditions (almost 31°). However, this difference was reduced to just 2.6°
late after unloading when tissue was relaxed.

Second Sample

Uniaxial Loading Behavior—The same experiment was performed for second sample.
The mean fiber orientation angles in relaxed, loading and unloading states were extracted for
uniaxial longitudinal (Fig. 10) and transverse (Fig. 11) loading. The fiber orientations in
relaxed state were found significantly different (p ~ 0.01) than the first sample with the
exception of the orientations at the surface, which were almost the same (p ~ 0.62 for the
first 20 microns depth). Loading curves for both longitudinal and transverse conditions were
found similar to the one shown in Fig. 5 with p values of ~0.97 and ~0.92, respectively. At
superficial layers, the fibers reorient perpendicular (90°) to the direction of the applied load
in longitudinal, and 65.5 £ 1.2° in transverse loadings. They were found parallel to the load
at the deeper layers in both configurations. Sudden unloading of the samples resulted in
rotation of the fibers to a mean angle close to their relaxed state.

Biaxial Loading Behavior—The extracted mean angles of the fibers for sample 2 are
shown in Fig. 12. The fibers reoriented at 112 + 2.4° at the surface and 50 + 1.9° at the depth
of 60 microns. The loading curve was found similar (p ~ 0.81) to the loading curve of the
first sample. After unloading, fibers rapidly reoriented back to their relaxed state.

Third Sample

Uniaxial Loading Behavior—The extracted mean fiber angles for the sample 3 in
uniaxial longitudinal and transverse loading/unloading are shown in Figs. 13 and 14,
respectively. The relaxed state was found quite different than both the first and the second
samples (p ~ 0.47 and p ~ 0.24, respectively). The uniaxial longitudinal loading curve was
found almost similar to both loading curves shown in Fig. 5 for the first sample and Fig. 10
for the second sample (p ~ 0.82 and p ~ 0.79, respectively). The p values for uniaxial
transverse loading were p ~ 0.92 for sample 1 and p ~ 0.85 for sample 2. After unloading no
viscoplastic behavior was observed.

Biaxial Loading Behavior—The extracted mean angles of the fibers for sample 3 shows
that the fibers reoriented at 129 + 3.5° at the surface and 45 + 1.2° at the depth of 60 microns
(Fig. 15). The biaxial loading curve provided a similar response as the loading curves of the
previous samples (p ~ 0.93 and p ~ 0.77, respectively). Sudden and delayed unloading,
reoriented the fibers close to their relaxed state.

DISCUSSION

Several optical methods (e.g. Small Angle Light Scattering11:26:27 and reflection confocal
microscopy3?) have been developed for estimating fiber orientation within a valve leaflet
that do not require chemical fixation, sectioning or dehydration. However, each entails some
limitation. We chose to implement SHG microscopy, a widely used method for imaging
collagenous biological tissue such as heart valve leaflets,22-30 that does not require use of
exogenous molecular probes. SHG is a nonlinear mode of microscopy based on coherent
second-order nonlinear scattering, which may occur when a non-centrosymmetric molecular

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.
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structure is illuminated by light sources such as a Near Infrared (NIR) femtosecond-pulsed
coherent laser. The molecules will emit light at half the wavelength of the laser.24 Collagen
type | has a highly crystalline triple-helix structure effective at SHG conversion.”8:13 Since
the intensity of SHG signals is modulated by laser polarization angle (for linear
polarization), fiber orientation can be determined from an image stack representing linear
polarization scanned by an actuated waveplate.*3 Alternatively, fiber orientation can be
extracted from Fourier analysis of images, as in Fig. 3. When this technique is coupled with
mechanical stimulation,8:3¢ further information regarding the behavior of tissues in
configurations other than the stress-free state, typically in dynamic loading and hysteresis,
can be obtained. In this study, “dynamic” or “cyclic” means that we have the information for
unloading as well as the loading conditions. While the macroscopic mechanical response of
the heart valve tissue under the cyclic load has been studied before, we tried in this study to
visualize how a uniaxial or biaxial load/unload can change the orientation of the fibers at
microscopic scale during and after applying a load.

Heart Valve Biomechanics

The composite loads experienced by heart valve leaflets can be decoupled into in-plane
stretch (i.e. shear, tensile stresses) and flexural deformation modes.2%:28 When the heart
valve is open, the dominant loads applied to the leaflets are surface shear stresses due to
passage of blood flow. Once the valve is closed the tensile stresses due the high pressure in
the cardiac chambers will be of more importance. The valve leaflets experience significant
bending stresses while transitioning between open and close states. Thus, a durable heart
valve leaflet must be resilient to these rapidly changing internal stresses. This resilience
should originate from type and alignment of the leaflet’s ultrastructure.

Despite the large number of studies emphasizing the role of collagen fiber orientation in
anisotropic mechanical properties of pericardial tissue, little is yet known about the effect of
loading on temporal and spatial variations of collagen fiber orientation. In this study, we
have characterized the collagen fiber orientation in bovine pericardial tissue leaflets during
different loading conditions by implementing Fourier analysis of SHG image stacks. The
specimens were analyzed during relaxed, loading and unloading states using our novel
microscope-stage biaxial tensile tester.

According to the current convention developed by Billiar and Sacks,> We considered the
load applied in direction of the leaflet symmetry line as radial stress and the one
perpendicular to it in-plane as circumferential. Through these definitions, we were able to
imitate the surface shear and tensile stresses as longitudinal and transverse stresses (or vice
versa depending on the orientation of the tissue segment), in our biaxial tensile tester. Based
on the data provided by Sacks and Yoganathan,28 previous studies showed that in a natural
heart valve the radial strain and strain rates are nearly three times greater than the
circumferential ones that implies higher extensibility in the radial direction. This
phenomenon indicates that the leaflets damp the shear stress by means of radial elongation
of the fibers when the valve is open. Efficient radial elongation requires that the fibers
transform from their wavy to an aligned configuration and reorient in the direction of blood
flow. With increasing the stress to a certain amount, the fibers become highly aligned with
the direction of flow and the valve becomes stiffer.

Uniform biaxial loading is a good model of the valve’s loading conditions when it is closed.
Here, the radial and circumferential stresses are equivalent to longitudinal and transverse
stresses (or vice versa) as implemented in our experiment. From loading standpoint, the
valve’s behavior when it is open can be imitated by a uniaxial longitudinal or transverse
loading situation while its closure is comparable to the biaxial loading. Our data suggests
that the superficial collagen fibers in fixed bovine pericardial tissues (i.e. the fibers between

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.
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the surface and 20 microns depth) under a uniaxial radial loading condition orient
perpendicular to the load direction. This configuration gives the surface layers enough
compliance and can be of more importance in in vivo situation so that the flow-related shear
stress would not damage the tissue surface. Deeper layers of tissue, which generally define
the mechanical resilience, have fibers that align parallel to the direction of the load. This will
potentially assist in damping the tensile stress and make the tissue stiffer. Observing
different effects at variable depths should be due to the (1) heterogenic structure of the
tissues; as the extracellular matrix and particularly collagen fibers are not homogeneous, and
(2) the viscoelastic properties of the material. In biaxial loading, which replicates the valve’s
closure condition, the fibers align in the middle of two principal stresses; more specifically,
they tend to mimic their stress-free condition at about 60°. This is potentially due to the
anisotropic mechanical properties of the tissue in radial and circumferential directions that
leads to a higher stiffness in one direction. As a result, the fibers align in an angle closer to
that direction (i.e. they align in 60° instead of 45°). This phenomenon is expected to happen
during the valve closure when the collagen fibers are loaded and allow the valve closure to
progress smoothly.

The flexural loading situation could not be modeled with the current setup due to lack of
bending load in the tissue. However, If we consider the leaflet as a shell, the mechanical
behavior of its each element can be decomposed and modeled based on uniaxial loading and
a moment applied to that element where the magnitude of this moment is varied depending
on the location of the element (e.g. very low at the basal attachment). In this study, since the
size of each captured segment (225 x 225 um) is negligible compared to the size of the
leaflet, the obtained collagen map for each segment should be considered as one element on
the leaflet tissue. Moreover, the obtained results in this study are independent from the
situation in which bending is added. As a result bending loading may not play an important
role on mapping the collagen fibers using the presented technique.

Applications in Heart Valve Development

Considering the fact that long-term durability of tissue valves are highly dependent on the
quality of their extracellular matrix, especially collagen fibers,32 the data presented here can
be utilized in design and fabrication process of the pericardial valve. The current process on
fabrication of pericardial bioprosthetic valves does not consider the direction of the tissue
fibers with respect to the flow. This may be a reason for the heterogeneity observed in
longevity of these valves. The two different configurations of uniaxial loading (i.e.
longitudinal and transverse) showed a slightly different response in their collagen
reorientation. In surface layers, they reorient almost perpendicular to the load in the
longitudinal situation while they orient at 60° to the load (and not 90°) in the transverse
state. Moreover, the disruption of collagen fibers orientation is much lower in longitudinal
loading configuration than the transverse state. It seems that the tissue will have a better
response (in case of fiber orientation) to flow-related shear stresses in a specified uniaxial
direction (longitudinal here). During sewing or fabrication of the valve, if this specified
direction (i.e. the direction normal to the direction of the fibers at the surface of the tissue in
relaxed states) is selected as the radial direction of the leaflets, a better response to load
could be expected due to proper realignment of the fibers, which may result in enhanced
durability.

Our experimental results indicated that the orientation of the fibers depends on the location
of imaged segments within the thickness of tissue, and in fact, ability to image deeper layers
may result in further information regarding the collagen fibers. We also observed that the
configuration of the fibers in glutaraldehyde-fixed bovine pericardial tissues is very similar

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.
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to the ones seen in native valve leaflet tissues. This justifies the durability and popularity of
this type of tissue for heart valve purposes.

Studying the tissue segments after unloading of the samples for all loading regimes suggest
that the viscoplastic behavior in this type of tissue is quite negligible since the curves of
unloading become highly aligned with relaxed state at later times. Although there was no
mean difference in orientation but the bundling effect of the fibers may not be reversible.

In Fig. 16 the superposition of fiber orientation in uniaxial longitudinal and transverse
loading states of all samples were compared to their biaxial loaded condition. The figure
confirms that no linear correlation between the two charts exists for all of the samples and
they both display linearly independent responses to the load. Therefore, it can be concluded
that the coupling effect in biaxial state, which make the valve’s response different from
uniaxial loading condition, is more complex. Finding this nonlinear relationship helps to
better characterize the mechanical response of the tissue, and requires a statistically
significant sample size to draw a meaningful correlation.

There may be a minor shift in some SHG images since the loading and unloading processes
might very slightly displaced the tissue segments regardless of our efforts to keep the
location and orientation of tissue segment the same all over the experiment. Besides that,
multiphoton imaging techniques such as SHG have limited depth of penetration within
turbid tissues such as cross-linked bovine pericardium (~600 um thick) and cannot optically
section the entire thickness. To address this, we plan to use optical clearing technique to
image collagen structures 300 um deep (or half the pericardial thickness) in pericardial
tissue.

In this study we compared the fiber orientation of three tissue segments. However, more
samples are required to draw a statistically significant conclusion with respect to the effect
loadings on fiber orientation. This is particularly true with respect to in vivo situations.
Bending forces seem to be an important factor that may influence valve durability, and
adding a bending moment to the entire tissue—when reconstructed—will elucidate further
information. This bending moment can also be computationally applied to the results.
Additionally, characterizing the collagen fiber orientation under repeated loading and
unloading conditions may elucidate further information regarding durability of the tissue
leaflets.
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FIGURE 1.

The custom made biaxial testing machine. (A) A rectangular stage insert (a) with four
chamfered corners was built to fit into the X-Y scanning stage (b). The platform geometry
(c) was designed so that a pulley system (d) would allow force transfer from the grips (e),
located on each side of the specimen, to the force gauges (f), located on the outskirts of the
platform. A 10-32 screw (g) was considered between each grip and its corresponding force
gauge to achieve tension control; (B) the whole view of the loading-imaging experimental
system used in this study.
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(a) Collagen Fibers
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FIGURE 2.

(a) Schematic representation of different loading configurations of the pericardial tissue
loading-imaging experiment. The uniaxial longitudinal experiments were performed by
applying the loads 1 and 3. The loads 2 and 4 were applied for uniaxial transverse
experiments while all the loads were considered for biaxial experiment. The orientation of
the fibers at the surface was considered the transverse direction in this experiment. Each
load magnitude was 1.2 N and the tissue segment was 3 cm by 3 cm. The imaging was
repeated at three centrally-located spots in each situation; (b) device stage insert during a
sample device run. It shows how two grips were attached to a tissue segment to exert
uniaxial tension on it.
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Mean Collagen
Fiber Direction

FIGURE 3.

Fourier analysis measures average fiber orientation. (a) A sample SHG collagen image
excited at 900 nm with a Zeiss 510 Meta multiphoton microscopy; (b) and (c) Fourier
transform images reveal mean fiber direction. These images are the natural logarithm of the
FFT magnitudes (computed in Matlab with FFT2) with frequencies shifted to bring the zero-
frequency to the center of the image. After segmenting the image by k-means clustering,
linear regression was performed to determine the orientation of the long axis of the central
bright region in each transform. The mean fiber direction is rotated 90° from that axis.
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FIGURE 4.

Collagen fiber distributions for the first sample sheet of bovine pericardium taken by
loading-imaging technique described. They show the change in the orientation of collagen
fibers for relaxed, longitudinal loading and unloading states every 10 um for up to 60 pm
depth. The unloading images were taken in two different steps; simultaneously after
unloading and 10 min after unloading. As can be seen collagen fibers orientation change
profoundly during loading condition and then reorient at the same position in their relaxed
state after unloading. The angle of loading is 90° with respect to the conventional x axis.
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FIGURE 5.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the first bovine pericardial sheet. Uniaxial longitudinal
loading state shows that fibers are almost perpendicular to force at the surface and in-line
with the force in deeper layers.
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FIGURE 6.

Collagen fiber distributions for the first sample sheet of bovine pericardium taken by
loading-imaging technique described. They show the change in the orientation of collagen
fibers for relaxed, transverse loading and unloading states every 10 pm for up to 60 um
depth. The unloading images were taken in two different steps; simultaneously after
unloading and 10 min after unloading. As can be seen collagen fibers orientation change
differently than the longitudinal situation but they have the similar behavior after unloading.
The angle of loading is 0° with respect to the conventional x axis.
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FIGURE 7.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the first bovine pericardial sheet. Uniaxial transverse
loading state shows the same phenomena as the uniaxial longitudinal loading but with
almost 90° angle shift in deeper layers.

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Alavi et al. Page 18
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FIGURE 8.

Collagen fiber distributions for the first sample sheet of bovine pericardium taken by
loading-imaging technique described. They show the change in the orientation of collagen
fibers for relaxed, biaxial loading and unloading states every 10 um for up to 60 um depth.
The unloading images were taken in two different steps; simultaneously after unloading and
10 min after unloading. As can be seen collagen fibers orientation is no longer in the
direction of principal stresses while they show a similar behavior to the uniaxial ones after
unloading.
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FIGURE 9.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the first bovine pericardial sheet. Biaxial loading state
shows that fibers arrange almost at 60° angle in deeper layers while they are almost at 120°

at the surface.
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FIGURE 10.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the second bovine pericardial sheet. Uniaxial longitudinal
loading state shows that fibers are almost perpendicular to force at the surface and in-line
with the force in deeper layers. The relaxed state shows quite different fiber orientation with
respect to the first sample.
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FIGURE 11.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the second bovine pericardial sheet. Uniaxial transverse
loading state shows that the fibers are in-line with the load at deeper layers.

Ann Biomed Eng. Author manuscript; available in PMC 2014 March 24.

140



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Alavi et al.

Depth {micron)

70

Page 22

60 -

50 +—

—

1
== == Relaxed

s Biaxial Loading

¢+« « » Unloading Omin
===  Unloading 10min

30

20

10

20 40 60 80 100 120
Angle (deg)

FIGURE 12.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the second bovine pericardial sheet. Biaxial loading state
shows that fibers arrange almost at 50° angle in deeper layers while they are almost at 120°
at the surface.
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FIGURE 13.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the third bovine pericardial sheet. Uniaxial longitudinal
loading state shows that fibers are almost perpendicular to force at the surface and in-line
with the force in deeper layers. The relaxed state shows quite different fiber orientation with
respect to the first and second samples.
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FIGURE 14.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading
and 10 min after loading) states of the third bovine pericardial sheet. Uniaxial transverse
loading state shows that the fibers are in-line with the load at deeper layers and almost at 60°
at the surface.
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FIGURE 15.

Comparison of collagen fiber orientation in relaxed, loaded and unloaded (right after loading

and 10 min after loading) states of the third bovine pericardial sheet. Biaxial loading state

shows that fibers arrange almost at 45° angle in deeper layers while they are almost at 130°
at the surface.
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FIGURE 16.

Comparison of collagen fiber orientation in biaxially loaded vs. superposition of uniaxially
loaded (longitudinal plus transverse) states of all bovine pericardial sheet samples. The
graphs show that the biaxial behavior is totally different from uniaxial superposed data for

all samples.
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